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Abstract

Purpose/Aim—Previous studies have indicated that the sulfated polysaccharide heparin has
anti-inflammatory effects. However, the mechanistic basis for these effects has not been fully
elucidated.

Materials and Methods—NCI-H292 (mucoepidermoid) and HBE-1 (hormal) human
bronchial epithelial cells were treated with LPS alone or in the presence of high-molecular-weight
(HMW) fully-sulfated heparin or desulfated HMW heparin. Cells were harvested to examine the
phosphorylation levels of ERK1/2, p38, and NF-kB p65 and COX-2 protein expression by
Western blot and gene expression of both COX-2 and CXCL-8 by 7agMan qRT-PCR.

Results—Heparin is known to exert an influence on receptor-mediated signaling through its
ability to both potentiate and inhibit the receptor-ligand interaction, depending upon its
concentration. In H292 cells, fully-sulfated HMW heparin significantly reduced LPS-induced gene
expression of both COX-2 and CXCL-8 for up to 48 hours, while desulfated heparin had little to
no significant suppressive effect on signaling or on COX-2 gene or protein expression. Desulfated
heparin, initially effective at preventing LPS-induced CXCL8 up-regulation, reduced CXCL8
transcription at 24 hours. In contrast, in normal HBE-1 cells, fully-sulfated heparin significantly
suppressed only ERK signaling, COX-2 gene expression at 12 hours, and CXCL-8 gene
expression at 6 and 12 hours, while desulfated heparin had no significant effects on LPS-
stimulated signaling or on gene or protein expression. Sulfation determines heparin’s influence
and may reflect the moderating role of GAG sulfation in lung injury and health.

Conclusions—Heparin’s anti-inflammatory effects result from its non-specific suppression of
signaling and gene expression and are determined by its sulfation.
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INTRODUCTION

The extracellular matrix (ECM) in the lung has various biological properties. It provides
supporting structure, facilitates gas exchange by providing tensile strength, and functions in
tissue repair (1, 2). In the ECM, various types of glycosaminoglycans (GAGS) fill the spaces
between the interlocking mesh structures, mostly consisting of collagen. These GAGs can be
separated into two groups: non-sulfated GAGs (hyaluronic acid) and sulfated GAGs
(heparan sulfate, chondroitin sulfate, dermatan sulfate, and keratan sulfate). To clarify the
roles of GAGs in the inflammatory processes in the lung, the interactions between GAGs
and the neighboring pulmonary cells or residual immune cells have been investigated. It has
been demonstrated that fragments of hyaluronan generated during inflammation can trigger
the innate immune response by activation of toll-like receptor (TLR) 4 and can modulate
inflammation by binding to CD44 in acute lung injury (3). CD44 appeared to prevent an
exaggerated inflammatory response to LPS in alveolar macrophages through induction of
negative regulators of TLR4 signaling, such as IL-1R-associated kinase-M, toll-interacting
protein, and A20 (4). Regulation of inflammation mediated by GAGs, as seen in the
response to hyaluronan, is essential to repair mechanisms following tissue injuries in the
lung (5).

Heparin is a highly sulfated GAG, rich in N- and O-sulfate groups, and is known to have
anti-inflammatory properties. Heparin binds leukocyte (L)-selectin and platelet (P)-selectin,
both of which are associated with leukocyte migration (6). In an /n-vivo model of acute
peritoneal inflammation, heparin administration significantly decreased the neutrophil
migration to the target tissue (6). Heparin appeared to be effective in inhibition of neutrophil
migration by blocking the initial tethering and rolling of neutrophils along the vessels
mediated by the L- and P-selectins (7). Sulfate residues on the repeating disaccharide units
of heparin are considered to play a role in the inhibition of neutrophil migration, and among
them 6- O-sulfated residues appeared to be the key factor (8). Additionally, heparin
decreased mRNA expression of ICAM-1 (Intercellular Adhesion Molecule 1) in endothelial
cells, which promotes leukocyte transmigration (9).

LPS, a polysaccharide component of bacterial cell wall and one of the important triggers of
inflammation in the lung, is responsible for eliciting excessive inflammation due to
neutrophil migration, which can result in sepsis. Sepsis is a major risk factor of acute lung
injury (ALI) and sepsis-induced ALl is often associated with high mortality (10). LPS elicits
the innate immune response through activation of TLR4, mediated by LPS-binding protein
and CD14 (11). TLR4 signal transduction occurs through myeloid differentiation factor 88
(MyD88)-dependent and independent pathways. Both MyD88-dependent and independent
signaling result in NF-xB activation, while MyD88-dependent signaling also activates
MAPKSs, including p38, ERK, and JNK (12). Phosphorylation of ERK, p38, and NF-xB
leads to activation of transcription factors related to inflammation, such as JNK/Activator
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protein 1 (AP-1), resulting in production of various pro-inflammatory cytokines and
cyclooxygenase-2 (COX-2).

It is well established that COX-2 plays a crucial role in inflammation, proliferation,
apoptosis, and tumorigenesis (13). In the lung, up-regulation of COX-2 expression has been
implicated in various inflammatory conditions such as ALI, asthma, and bacterial
pneumonia (14, 15, 16). LPS challenge has been shown to increase COX-2 expression levels
in rat pulmonary tissues (17). In COX-2 deficient mice, an improved survival rate and a
significantly lower inflammatory response than in wild-type mice were found after LPS
administration. Based on these findings, it has been suggested that COX-2 could be an
important target to resolve the inflammation and decrease the mortality rate in sepsis
associated with LPS-induced injury (18).

Heparin successfully decreases LPS-induced inflammation by well-understood mechanisms
inhibiting neutrophil migration (6, 8, 9). However, the mechanism behind the protective anti-
inflammatory effects of heparin on lung epithelium in LPS-induced injury has not been
elucidated. Pulmonary epithelial cells are known to express TLR4 and induce both COX-2
expression and subsequent PGE, production in response to LPS (19, 20, 21). The purpose of
this study was to investigate whether heparin’s sulfation level affects LPS-induced COX-2
expression /n-vitro, comparing mucoepidermoid and normal human bronchial cells. In the
present study, we demonstrate that in the H292 cell line, fully-sulfated heparin both
prevented activation of the ERK1/2, p38, and NF-«xB p65 signaling pathways and
significantly reduced LPS-induced COX-2 gene and protein expression while desulfated
heparin not only did not suppress but actually enhanced LPS-induced COX-2 gene and
protein expression with time. In the HBE-1 normal bronchial cell, only fully-sulfated
heparin’s effects on ERK signaling were of significance and again, desulfated heparin had
little effect upon LPS-induced ERK signaling. Neither significantly affected COX-2 protein
or COX-2 and CXCL-8 gene expression. These findings suggest a plausible mechanism
behind the epithelial response to heparin’s modulation of LPS-induced airway inflammation
and support an anti-inflammatory role for fully-sulfated heparin in the lung.

MATERIALS AND METHODS

Cell Culture and treatment

NCI-H292 (CRL-1848™) airway epithelium-like cells, a human mucoepidermoid
pulmonary carcinoma cell line, was obtained from ATCC and cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL
streptomycin, 2.5 ug/mL amphotericin, and 50 pg/mL gentamicin. The cells were grown at
37°C with 7.5% CO, in fully humidified air. H292 cells were cultured on 6-well plates.
When cells were 60% confluent, media were removed and then cells were incubated in
RPMI 1640 medium containing 2% FBS for 24 hrs. The cells were treated with 10 pg/mL of
LPS (from E. coli0111:B4; Sigma-Aldrich, St Louis, MO) with or without high-molecular-
weight (HMW) heparin (sodium salt, from bovine lung [Western blot analysis] or porcine
intestine [real-time PCR analysis], 13,500-15,000 MW; Calbiochem, La Jolla, CA) at 50
pg/mL or 500 ug/mL, which was given 10 mins prior to the LPS stimulation. The
concentration of LPS used in these experiments (10 ug/mL) has been determined to be the
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optimal dose for induction of IL-8 (CXCL8) in H292 cells (22). Both LPS and heparins
were first dissolved in fresh RPMI containing 2% FBS and added to the cultures to achieve
the effective concentrations so that fresh medium made up 10% of the final total volume of
culture medium. For controls, the cells were incubated in unchanged medium with an added
10% total volume of fresh RPMI containing 2% FBS for the same time periods.

The HBE-1 normal human bronchial cell line, immortalized with the HPV-18 E6 and E7
genes (23), was cultured in DMEM:Ham’s F-12 containing Clonetics BEGM supplements,
cat. no. CC-4175 (insulin, transferrin, hEGF, hydrocortisone, retinoic acid, gentamicin,
amphotericin B, triiodothyronine, epinephrine, and bovine pituitary extract) (Lonza,
Walkersville, MD) and propagated to near-confluence on 12-well plates. An LPS
concentration of 1 ug/mL was used for HBE-1 cells. LPS and heparins were dissolved in
fresh DMEM:F12 and quiescent cells were treated as for H292 cells. Extended quiescence
(16 to 24 hours) in DMEM:F12 without BEGM supplements was found to cause cell stress
and detachment; therefore, a 6-hour quiescence period was used for HBE-1 signaling
experiments. For treatment times longer than 30 minutes, HBE-1 cells were returned to
complete medium containing LPS and heparins to avoid cell detachment.

The optimal time point for visualizing LPS effects on multiple signaling pathways was
previously determined to be 30 mins after treatment; therefore, this time point was selected
for harvesting cells in RIPA (Pierce Biotechnology, Rockford, IL) containing phosphatase
inhibitors (PhosStop, Roche, Indianapolis, IN) for signaling analysis. Cells were harvested
in RLT Plus (Qiagen, Valencia, CA) for total RNA isolation at 6, 12, and 24 hrs after
treatment to evaluate gene expression levels or lysed in RIPA at 12, 24, and 48 hrs to
evaluate protein expression levels.

Effects of the Sulfation Level of Heparin

To determine the effect of the sulfation level of heparin, cells were similarly pre-treated with
500 pg/mL HMW heparin, either fully sulfated or desulfated, and cultured for the same time
periods as detailed above without further treatment or stimulated with 10 pg/mL (H292) or
1pg/mL (HBE-1) of LPS. Desulfated heparin was obtained by dissolving the pyridinium salt
of HMW heparin (from bovine lung) in dimethyl sulfoxide (DMSQ) with 10% dH,O and
incubating the mixture at 80°C for 5 hours, followed by pH adjustment to 9.14 with 0.1 M
NaOH, extensive dialysis against water, and lyophilization, resulting in 85% desulfation, as
previously described (24, 25).

Western Blot Analysis

Cells were washed with phosphate buffered saline (PBS) and lysed on ice in RIPA buffer
(Pierce Biotechnology). Cell lysates were sonicated and equal amounts of protein from each
sample were subjected to electrophoresis on 4-12% Bis-Tris NUPAGE gels in MOPS
running buffer (Invitrogen, Grand Island, NY), followed by transfer to nitrocellulose
membranes. The membranes were blocked with 5% non-fat dry milk in TBST (20 mM Tris:
HCI [pH 7.6], 150 mM NacCl, and 0.1% Tween-20) for 1 hour at room temperature and
incubated overnight with primary antibodies in TBST/5% BSA at 4°C. Primary antibodies
used for this study include those against the phosphorylated and total forms of p38, ERK1/2,
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and NF-xB p65 and against COX-2 (all from Cell Signaling Technology, Danvers, MA), and
GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA). After washing with TBST, the
membranes were incubated with secondary antibodies coupled to horseradish peroxidase
(Cell Signaling). The signals were detected by chemiluminescence using SuperSignal West
Pico (Pierce Biotechnology). The signals were analyzed using densitometry software
(SigmaScan; Systat Software, Inc., San Jose, CA) and the values were calculated and
expressed as mean + SD of the ratios of COX-2 to GAPDH and of bands of phosphorylated
proteins to those of their total forms.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated using the RNeasy Plus Mini kit (Qiagen) with QiaShredder
homogenization, following manufacturer’s instructions. cDNA synthesis was performed
from 2 pg RNA using a cDNA Archive Kit (Applied Biosystems, Foster City, CA).
Quantitative real-time PCR (QRT-PCR) was performed for GAPDH, COX-2, and CXCL8
(IL-8) using 7agMan assays (Applied Biosystems) in a Bio-Rad MyiQ iCycler (Bio-Rad,
Hercules, CA). Relative gene expression was analyzed using the 21724 method. Due to the
discontinuation and unavailability of HMW heparin extracted from bovine lung, HMW
heparin prepared from porcine intestinal mucosa (Calbiochem) was used in the cell
treatment for gRT-PCR analysis. Both preparations of HMW heparin were effective in
suppressing the gene expression of COX-2 in H292 cells at both 50 and 500 pg/mL
concentrations.

Statistical Analysis

All experiments were repeated at least three times. The differences in the degrees of
phosphorylation and expression of COX-2 and CXCL8 between experimental groups were
analyzed by unpaired, two-tailed t-test. Comparisons and probabilities were determined
using computerized statistical software (StatCrunch, Integrated Analytics LLC, Columbia,
SC or the Microsoft Excel Analysis ToolPak Add-in software suite) with significance at P<
0.05.

RESULTS

Effects of HMW Heparin on LPS-treated H292

Signaling pathways, such as ERK1/2, p38, and NF-xB p65, have been reported to induce
COX-2 in several cell types (26, 27). To investigate the effects of heparin on these signaling
pathways in LPS-treated H292 cells, cells were treated with either 50 pg/mL or 500 pg/mL
of HMW heparin, alone or in the presence of 10 ug/mL of LPS. Cells were harvested at 30
min after treatment to determine the phosphorylation levels of ERK1/2, p38, and NF-xB
p65. As shown in Fig. 1, LPS treatment significantly increased phosphorylation of ERK1/2,
p38, and NF-xB p65 compared with untreated samples. HMW heparin at 500 pg/mL
significantly inhibited LPS-induced elevation of the phosphorylation levels of these
signaling pathways (ERK1/2: P=0.0003; p38: £=0.0038; NF-xB p65: P=0.0361) (Fig. 1A-
C). HMW heparin at 50 ug/mL significantly suppressed LPS-induced phosphorylation of
p38 only (~£=0.015) (Fig. 1B). Both 50 pg/mL and 500 pg/mL of HMW heparin significantly
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decreased phosphorylation of ERK1/2 compared with untreated samples (Fig. 1A). Fig 1D
shows a representative signaling blot for each pathway examined.

Next, the effect of heparin on COX-2 expression in LPS-treated H292 cells was determined.
The protein and gene expression levels of COX-2 were evaluated by Western blotting and
gRT-PCR, respectively. Cells were treated in the same fashion as described above and
harvested at 12, 24, and 48 hrs after treatment to evaluate protein expression by Western
blotting (Fig. 2) and at 6, 12, and 24 hrs for gRT- PCR (Fig. 3A).

HMW heparin significantly inhibited the LPS-induced increase in COX-2 protein
expression. LPS treatment significantly up-regulated COX-2 protein expression at 12 hrs
(Fig. 3A), 24 hrs (Fig. 3B), and 48 hrs (Fig. 3C) after treatment. HMW heparin at 500
pg/mL significantly suppressed the elevation of COX-2 expression in LPS-treated cells at 24
hrs (P=0.0003) and 48 hrs (£=0.0183) after treatment (Fig. 2B—C), whereas 50 pg/mL of
HMW heparin had a significant effect only at 48 hrs (P=0.0041) (Fig. 2C). Heparin
treatment alone, at both 50 pg/mL and 500 pg/mL, resulted in a significant decrease in
COX-2 expression only at 12 hrs after treatment, compared with untreated samples (Fig.
2D).

Similarly, mRNA expression of COX-2 was significantly elevated in LPS-treated cells
compared with untreated samples, and 500 pg/mL of HMW heparin significantly prevented
LPS-induced elevation of COX-2 mRNA expression at all time points (Fig. 3A). HMW
heparin at 50 ug/mL had a significant inhibitory effect at 12 and 24 hrs (Fig. 3A).
Collectively, these data demonstrate that heparin treatment significantly prevents LPS-
induced up-regulation of COX-2 mRNA and protein expression in H292 cells.

CXCLS8 is one of the important pro-inflammatory chemokines secreted by various types of
cells during inflammation (28). When H292 cells were stimulated with LPS, there was a
significant increase in mMRNA expression of CXCL8 at 6, 12, and 24 hrs (P< 0.001) (Fig.
3B). HMW heparin at 50 pg/mL significantly suppressed LPS-induced CXCL8 mRNA
expression at 12 hrs (P=0.0257) and 24 hrs (P=0.0194), and 500 pug/mL of HMW heparin
significantly prevented LPS-induced CXCL8 mRNA expression at 6 hrs after treatment
(P=0.0414) (Fig. 3B).

Effects of the Sulfation Level of Heparin in H292 cells

To investigate the role of sulfation in heparin’s effects on the signaling pathways and COX-2
expression levels, this study was repeated in H292 cells treated with either 500 pg/mL of
HMW heparin or 500 pg/mL of desulfated HMW heparin, alone or in the presence of 10
ug/mL of LPS. The concentration of 500 ug/mL for desulfated heparin was chosen because
500 pg/mL of HMW heparin was effective in the suppression of LPS-induced
phosphorylation in all signaling pathways tested. As before, there were significant LPS-
induced increases in the phosphorylation of ERK1/2, p38, and NF-xB p65, and they were
significantly prevented by 500 pg/mL of HMW heparin (ERK1/2: £< 0.0001; p38:
P=0.0002; NF-xB p65: £=0.0052) (Fig. 4). However, there were no significant differences in
any of the phosphorylation levels in the “LPS plus desulfated heparin” treatment group
compared with LPS treatment alone.
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In further analysis of these experiments, H292 cells were harvested at 12, 24, and 48 hrs and
evaluated for protein expression of COX-2 and harvested at 6, 12, and 24 hrs for gene
expression analysis of both COX-2 and CXCL8 LPS treatment significantly increased
protein expression of COX-2 and 500 pg/mL of HMW heparin significantly prevented LPS-
induced COX-2 protein expression at all time points (Fig. 5A-C). Desulfated HMW heparin
significantly intensified LPS-induced up-regulation of COX-2 protein at 48 hrs after
treatment (P=0.0242) (Fig. 5C). Representative Western blots for each time point are shown
in Fig. 5D.

Statistical analysis of all gene expression repeats combined revealed that LPS treatment
significantly increased mRNA expression of COX-2 and 500 pg/mL of HMW heparin
significantly prevented LPS-induced COX-2 mRNA elevation at all time points (Fig. 6A).
Desulfated heparin significantly reduced LPS-induced COX-2 mRNA elevation at 6 hrs
(P=0.0064) but significantly increased it at 24 hrs (£=0.023) after treatment (Fig. 6A).

Similarly, when H292 cells were stimulated with LPS there was a significant increase in
MRNA expression of CXCL8 at 6, 12, and 24 hrs (P< 0.0001) (Fig. 6B). HMW heparin at
500 pg/mL significantly prevented LPS-induced CXCL8 mRNA expression at 6 hrs
(P=0.0024) and 24 hrs (P=0.0118), and 500 pg/mL of desulfated HMW heparin significantly
suppressed LPS-induced CXCL8 mRNA expression at 24 hrs after treatment (P=0.0184)
(Fig 6B).

Effects of HMW Heparin on LPS-treated HBE-1 cells

Experiments in HBE-1 cells were conducted as were those in H292 cells. However, HBE-1
cells were found to have high basal ERK1/2 levels which obscured any additional signal
from LPS stimulation. Nevertheless, the effects of fully-sulfated heparin on LPS-stimulated
ERKZ1/2 signaling were marked and significant (£<0.001, n=7) while desulfated heparin had
no significant effects (Fig. 7A). Neither p38 (Fig. 7B) nor NF-xB p65 (Fig. 7C) showed any
significant effects from LPS stimulation nor any significant change in phosphorylation due
to heparin addition of either sulfation type or concentration. Signaling experiments provided
no significant differences, except for a consistent significant suppression of ERK1/2
signaling by fully-sulfated heparin.

Despite the lack of a clear LPS effect on signaling via these three pathways, COX-2 protein
was significantly upregulated by LPS (1 pg/mL) at all time points: 12 hr (P=0.0173), 24 hrs
(P=0.0022), and 48 hrs (£=0.0105), n=3. However, again there was little suppressive effect
of heparin on this upregulation (Fig. 8). A small increase in COX-2 in the “LPS +
Desulfated Heparin” sample at 24 hours was not significant by the unpaired, two-tailed t-test
(P=0.2276) (Fig. 8).

Similarly, gene expression analysis of COX-2 regulation by LPS (1 pg/mL) in these HBE-1
cells again showed a significant increase due to LPS at 6 hrs (P=0.0177), 12 hrs (P=0.0020),
and 24 hrs (£=0.0098) (n=3), with non-significant heparin effects except for a decrease in
the 12-hour “LPS + 50 pg/mL Heparin” sample (P=0.0394) (Fig. 9A). CXCL8 gene
expression, however, showed strong and significant upregulation by LPS at 6 hrs
(P=0.0032), 12 hrs (~£=0.0020), and 24 hrs (P=0.0049) (n=3) and was also significantly
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downregulated by fully-sulfated 500 pg/mL heparin at both 6 hours (£=0.00325) and 12
hours (£=0.0033) and by 50 pg/mL heparin at 12 hours (P=0.0151) (Fig. 9B). By 24 hours,
the suppressive effects diminished, possibly reflecting the depletion of heparin from the
medium over time along with multiple rounds of signaling events.

DISCUSSION

When tissue injuries occur in the lung, the clearance of degraded ECM components and
restoration of ECM is a critical step of tissue repair (5, 29). Degraded or selectively shed
GAGs have been shown to influence re-epithelialization by interacting with growth factors.
Therefore, various GAGs have been investigated to elucidate their effects on healing
mechanisms following lung injury (29, 30, 31). Heparin is a highly sulfated GAG that has
been used as a model of soluble sulfated GAGs which are shed after lung injury (31). In
whole lung, the interplay of complex factors and responses of various cell types to the
injuring agent affect the outcome of the injury. Isolated normal cells and cell lines treated /n
vitro may exhibit some of the same responses, but inherently lack the complexity of the
whole lung. For example, important differences between lung cell lines and normal lung
cells in their expression and sulfation of GAGs and their subsequent responses to challenges
were observed when apoptosis was triggered in H292 cells by the forced over-expression of
HSulf1, an endosulfatase that removes 6-O sulfate groups from the side chains of heparan
sulfate. In conrast human alveolar Type 11 (hATII) cells were completely unaffected by
HSulf1 over-expression (32). Cadmium, while toxic to hATII cells at all concentrations with
or without HSulf1 over-expression, became toxic to H292 cells at low concentrations only
when the sulfate groups necessary for ERK signaling were enzymatically-removed by
HSulf1 over-expression (33). A survey of HSulf1 gene expression in various lung cells and
cell lines revealed that five different normal lung cell types expressed HSulfl at a
significantly higher level than did five lung cell lines, including H292s (32). This difference
may be crucial in the normal lung environment, where injury is prevented from becoming an
overwhelming inflammatory response and where homeostasis must be regained after
challenge. It is likely that the sulfation of GAGs plays a major role in this important
function.

As in the previous study comparing normal and cancer lung cells, the differences in how
H292 and HBE-1 cells in this study use GAG sulfation to respond to LPS challenge may
give insight into how the normal human lung, as an integrated whole organ, recovers from
inflammatory injury. Results of this study demonstrate that, in H292 epithelial cells, HMW
heparin inhibits the ERK1/2, p38, and NF-xB p65 signaling pathways and LPS-induced
COX-2 expression, while desulfated HMW heparin fails to suppress to the same extent as
fully-sulfated heparin or even enhances LPS-induced COX-2 expression. These findings
suggest that the amount of sulfation in heparin is the key factor in controlling the response to
LPS-induced inflammation in this lung epithelial cell line. In contrast, normal HBE-1 cells’
response to LPS showed little effect of any heparin on COX2 expression, and an early
suppression of CXCLS8 gene expression by fully-sulfated heparin was lost within 24 hours. It
is possible that normal cells depend more upon a whole organ response to challenge while
cancer cell lines do not.
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In H292 cells, culture medium containing 10% serum alone (without LPS) strongly up-
regulates COX-2 expression (34). Here 2% FBS was used to reduce, but not eliminate, the
background signaling for which serum components are co-factors and to demonstrate the
suppression of LPS-stimulated signaling by heparin. Heparin treatment immediately
suppressed LPS-induced signaling through the ERK, p-38, and NF-xB p65 pathways in this
cell line. Heparin also reduced serum-induced background signaling in those cells not given
LPS (Fig. 1D). These effects were sustained over 24 hours for gene expression and over 48
hours for protein expression, while both background and LPS-stimulated levels of
expression decreased as serum factors became exhausted in the absence of medium changes.
In contrast, desulfated heparin had little suppressive effects on either background or LPS-
induced signaling or on COX-2 gene or protein expression.

In normal bronchial cells, LPS did not induce a significant response, which may be the result
of their treatment as isolated cells rather than as part of the intact airway and the absence of
macrophages, which may be necessary for LPS’ full inflammatory effect (35, 36, 37). In
addition to the multiple differences in a cancer cell that sustain its fast growth and override
checks on its continuous cell cycle, part of this difference could be due to the sensitivity of
HBE-1 cells to medium lacking supplementation which includes insulin, retinoic acid,
hydrocortisone, hEGF, and other growth stimulants. Basal levels of signaling may not be
suppressed enough after 6 hours of quiescence to show a clear response to LPS in these
cells, as ERK signaling could be sustained by growth factors adsorbed and sequestered in
the extracellular matrix of these cells. Heparin’s immediate effects on signaling were limited
to the ERK pathway. As a co-factor of FGF receptors, heparin acts to stimulate ERK
signaling over a limited concentration range. We chose to use a high concentration of fully-
sulfated heparin here to inhibit ERK signaling, as the same concentration of desulfated
heparin was ineffective. The effects of heparin on LPS-stimulated COX-2 protein expression
were not significant, which suggests that heparin’s observed anti-inflammatory effects on
inflammation /n vivo do not act primarily via ERK signaling in lung epithelium.

Fragments of hyaluronan, a non-sulfated GAG, were previously found to be responsible for
eliciting inflammatory gene expression, such as CXCL2 and macrophage inflammatory
protein (MIP)-1, through TLR2 and TLR4 signaling pathways (5). Hyaluronan fragments
also induced IL-8 (CXCL8) and IFN-y-inducible protein 10 (IP-10) in airway epithelial
cells, whereas heparin did not induce TLR4 dependent TNF-a secretion in murine dendritic
cells (38, 39, 40). In contrast, HMW heparin, a highly sulfated GAG, has here driven an anti-
inflammatory response /n vitro. In this study, heparin suppressed LPS-induced COX-2
expression in the H292 mucoepidermoid cell line, and the removal of sulfate groups from
heparin greatly reduced this effect. Although these results in this cell line may not reflect the
in vivonormal lung, the outcomes of this study reinforce the premise that, after injuries to
the lung, the sulfation level in shed GAGs may affect the extent and resolution of COX-2-
induced inflammation.

While the non-sulfated GAG hyaluronan has been shown to induce CXCLS8, soluble heparin
has been reported to suppress the biological effect of CXCL8 by blocking its binding to the
CXCR1 and CXCR2 receptors in endothelial cells (41). In this study, heparin decreased
LPS-induced CXCL8 mRNA expression in H292 cells, implying that the blockage by
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heparin of CXCLS8’s interactions with its receptors blocked the AP-1 signaling (28, 42) that
initiates a positive feedback loop (43) and thereby decreased the gene transcription of
CXCLS. In this way, sulfated heparin can serve as a moderating force on CXCL8 production
as well as to directly block its biological effects. Desulfated heparin, in contrast, had no such
suppressive effects on CXCL8 gene regulation at 6 hours, but at 12 and 24 hours some
suppression was seen. As the desulfated heparin used here is typically depleted of only
~85% of its sulfates (24, 25), we propose that the delayed effect we observed is due to its
internalization, with the intracellular concentration of sulfation increasing over time.

LPS has been shown to induce COX-2 expression through multiple pathways, including p38,
ERK1/2, JNK, and NF-xB, in various epithelial cells and immune cells (29). COX-2 has
been described to modulate cell proliferation, inflammation, and apoptosis, and up-
regulation of COX-2 is associated with various diseases in the lung, such as ALI, asthma,
and bacterial pneumonia (14, 15, 16). In this study, heparin inhibited the phosphorylation of
p38, ERK, and NF-xB in H292 cells when stimulated by LPS. Inhibition of these signaling
pathways by heparin is supported by previous results. High concentrations of heparin were
found to inhibit multiple signaling pathway intermediates in rat alveolar Type Il cells
stimulated by FGFs, decreasing phosphorylation levels of Akt, ERK1/2, and p38 (31).
Translocation of NF-xB into the nucleus, confirming TLR4 activation and signaling in LPS-
stimulated human monocytes and endothelial cells, was inhibited by heparin treatment,
which attenuated myocardial reperfusion injury (44, 45). Campo, et al., provided evidence
that heparin sulfate from bovine kidney physically interacts with TLR4 in LPS-stimulated
chondrocytes to prevent NF-kB subunits’ nuclear localization (46). A physical interaction
between heparin and TLR4 has not previously been established in H292 cells.

Mucus hypersecretion is an important pathophysiologic feature of chronic inflammatory
airway diseases, such as cystic fibrosis, chronic obstructive pulmonary disease, and asthma
(47, 48). Excessive mucus production has been associated with up-regulation of COX-2
expression which correlated with up-regulation of MUC5AC expression, and the inhibition
of the signaling pathways upstream of COX-2 (ERK1/2 and p38) blocked MUC2 and
MUCS5AC production in H292 cells (49). A recent study has shown that heparin suppresses
LPS-induced mucus secretion /n vivo. Intranasal instillation of either unfractionated or low
molecular weight heparin significantly prevented LPS-induced mucus production in rats
(50). Our study provides plausible dual mechanisms (receptor-mediated as well as sustained
intracellular) for this heparin-driven decrease in LPS-induced /n-vivo mucus production.

Our studies of normal bronchial cells give a more relevant picture of sulfated heparin’s
potential uses in the injured human lung than do the H292 studies. During the course of our
investigation, several different lung cell types were examined /in vitro for the effects of LPS
(including the bronchial cells used here as well as freshly-isolated normal hATII cells,
normal lung fibroblasts, normal rat lung ATII cells, and the RLE-6TN rat epithelial cell
line). ERK signaling was consistently difficult to quiet well enough to see clean effects of
LPS treatment on signaling. This technical issue with HBE-1 cells may be one reason for the
high basal level of ERK1/2 signaling seen in our untreated cells (Fig. 1D) and by others as
well (36). Nevertheless, high concentrations of fully-sulfated heparin were consistently
effective in reducing ERK signaling and suppressing proliferation in isolated normal lung
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cells while desulfated heparin was not (data not shown). These observations suggest that
ERK signaling is resistant to LPS but sensitive to fully-sulfated heparin in normal lung cells.
Heparin’s moderating effects on multiple signaling pathways and on gene and protein
expression when internalized, while enhancing or inhibiting ERK signaling in a
concentration dependent fashion, could allow for a balanced response in whole lung to
inflammatory triggers. Such cross-talk and balance was hypothesized for ATI cells in cell-
cell contact with macrophages (enhancing the production of cytokines) and ATII cells
(producers of response-dampening pulmonary surfactant) in the LPS-challenged rat lung
(37). Notably, analysis of pulmonary surfactant has shown it to be well-sulfated (51). The
dampening effects on signaling and downstream events of sulfated heparin as a model for
sulfated HSPGs and GAGs in the lung reflects the many ways GAG sulfation maintains
homeostasis via multiple signaling pathways and cross-talk among other cell types in the
complex /n vivo environment.

Extensive research has emphasized the role of COX-2 in the pathogenesis of inflammatory
lung diseases, such as acute lung injury, idiopathic pulmonary fibrosis (IPF), and asthma
(52). Decreased production of PGE, was found in the lungs of patients with IPF (53).
Administration of PGE, decreased apoptosis of isolated fibrotic lung epithelial cells and
increased apoptosis of fibrotic lung fibroblasts, suggesting that COX-2 has a protective role
in IPF (53, 54). However, in acute lung injury, PGE; is considered an important mediator of
pulmonary edema, and studies using animal models have shown that COX-2 is associated
with development and progression of acute lung injury (14, 52, 55). The overall role of
COX-2 in inflammatory lung disease remains unclear due to the complexity of the disease
development (52). Further studies are needed to determine the effect(s) of heparin on the
pathologic processes of these inflammatory lung diseases.

In conclusion, we have established that heparin suppresses the LPS-induced expression of
the inflammatory intermediate COX-2 in human H292 pulmonary mucoepidermoid
carcinoma cells via mechanisms related to charge density of sulfate groups. Removal of
sulfate groups from heparin diminishes its suppressive effects on both LPS-induced
signaling and LPS-induced COX-2 gene and protein expression, significantly increasing
COX-2 over time. LPS-induced COX-2 expression has been implicated in the pathogenesis
of various inflammatory respiratory diseases. Our data suggest that fully-sulfated heparin
has a potential modulatory role in LPS-induced inflammation in the lung, and the sulfation
level of HSPGs present in the ECM and/or GAGs shed into the intercellular spaces may help
determine the extent of inflammation following lung injury. This study provides additional
in vitro evidence for the /n vivo physiological significance of heparan sulfate in the airway
and suggests the potential utility of heparin in dampening the inflammatory response to
exogenous (bacterial) stimuli.
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The effect of HMW heparin on phosphorylation of ERK1/2 (A), p38 (B), and NF-xB p65
(C) in LPS-treated H292 cells. Levels of phosphorylation were determined 30 mins after
treatment. HMW heparin at 500 pg/mL significantly prevented LPS-induced

phosphorylation of these signaling pathways. * £< 0.05 an

d ** P<0.01. Values represent

mean + SE for triplicate analyses, normalized to the “LPS only” group. A representative

Western blot for each signaling pathway is shown in (D).
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Fig. 2.

Tr?e effect of HMW heparin on COX-2 protein expression in LPS-treated H292 cells at 12
hrs (A), 24 hrs (B), and 48 hrs (C) after treatment. 500 pg/mL of HMW heparin prevented
LPS-induced COX-2 expression at 24 and 48 hrs after treatment. (D) Representative Western
blots for each time point are shown. * £< 0.05 and ** £< 0.01. Values represent mean + SE
for triplicate analyses, normalized to the “LPS only” group.
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Fogld change in gene expression in H292 cells at 6 hrs, 12 hrs, and 24 hrs following heparin
treatment. Quantitative real-time PCR ( 7agMan assay) was performed and GAPDH was
used as the housekeeping gene. (A) 500 pg/mL of HMW heparin significantly inhibited
MRNA expression of COX-2 in H292 stimulated with LPS at all time points. (B) HMW
heparin at 50 ug/mL significantly prevented LPS-induced CXCL8 mRNA expression at 12
and 24 hrs, and 500 pg/mL of HMW heparin significantly prevented LPS-induced CXCL8
MRNA expression at 6 hrs after treatment. * < 0.05 and ** £< 0.01. Values represent
mean + SE for triplicate analyses, normalized to the “LPS only” group of that time point.
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Fig. 4.

Tr?e effect of sulfation levels of heparin on phosphorylation of ERK1/2 (A), p38 (B), and
NF-kB p65 (C). H292 cells were treated with either HMW heparin (500 pg/mL) or
desulfated HMW heparin (500 pug/mL) in the presence of 10 pg/mL of LPS for 30 mins.
HMW heparin significantly prevented LPS-induced phosphorylation of these signaling
pathways. However, desulfated HMW heparin (DS-Heparin) had no significant effect on
phosphorylation levels increased by LPS. * £< 0.05 and ** P< 0.01. Values represent mean
+ SE for triplicate analyses, normalized to the “LPS only” group. (D) Representative
Western blots for each signaling pathway are shown.
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Fig. 5.

The effect of the sulfation levels of heparin on COX-2 protein expression in LPS-treated
H292 cells at 12hrs (A), 24 hrs (B), and 48 hrs (C) after treatment. HMW heparin
significantly inhibited protein expression of COX-2 in H292 cells stimulated with LPS at all
time points. Desulfated HMW heparin (DS-Heparin) significantly enhanced up-regulation of
COX-2 protein at 48 hrs following treatment with LPS. * £< 0.05 and ** £< 0.01. Values
represent mean = SE for triplicate analyses, normalized to the “LPS only” group. (D)
Representative Western blots for each time point are shown.
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Fig. 6.

Fold change in gene expression in H292 cells at 6 hrs, 12 hrs, and 24 hrs following treatment
with either HMW heparin (500 pg/mL) or desulfated HMW heparin (DS-Heparin at 500
pg/mL) in the presence of LPS. (A) HMW heparin significantly inhibited mRNA expression
of COX-2 in H292 cells stimulated with 10 pg/mL LPS at all time points. However, DS-
Heparin significantly enhanced up-regulation of COX-2 mRNA expression by LPS at 24 hrs
after treatment. (B) Both HMW heparin and DS-Heparin, at the same concentration of 500
ug/mL, significantly prevented LPS-induced CXCL8 mRNA expression at 24 hrs after
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treatment. * £< 0.05 and ** £< 0.01. Values represent mean = SE for triplicate analyses,
normalized to the “LPS only” group of that time point.
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Fig. 7.

The effect of HMW heparin on phosphorylation of ERK1/2 (A), p38 (B), and NF-xB p65
(C) in LPS-treated HBE-1 normal human bronchial epithelial cells. Levels of
phosphorylation were determined 30 mins after treatment. HMW heparin at 50 and 500
pg/mL significantly suppressed phosphorylation of the ERK signaling pathway. ** < 0.01.
Values represent mean + SE for triplicate analyses, normalized to the “LPS only” group. (D)
A representative Western blot for each signaling pathway is shown.
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Fig. 8.
The effect of the sulfation levels of heparin on COX-2 protein expression in LPS-treated

HBE-1 human bronchial epithelial cells at 12hrs (A), 24 hrs (B), and 48 hrs (C) after
treatment. HMW heparin did not significantly inhibit protein expression of COX-2 in HBE-1
cells stimulated with LPS. Desulfated HMW heparin (DS-Heparin) apparent up-regulation
of COX-2 protein at 24 hrs was not significant. * £< 0.05 and ** £< 0.01. Values represent
mean = SE for triplicate analyses, normalized to the “LPS only” group. (D) Representative
Western blots for each time point from the same experiment are shown.
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Fig. 9.

Fold change in gene expression in HBE-1 cells at 6 hrs, 12 hrs, and 24 hrs following
treatment with either HMW heparin (500 pg/mL) or desulfated HMW heparin (500 pg/mL)
in the presence of LPS at 1 pg/mL. (A) HMW heparin significantly inhibited mRNA
expression of COX-2 in HBE-1 cells stimulated with LPS only at 12 hours after treatment.
DS-Heparin did not significantly affect regulation of COX-2 mRNA by LPS at any time
point. (B) HMW heparin at 500 pg/mL significantly prevented LPS-induced CXCL8 mRNA
expression at 12 and 24 hrs after treatment; 50 ug/mL HMW Heparin was effective only at
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12 hrs. Desulfated HMW Heparin (DS-Heparin) had no significant effects on CXCL8 gene
expression. * £< 0.05 and ** £< 0.01. Values represent mean * SE for triplicate analyses,
normalized to “LPS only” group of that time point.
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