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Abstract
Several studies suggested that long-term nitrate therapy may produce negative outcomes in patient
mortality and morbidity. A possible mechanism may involve nitrate-mediated activation of
various extracellular matrix (ECM) proteases, particularly matrix metalloproteinase-9 (MMP-9),
and adhesion molecules in human macrophages, leading to the destabilization of atherosclerotic
plaques. We examined the gene and protein regulating effects on THP-1 human macrophages by
repeated exposure to therapeutically relevant concentrations of nitroglycerin (NTG) and possible
involvement of nuclear factor (NF)-κB signaling mechanism in mediating some of these observed
effects. THP-1 human macrophages repeatedly exposed to NTG (at 10 nM, added on days 1, 4 and
7) exhibited extensive alterations in the expression of multiple genes encoding ECM proteases and
adhesion molecules. These effects were dissimilar to those produced by a direct nitric oxide donor,
diethylenetriamine NONOate. NTG exposure significantly up-regulated NF-κB DNA nuclear
binding activity and MMP-9 protein expression, and reduced tissue inhibitor of
metalloproteinase-1 (TIMP-1) expression; these effects were abrogated in the presence of the NF-
κB inhibitor parthenolide (a chemical inhibitor derived from the feverfew plant). Further, we
examined whether our in vitro findings (an elevated MMP-9/TIMP-1 ratio and gelatinase activity)
can be translated to in vivo effects, in a rat model. Sprague-Dawley rats exposed continuously to
NTG subcutaneously for 8 days via mini-osmotic pumps showed significant induction of plasma
MMP-9 dimer concentrations and the expression of a complex of MMP-9 with lipocalin-2 or
neutrophil gelatinase associated lipocalin (NGAL). Plasma gelatinase activity was significantly
increased by NTG over the entire study period, attaining peak elevation at day 6. Plasma TIMP-1
protein was down-regulated significantly by day 2 and days 4 to 7 in the NTG-treated rats.
Pharmacokinetic monitoring of NTG and its dinitrate metabolites indicated that concentrations
were well within therapeutic levels observed in humans. Our studies indicate that clinically
relevant concentrations of NTG not only altered ECM matrix by changing the expression of
multiple genes that govern cellular integrity, affecting cellular MMP-9/TIMP-1 balance in THP-1
human macrophages possibly via NF-κB activation, but also led to systemic changes in MMP-9/
TIMP-1 expression and gelatinase activity in rats. These effects may contribute to extracellular
matrix degradation and possible atherosclerotic plaque destabilization.
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1. INTRODUCTION
While the acute beneficial effects of organic nitrates, including those of nitroglycerin
(NTG), are well established in cardiovascular therapy [1], several recent observational
studies reported that their chronic use produced insignificant beneficial effects, or even
increased cardiovascular mortality and morbidity [2;3;4;5;6;7;8;9]. This finding is somewhat
surprising considering the excellent vasodilator and anti-platelet aggregating effects of these
drugs. Although the loss of beneficial activity of organic nitrates upon repeated
administration can be explained by the phenomenon of nitrate tolerance [10;11;12], yet the
mechanism(s) by which nitrates may increase cardiovascular mortality and morbidity are not
known at present.

A hypothesis has been advanced [13] that NTG may up-regulate matrix metalloproteinases
(MMPs), leading to the destabilization of atherosclerotic plaques. Many MMPs like
gelatinase-B (MMP-9), gelatinase-A (MMP-2), stromelysin (MMP-3), interstitial
collagenase (MMP-1), and matrilysin (MMP-7) are expressed by plaque macrophages
[14;15]. The activity of MMPs is tightly regulated at their levels of gene and protein
expression in concert with those of their endogenous inhibitors tissue inhibitor of matrix
metalloproteinases (TIMP). Co-secretion of TIMPs by macrophages has been shown to offer
benefits of plaque stabilization [16]. Thus, an imbalance between MMP and TIMP
concentrations can lead to atherosclerotic plaque destabilization [17].

Differentiated human monocytic leukemia cells (THP-1) have been shown to be useful for
examining the effects of drugs on plaque vulnerability via MMP-9 changes [18]. We have
recently shown that acute exposure of these cells to 100 µM NTG over 48 hours led to the
up-regulation of MMP-9 and altered mRNA expression of several proteases and adhesion
molecules [19]. The activating effect of NTG on MMP-9 was consistent with those observed
for S-nitrosocysteine at 200 µM [20], and 500 µM [21] on recombinant MMP-9. However,
these effects have been observed at supra-pharmacological doses, and it is not known
whether therapeutically relevant concentrations of NTG will affect MMP-9 expression and
activity in human macrophages.

NTG can activate the NF-κB signaling mechanism in brain cells where it also activates
MMP-9 [22;23]. However, the applicability of this signaling pathway in human
macrophages has not been tested. Here, therefore, we utilized a NF-κB inhibitor,
parthenolide (PTN), [24] to examine the possible involvement of NF-κB in mediating the
effects of NTG on MMP-9 activity in THP-1 cells. PTN is a sesquiterpene lactone obtained
from the anti-inflammatory medicinal herb, Feverfew (Tanacetum parthenum), and is
believed to act by inhibiting IκB kinase (IKK) [25].

Substantial evidence exists supporting an in vivo relationship between the systemic activity
of matrix metalloproteinases (MMP) and atherosclerotic plaque stability. Through a review
of the relevant literature, Konstantino et al. concluded that “MMP-9 can potentially serve as
a diagnostic biomarker in acute coronary syndromes (ACS)” and in patients with chronic
coronary artery disease [26]. Patients with ACS exhibited elevated peripheral blood levels of
MMP-2 and MMP-9 [27]. In vivo macrophage MMP-9 activation has been linked to acute
plague rupture in apoE-deficient mice [28]. The ability of NTG to induce systemic changes
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in MMP concentrations has not been directly tested. Therefore, this study also examined the
systemic and time-dependent effects of NTG on MMP-9 in normal Sprague Dawley rats.

2. MATERIALS AND METHODS
2.1. Materials

THP-1 cells were obtained from the American Type Culture Collection (Manassas, VA;
ATCC No. TIB-202). HPLC grade methanol, acetonitrile, and water were purchased from
Burdick and Jackson (Muskegon, MI). RPMI medium with supplemented glutamine, fetal
bovine serum (FBS), 0.05 mM 2-mercaptoethanol, sterile phosphate buffered saline (PBS),
100 U/ml penicillin and 100 µg/ml streptomycin were purchased from Invitrogen
Corporation (Carlsbad, CA). NTG solution (5 mg/ml in 30% propylene glycol v/v and 30%
ethanol v/v) was obtained from American Reagent Laboratories Inc. (Shirley, NY). DETA-
NO was obtained from Cayman Chemicals (Ann Arbor, MI). The sources of other reagents
were: RNA extraction kit, SV Total RNA® isolation system, from Promega (Madison, WI);
RT2 PCR array system, CAPH-0166, RT2 PCR first strand kit from SABiosciences
(Frederick, MD); Recombinant proMMP-9 protein and Quantikine human MMP-9, MMP-2,
and TIMP-1 immunoassay kits from R&D system (Minneapolis, MN); 1,2- or 1,3-glyceryl
dinitrate (GDN), and 1,2,4-butanetriol-1,4-dinitrate from Cerilliant (Round Rock, TX);
Nuclear extraction kit from Chemicon International (Temecula, CA); NF-κB p50/p65
transcription factor assay from Millipore (Billerica, MA); Biotrak MMP-9 activity assay
system from GE Healthcare (Piscataway, NJ); Alzet mini-osmotic pumps, model 2ML1,
from DURECT Corporation (Cupertino, CA); One-Step Western™ kit for mouse, rabbit
primary antibodies, and protein markers from GenScript Corporation (Piscataway, NJ); anti-
rat MMP-9 monoclonal antibody from Thermo Fisher Scientific (Fermont, CA);
CHEMICON® MMP Gelatinase Activity Assay Kit from Millipore (Billerica, MA); Sirocco
protein precipitation plate from Waters (Milford, MA); 1,2- or 1,3-glyceryl dinitrate (GDN),
and DualColor™ protein loading buffer from Fermentas (Glen Burnie, MD); recombinant
active MMP-9 and MMP-9/ Lipocalin complex from Calbiochem (Gibbstown, NJ);
Amersham full-range rainbow molecular weight markers from GE Healthcare (Piscataway,
New Jersey), and anti-rat NGAL antibody from Santa Cruz Biotechnology (Santa Cruz,
CA). Parthenolide (PTN) and all other chemicals were obtained from Sigma (St. Louis,
MA).

2.2. Nitroglycerin and DETA-NO incubation
THP-1 cells were cultured and differentiated into macrophage as previously described [19].
For each treatment (NTG or DETA-NO) or for vehicle control the THP-1 cells were counted
using trypan blue staining after centrifugation (2000g for 10 min at 4 °C) and aliquots of 1
ml (1 ×106 cells) cell suspension were placed into six well plates. Cell viability was ≥95%,
as determined by trypan blue staining. Cells were differentiated using phorbol 12-myristate
13-acetate (PMA) at a final concentration of 100 ng/ml over 24 h [18]. NTG, DETA-NO, or
vehicle control (30% propylene glycol v/v and 30% ethanol v/v) was added at a final NTG
or DETA-NO concentration of 10 nM, on days 1, 4 and 7, and the plates were incubated at
37° C for one week. On day 8, the incubation medium was collected, centrifuged (2,000 × g
for 5 minutes at 4° C) and then stored at −80° C until measurements for protein activity and
expression were taken. The cells were washed twice with 1 ml of cold and sterile PBS and
lysed by adding a total of 350 µl of lysis buffer (provided with the SV Total RNA® isolation
system) for total RNA extraction for PCR array analysis. In a separate set of experiments,
cells were lysed using tris lysis buffer (50 mM tris HCl containing 0.1% triton ×100 v/v) to
analyze cellular MMP-2, MMP-9, and TIMP-1 concentrations and MMP-9 activity. Samples
from 3 wells were combined as one sample. The pooled sample was centrifuged at 10,000 ×
g for 10 minutes at 4° C to remove cellular debris before protein and activity determinations.
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2.3. RT2PCR array analysis
Total RNA was isolated using SV Total RNA® isolation system and quantified
spectrophotometrically at 260 nm. RNA integrity was determined by formaldehyde agarose
gel electrophoresis. Samples were stored at −80° C until the PCR studies. RT2PCR array
was used to assess differential gene expression in treated and control cells. The PCR arrays
contained a panel of 96 primer sets with a set of 87 genes, encoding human ECM and
adhesion molecules (CAPH-0166, SABiosciences) and five housekeeping genes. RT2 real-
time SYBR green PCR master mixes, specific for the Stratagene’s MX 3000P quantitative
PCR system, were used for gene amplification. Differential gene expression between
treatment (NTG and DETA-NO) and vehicle was determined using both standard unpaired
t-tests and the Significance Analysis of Microarrays (SAM) [29] program to control the false
discovery rates. Genes reported as significant were significant using either procedure. Fold
changes in the gene expression, between treatment and control groups, were calculated using
the changes in the normalized Ct values by the ΔΔ Ct method according to the
manufacturer’s protocol. A gene stability index [30] was used to determine the expression
stability of the housekeeping genes on the array. The stability of the geometric mean of the
five housekeeping genes as a normalizing factor was also tested using this procedure. The
geometric mean of all of the 5 house keeping genes was chosen to normalize the gene
expression data.

2.4. NF-κB p50/p65 transcription factor assay
THP-1 macrophages were repeatedly exposed to NTG (10 nM, added on days 1, 4 and 7),
NF-κB inhibitor, PTN (10 µM, added on days 1, 4 and 7), vehicle control (30% propylene
glycol v/v and 30% ethanol v/v) or with a combination of NTG and PTN. On day 8, the
incubation medium was collected, centrifuged (2,000 × g for 5 minutes at 4° C) and then
stored at −80° C until measurements of MMP-9 and TIMP-1 protein expression. The cells
were washed twice with 1 ml of cold and sterile PBS. DNA binding activity of NF-κB p50/
p65 in the nuclear extracts, obtained after day 8 incubation, using a commercially available
nuclear extraction kit, was determined using a non-radioactive chemiluminescent NF-κB
p50/p65 transcription factor assay. The detection was carried out using a microplate
luminometer (Berthold Technologies, Bath, UK). TNF-α treated HeLA whole cell extract
and THP-1 macrophages were used as positive controls. Negative control and a competitor
control were also included in the assay.

2.5. In vivo NTG dosing
All rat studies were performed according to the protocols approved by the SUNY
Institutional Animal Care and Use Committee. Adult male Sprague-Dawley rats, weighing
300–350 g, were purchased from Harlan laboratories. The rats were housed in
environmentally controlled room with 12 hour light/dark cycle, with free access to food and
water. Animals were anesthetized by intramuscular injection of ketamine (90 mg/kg) and
xylazine (9 mg/kg). Two cannulas were implanted, one in the left femoral artery and the
other in the right jugular vein, for daily blood withdrawal. Rats were allowed at least 48
hours to recover from surgery before the start of the experiment. Cannulas were flushed
daily with heparanised saline (25 U heparin/ml of saline) to avoid any blood clots. Mini-
osmotic pumps (model: 2ML1) primed with NTG solution (5 mg/ml) or vehicle control
(30% propylene glycol v/v and 30% ethanol v/v) were implanted on the back of the rats
slightly posterior to the scapulae to achieve subcutaneous delivery of the drug for eight days
(n=5–6 in each group). The rats were allowed to freely move in the cages throughout the
study. Blood was collected before implantation of the osmotic pump, and every 24 hours for
eight days after implantation of osmotic pump from both jugular vein and femoral artery
cannulas. Plasma was separated immediately and stored at −80° C until analysis.
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2.6. Determination of plasma MMP-9 immuno-reactive activities
Equal volume of plasma samples collected daily from rat femoral arteries were denatured in
DualColor™ protein loading buffer under non-reducing conditions at 90° C for 5 minutes.
The proteins were separated using 10% SDS-PAGE gel, and electro-transferred to an ECL
nitrocellulose membrane, using a Mini-PROTEAN II Cell System (Bio-RAD, Hercules,
CA). The membrane was then treated for One-Step Western blotting according to the
prescribed protocol and image acquisition was performed using a Kodak Imager (model
2000MM, Carestream Health Molecular Imaging, New Haven, CT), and analyzed with
Kodak ID (ver. 3.6.3) software. Authentic protein samples of recombinant proMMP-9,
active MMP-9, and MMP-9/NGAL served as positive controls.

2.7. Determination of MMP-9, MMP-2, TIMP-1 protein expression and MMP-9 / gelatinase
activity

MMP-9 (total MMP-9; 92 kDa pro- and 86 kDa active forms), MMP-2 (pro- and active
forms), and TIMP-1 protein concentrations were determined in the cell lysate and incubation
media samples, using Quantikine human MMP-9 or MMP-2 or TIMP-1 immunoassay,
respectively. Plasma TIMP-1 protein concentrations were determined using Quantikine rat
TIMP-1 immunoassay. Active MMP-9 concentrations were determined in the cell lysate and
incubation media using a Biotrak activity assay system. Endogenous gelatinase activities
(active MMP-2 and MMP-9) in rat plasma were determined using CHEMICON® MMP
gelatinase activity assay according to the manufacturer’s protocol. In our study, the results
are expressed as the percent of the mean gelatinase activity on day zero, i.e., before the
implantation of the osmotic pump in each rat. All protein concentrations and MMP-9 /
gelatinase activity were normalized by total protein concentration determined by Lowry
assay.

2.8. Analysis of concentration of NTG and its metabolites 1,2-GDN and 1,3-GDN
Samples from the incubation media were collected everyday following NTG incubation as
described in section 2.2 for NTG, 1,2-GDN, and 1,3-GDN analysis, stored at −80° C until
analysis, and analyzed using our published LC-MS/MS method [31]. The samples were
diluted with equal volume of solution of 50% methanol and water containing the internal
standard, 1,2,4-butanetriol-1,4-dinitrate, centrifuged at 16,000 × g for 20 minutes at 4° C.
Samples for constructing standard curves were prepared with the identical proportion of
RPMI medium. Concentrations of NTG and its metabolites 1,2-GDN and 1,3-GDN in rat
plasma were determined via the LC-MS/MS method [31], with the following minor
modifications. Sirocco protein precipitation plate was placed on the collection plate, and 150
µl of acetonitrile was added. Plasma samples (50 µl) were then added forcefully and rapidly
into the wells to prevent blocking of the filters. The assembly was sealed using a vented cap
mat to prevent leakage and cross-contamination during mixing, which was conducted by
vortexing on a mutil-tube vortexer at a medium speed for 1 minute. After mixing, the
samples were filtered by centrifuging for 5 minutes at 2000 × g. The filtrate was collected
and transferred into 2 ml centrifuge tubes and evaporated under a nitrogen stream. The
sample was reconstituted in 100 µl of 50% methanol, vortexed, and centrifuged at 16,000 ×
g for 30 minutes at 4° C. The supernatant was transferred to an injection vial for LC-MS/MS
analysis. Standard curves were prepared similarly by spiking blank plasma and processing it
through the protein precipitation plates. A diverter valve was included in the LC-MS/MS
assay to inject a sample after 4.5 minutes after the start of a run. The lower limit of detection
for NTG and dinitrates was 0.25 ng/ml, and the standard curves were linear from 0.25–20
ng/ml. The method was validated using quality control samples, which were processed
similarly as the samples. As described previously [31], the accuracy of the assay for the
three nitrates, over the range of 1.5–8 ng/ml, were between 92–117% of the theoretical
concentration with a CV<9%.
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2.9. Statistical analysis
All data are reported as mean ± standard deviation (SD) unless otherwise stated. Statistical
analyses were performed on the untransformed data using Student’s t-test or ANOVA,
where appropriate statistical significance was set at p<0.05. Comparisons among different
groups were made using ANOVA with post hoc analysis (MINITAB 14.×, Minitab Inc.,
State College, PA). Repeated measures two-way ANOVA analysis was carried out using
GraphPad Prism version 5.02.

3. RESULTS
3.1 NTG alters expression of genes encoding ECM proteases and cell adhesion molecules
in human THP-1 macrophages

Repeated exposure of THP-1 human macrophages to NTG significantly altered the
expression of 18 out of 87 genes in our gene-array panel (p<0.05, Table 1), including
significant down-regulation of TIMP-1, transmembrane molecule (integrin-β-3), collagen
(COL6A1), and significant up-regulation of ECM proteases (ADAMTS-8, MMP-13,
MMP-8, MMP-26) transmembrane molecules (selectin-E, selectin-P), ECM protease
inhibitors (TIMP-3), adhesion molecules (laminin-α-2, thrombospondin-1, tetranectin,
tenascin-C), and collagens (COL11A1, COL15A1, COL16A1, COL8A1). In comparison,
repeated exposure of THP-1 cells to DETA-NO significantly altered the gene expression of
only five genes in our panel (p<0.05, Table 1), including the suppression of the
transmembrane molecule integrin-α-L, and significant stimulation of collagens (COL7A1,
COL15A1), integrin-α-2, and the adhesion molecule thrombospondin-1. The expression of
the housekeeping genes was not altered by repeated exposure to either NTG or DETA-NO.
Thus, the geometric mean of the signals exhibited by all housekeeping genes was used for
data normalization for all other genes. In addition, two genes exhibited a large but statistical
insignificant change (≥5-fold) in average expression after repeated NTG exposure, viz.,
MMP-16 (4.8 fold increase, p=0.1), and thrombospondin-2 (6.2 fold increase, p=0.2). For
DETA-NONOate, genes that exhibited large but insignificant changes were: MMP-16 (5.4
fold increase, p=0.1), selectin-E (4.8 fold increase, p=0.06), TIMP-3 (6.3 fold increase,
p=0.1), and MMP-26 (5.5 fold increase, p=0.1).

3.2. Observed concentrations of NTG and its metabolites in the incubation medium
Fig. 1 shows the observed concentrations of NTG, 1,2-GDN, and 1,3-GDN, in the
incubation medium over a period of one week under the study conditions. NTG was
bioactivated by THP-1 cells to produce the major metabolites 1,2-GDN and 1,3-GDN. The
observed concentrations of 1,2-GDN were higher than those of 1,3-GDN.

3.3 MMP-9 protein expression and activity
Table 2 shows the total (pro and active) MMP-9 protein concentration and MMP-9 activity
after repeated exposure of THP-1 cells to NTG, DETA-NO or vehicle control (30%
propylene glycol v/v and 30% ethanol v/v). Upon repeated exposure to the NO donors, cells
secreted more MMP-9. The accumulated cellular concentrations of total MMP-9 were
increased after exposure to NTG (p<0.05), but not DETA-NO, (p=0.17). Consistent with the
increased total MMP-9 concentrations, the activity of MMP-9 in the medium was
significantly increased. The corresponding changes in the cell lysates samples were however
not significantly different. Overall, these results suggest that NTG can increase the activity
of MMP-9 and this effect seemed to be more pronounced than that produced by equimolar
concentration of DETA-NO.
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3.4 MMP-2 and TIMP-1 protein expression
No significant change was observed in the concentration of MMP-2 in the cell medium and
in cell lysates after either NTG or DETA-NO exposure. In the incubation medium bathing
THP-1 macrophages and in cell lysates a significant reduction in TIMP-1 protein
concentrations was observed (Table 2).

3.5 Effects of NTG on NF-κB p50/p65 activity in THP-1 cells
Results in Table 3 show that PTN alone significantly decreased NF-κB p50/p65 activity
when compared to control samples. Repeated exposure to NTG led to a significant increase
in the nuclear NF-κB p50/p65 activity, which was inhibited significantly on co-incubation
with PTN. Because the experiments were conducted on different days, the results were
expressed as percent of the mean vehicle control value observed for that day. NTG exposure
induced MMP-9 protein expression versus control, consistent with our previous observation.
PTN not only reduced endogenous MMP-9 concentrations but also significantly inhibited
NTG-induced MMP-9 expression in macrophages. Moreover, a significant decrease in
TIMP-1 protein concentration was observed when THP-1 cells were exposed to NTG. PTN
alone did not significantly affect TIMP-1 concentration versus control, but it reversed the
down-regulating effects of NTG (Table 3).

3.6 In vivo effects of NTG on the plasma concentrations of MMP-9 immuno-reactive
proteins

Plasma concentrations of MMP-9 immuno-reactive proteins were monitored daily from 0 to
8 days after implantation of NTG-containing osmotic pumps in vivo. Fig. 2 shows a
representative Western blot of MMP-9 reactive bands under non-reducing conditions. In
lanes 1–9, which were spotted with plasma samples of a rat from days 0 to 8 after NTG
dosing, the presence of several MMP-9 reactive bands was revealed. These included: a band
at about 220 kDa representing the MMP-9 dimer, bands of pro and active MMP-9 that co-
migrated with the respective recombinant protein standards, a band at approximately 130
kDa, which co-migrated with recombinant MMP-9/NGAL complex, and two lower
molecular weight bands around 40 kDa and 20 kDa, which may represent MMP-9 cleavage
products [32].

Because each animal provided a different baseline value before dosing (day 0), the data on
subsequent days after osmotic pump implantation was normalized as a percentage of the
value at day 0 from the same rat. Fig. 3 shows the mean quantified intensity data from all
study animals exposed to NTG. Repeated measures ANOVA demonstrated a time-
dependent change after NTG treatment (p<0.05), and a post-hoc test showed significant
elevation of MMP-9/NGAL complex at days 5–8 versus control animals. Mean percentage
change of MMP-9/NGAL band in control samples vs. day 0 ranged from 96.2 ± 2.2 to 101.3
± 5.6 % for over the period of one week.

NTG dosing also increased MMP-9 dimer formation in rat plasma samples (Fig. 3),
exhibiting a significant increase on day 8 (1.5-fold, p<0.05). However, in control animals
mean percentage change of dimer band ranged from 96.5 ± 1.9 to 102.1 ± 7.1 for over the
period of one week and was not significantly different vs day 0 (p>0.05). While there was a
trend towards increasing active MMP-9 in plasma after NTG treatment (Fig. 3), statistical
significance could not be demonstrated. However, proMMP-9 expression was significantly
elevated on day 8 (Fig. 3, p<0.01). In control samples the mean percentage change of active
MMP-9 band ranged from 100.1 ± 4.3 to 102.7 ± 4 and proMMP-9 band ranged from 97.6 ±
3.6 to 100.1 ± 7.6 over one week period and were not significantly different from day 0
expression (p>0.05).
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3.7 Effects of NTG dosing on plasma gelatinase activity and TIMP-1 protein levels
Significant increase in plasma gelatinase activity was observed on all 8 days after NTG
treatment, when compared to control animals, as confirmed by two-way repeated measures
ANOVA analysis (p<0.05). Peak increase in activity was observed on day 6 followed by a
decline on days 7 and 8 (Fig. 4a). In comparison, no significant time-dependent changes in
gelatinase activity in the control group was observed (p>0.05, Fig. 4a). A sharp increase in
plasma TIMP-1 concentration was seen on day 1 both in treated and control animals, most
likely due to the trauma induced by osmotic pump implantation. However, from day 2
onward, plasma TIMP-1 levels returned to near pre-treatment levels. The results showed that
NTG dosing induced a significant decline in TIMP-1 protein concentrations on day 2 and
days 4 to 7 in the in the NTG-treated animals (Fig. 4b, p<0.05 repeated measures ANOVA
analysis followed by post-hoc test). Fig. 5 shows rat plasma NTG and dinitrate metabolite
concentrations obtained via the femoral artery cannulas. NTG levels fell below detection
limit after the second day. The concentration of the GDN metabolites also decreased over
study period. A similar trend was seen in plasma samples obtained from jugular vein (data
not shown).

4. DISCUSSION
Macrophages play a key role in various inflammatory responses and in atherosclerotic
plaque rupture. Macrophage cell density is increased in atherosclerosis, where secretion of
various proteases by macrophages contributes to the pathology [33]. MMPs are proteolytic
enzymes that degrade ECM components and target several regulatory proteins like cytokines
and adhesion molecules. The gelatinases, MMP-9 and MMP-2, are mainly responsible for
degradation of Type IV collagen, which is the major component of the basement membrane
[34]. Hence, MMPs may facilitate tissue repair and growth as well as plaque rupture and
tissue invasion [35]. This study extends our previous proof-of-concept study [19] and (a)
examined the gene expression and activation of MMPs in human macrophages by NTG at
therapeutically relevant concentrations, (b) explored the underlying mechanism behind the
gene and protein expression effects mediated by NTG in THP-1 cells, (c) compared the
effects of NTG with a direct NO donor, DETA-NO, to further understand the underlying
mechanisms, and (d) investigated the in vivo effects of NTG on MMP-9/TIMP-1 balance in
rats.

After transdermal NTG administration in humans, plasma concentrations ranged from 0.44–
40.7 nM or 0.1–9.24 ng/ml [36;37;38;39;40;41;42]. The concentrations of 1,2-GDN and 1,3-
GDN observed clinically were 0.3–119.5 ng/ml and 0.5–42.2 ng/ml, respectively
[38;41;43;44;45]. In the present study, we added NTG at 10 nM or 2.27 ng/ml in the
incubation medium on days 1, 4 and 7. NTG can be bioactivated to its major metabolites
1,2-GDN or 1,3-GDN by enzymatic or non-enzymatic pathways with the production of 1,2-
GDN considered as an index of “mechanism-based” metabolism that parallels vasodilatation
and the production of 1,3-GDN associated with the nonenzymatic activation as its
appearance is unrelated to relaxation and tolerance induction [10;12]. Cellular metabolism
of NTG was observed forming the major dinitrate metabolites of NTG (Fig. 1). The nitrate
concentrations were therefore well within their therapeutic ranges.

The RT2 profiler PCR arrays systems used here offers a wide dynamic range,
reproducibility, specificity, and greater sensitivity for studying differential gene expression.
We added 3 more genes, viz., testican-1, MMP-26, and cathepsin-L, to the commercially
available panel, based on our previous findings that significant altered regulation of
testican-1 and MMP-26 was observed after acute NTG exposure at 100 µM [19]. Since
testican-1 has been shown to have inhibitory effects on another important protease
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cathepsin-L, which contributes to atherosclerosis progression [46;47], the gene regulation of
cathepsin-L was also examined in this study.

Our results confirmed previous observations that exposure to NTG may cause extensive
changes in cellular and tissue gene regulation, as were shown for THP-1 macrophages [19],
and in vascular tissues [48;49]. However, the specific genes that were affected in the present
experiment differed substantially from those observed after acute high-concentration
exposure [19]. The only gene commonly altered was MMP-26, but in this study, we
observed an up-regulation while the opposite was seen under acute, high-concentration
conditions. VCAM-1 showed a 1.5 fold increase here but, unlike that seen under acute
conditions, the change was not statistically significant. The reason for these observed
differences in gene expression effects are most likely due to differences in exposure
conditions at which different cellular transcriptional controls might be activated.
Additionally, the samples were analyzed at only one time-point and time-dependent
changes, which could be quite complex, were not examined. Also, different bioactivation
mechanisms can be involved at these different exposure conditions leading to different
fractions of GDN metabolites and these gene expression differences. Upon exposure at 10
nM for 8 days the concentration of 1,2-GDN metabolite was higher than 1,3-GDN in the
incubation medium (Fig. 1). In contrast at higher dose exposure as in our previous
publication [19] (100 µM for 48 hours) the concentration of 1,3-GDN was higher than 1,2-
GDN in the incubation medium (NTG: 12.8 ± 1.0; 1,3-GDN: 5.75 ± 1.09, and 1,2-GDN:
3.01 ± 1.08 ng/ml). Nevertheless, the results suggest extensive cellular effects of NTG on
ECM remodeling genes.

Under the conditions of repeated exposure studied here, NTG significantly up-regulated
several ECM degrading proteases like MMP-8, MMP-13, MMP-26, and ADAMTS-8. The
two collagenases, MMP-8 (collagenase-2) and MMP-13 (collagenase-3), like others in this
enzyme family, degrade triple helical fibrillar collagen. Increased MMP-8 activity has been
linked to vulnerable plaques [50;51], and may serve as a predictor of plaque instability and
cardiovascular mortality [52;53]. Using ApoE and MMP-13 double knockout mice, a recent
study showed the importance of MMP-13 in collagen regulation in plaques [54]. Gene
expression of MMP-26 (matrilysin-2), a newly identified member of the MMP family,
increased after NTG exposure vs. control. Unlike other MMPs, it lacks the hemopexin
domain [55], and it has been shown to activate proMMP-9 [56].

Like MMPs, ADAMTS is another family of proteinases capable of degrading the ECM.
ADMATS-8 is the member of this family that can degrade proteoglycans like aggrecan and
versican, which are expressed in blood vessels. In our study, ADMATS-8 was significantly
up-regulated by NTG treatment. A recent study reported ADAMTS-8 expression in
macrophage-rich areas of atherosclerotic plaques [57], but its role in plaque progression is
still unclear.

The gene expression of several adhesion molecules (selectin-P, selectin-E, laminin-α-2,
thrombospondin-1, tetranectin, tenascin-C, and integrin-β-3) were altered after repeated
NTG exposure. Cell adhesion molecules like selectin-E, selectin-P, and integrins play an
important role in leukocyte extravasation and may serve as biomarkers for plaque
destabilization [58]. In our study, we found an up-regulation of thrombospondin-1 after
repeated exposure to NTG. We observed an up-regulation of tetranectin, a protein found in
human plasma, which is suspected to participate in tissue degeneration and proteolysis via
plasminogen binding [59], and to play a significant role in cancer metastasis [60]. Tenascin-
C, an ECM glycoprotein was also up-regulated, which has been shown to induce the
expression of MMP-9 [61] that may play a role in the remodeling of atherosclerotic plaque
matrix composition [62]. In addition, repeated exposure to NTG altered various genes
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encoding collagens, down-regulating COL6A1 but inducing the gene expression of
COL11A1, COL15A1, COL16A1, and COL8A1. Collagens constitute 60% of the plaque
protein, and can stimulate smooth muscle cell migration and proliferation by up-regulating
some ECM molecules like tenascin-C.

Finally, consistent with a previous report in which NTG concentration was not defined [13],
repeated exposure to NTG significantly down-regulated the endogenous MMP inhibitor
TIMP-1 (NTG treatment/control vehicle treatment=0.78, p<0.05). Higher MMP-9/TIMP-1
ratios were observed in acute coronary syndrome patients and this ratio may be an
independent predictor of plaque stability [63]. TIMP-1 concentration, by itself, can also
serve as a predictor of cardiovascular death [64]. Our study also detected a significant up-
regulation of TIMP-3 (NTG treatment/control vehicle treatment= 21.05, p<0.05).

The gene expression effects after repeated exposure to DETA-NO were substantially
different from those observed for NTG. The gene encoding thrombospondin-1 was the only
gene that was up-regulated by both treatments. Nunez et al. [65] showed that, unlike DETA-
NO, NTG did not inhibit O2 consumption by vascular mitochondria, nor was NO
fluorescence detected from NTG. These investigators therefore concluded that NTG does
not release free NO within their experimental concentration range (up to 1022126 M). In the
present study, metabolism studies clearly showed that NTG was bioactivated in the cell
system, producing its dinitrate metabolites (Fig. 1). The half-life of DETA-NO release of
NO has been reported to be 20 hrs at 37°C. Fig. 1 shows that in the incubation medium,
NTG disappearance was near complete 24 hrs after addition, followed by formation of its
dinitrate metabolites, which could also release NO upon further metabolism. The observed
differences in gene expression effects of NTG and DETA-NO therefore could be due to
differences in the release rates of NO from these compounds or the distribution of the
various NO species released and the subsequent chemical interaction with ECM proteases.

Our results (Table 2) indicated that NTG and DETA-NO induced the protein expression of
total MMP-9 in THP-1 human macrophages. The effects of NTG appeared to be higher than
those from DETA-NO, at the same molar concentration. NTG and DETA-NO exposure led
to a 5-fold and 2.5-fold increase, respectively, in active MMP-9 concentrations in the
incubation medium bathing human THP-1 macrophages. These observations suggest both
NO donors not only increased the expression of total MMP-9, but also increased its activity.
The biochemical mechanism of interaction of NTG with the cysteine switch of MMP-9 is
not known. Recently, we have demonstrated pro-oxidant effects of NTG [66] on cellular
thiols, which may present one of the possible activating mechanisms of the cysteine switch
of MMP-9. Unlike the results from Death et al. [13], no significant change in MMP-2
protein expression was observed here. The reason for this discordant finding is not known,
but might relate to different exposure conditions. In contrast, we found that after repeated
exposure to NTG, TIMP-1 protein expression was significantly down-regulated, consistent
with the suppressed gene expression results seen in the microarray study (Table 1).

NF-κB inhibition by PTN has been shown to retard atherosclerotic lesions in apoE knockout
mice [67;68], an effect that is possibly mediated via inhibition of IκB phosphorylation and
degradation [24;25]. Several PTN-containing products are available over the counter,
reportedly producing beneficial effects on blood vessel tone, in migraine relief, cancer,
blood aggregation, and arthritis [69;70;71;72;73]. Here, we showed that NTG significantly
enhanced NF-κB p50/p65 DNA binding activity in THP- 1 macrophages, which was negated
in the presence of the NF-κB inhibitor PTN (Table 3). Our results also indicated that NTG-
induced changes in MMP-9 and TIMP-1 expression can be linked to NF-κB activation,
based on the abrogating effects of PTN. Other investigators have already shown that PTN
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reduced MMP-9 expression [74;75]; here we demonstrated that it also significantly inhibited
NTG induced MMP-9 protein secretion (Table 3).

The promoter region of MMP-9 gene contains a NF-κB element that is responsible for
induction by various cytokine inducers [76;77]. Several studies have reported NF-κB
activation by NO or by NO related species like peroxynitrite [78;79]. NTG has been shown
to stimulate NF-κB binding activity via IKK-κ activation in TNF-κ activated endothelial
cells and in vivo in rat brain nuclei [22;23]. Pandey et al. [80] have shown that IKK activity
can be modulated through its cysteine residue 179. We have shown that NTG can oxidize
protein thiols, either in small molecules [81], or when they are present in cysteine residues
of proteins [66;82], forming disulfide and S-glutathionylated products. Moreover, NO has
been shown to activate p21ras, a G-protein family member and cellular signaling mediator
[83]. We have shown recently that NTG can activate p21ras by S-glutathionylation in
human endothelial cells and porcine epithelial cells at a concentration of 100 µM [66],
similar to that reported for peroxynitrite in bovine aortic endothelial cells at a concentration
of 100 µM [84]. Activation of p21ras increases the activity of kinases Raf-1 and
phosphatidylinositol 3-kinase, which in turn can activate IKK and increase IκB degradation,
leading to enhanced activity of NF-κB [85]. Thus, the observed NTG effects may be
mediated by the upstream activation of p21ras, which in turn lead to NF-κB activation.

Our in vitro studies suggested that NTG may alter the MMP-9/TIMP-1 balance in vitro.
Literature review indicates a strong link between elevated MMP-9 activity to atherosclerotic
plaque destabilization [26;27;28]. A recent study by Kim et al. demonstrated activation of
MMP-9 by a continuous short-term infusion (10 µg/kg/minute for 30 minutes) of supra-
pharmacological doses of NTG in rat meningeal blood vessels [23]. However, the overall in
vivo effects of NTG on MMP-9 / TIMP-1 expression, and MMP activity were not reported.
Earlier, Uemura et al. [86] showed that increased plasma gelatinase activity can be
demonstrated in Sprague-Dawley rats after induction of diabetes. These findings indicate
that this simple animal model may potentially allow for the detection of changes in plasma
gelatinase activities after in vivo NTG dosing. We therefore examined the systemic and
time-dependent in vivo dynamic effects, on continuous NTG exposure, at therapeutically
relevant concentrations, on MMP-9/TIMP-1 expression and MMP activity in Sprague-
Dawley rats.

Western blot analysis was carried out to examine changes in MMP-9 immuno-reactive
activities in plasma over 8 days in rats, which were exposed continuously to NTG. Plasma
samples, rather than serum samples, were utilized because literature reports indicated an
artificial increase in MMP or TIMP values in the latter samples, due to release of MMP/
TIMP by platelets or polymorphonuclear neutrophils during clot formation [87]. Our results
showed that active MMP-9 protein expression trended upwards in NTG-treated animals, but
statistical difference could not be demonstrated, because of the high data variability (Fig. 3).
However, significant induction of MMP-9/NGAL complex (Fig. 3) and proMMP-9 (Fig. 3)
in NTG-treated animals were observed while no such changes were observed in the control
group. NGAL or Lipocalin-2 is a 25 kDa glycoprotein [88] that is induced in several
inflammatory conditions like atherosclerosis, and it may serve as a predictor of
cardiovascular mortality after ischemia [89]. It is secreted as a monomer or as a complex
with MMP-9. Increased levels of NGAL have also been linked to NF-κB activation by IKK
activation [90]. NGAL can have positive effects on MMP-9 activity via several processes:
(i) direct activation of proMMP-9, (ii) prevention of autolysis of MMP-9, and (iii)
synergistic effects on proMMP-9 activation with other MMP activating agents [32;91;92].
Thus, NGAL may play an important role in vascular remodeling and plaque instability
[89;93;94]. The intensity of the MMP-9 dimer trended upward in NTG-treated animals
versus control, and statistical significance could be demonstrated at day 8 (Fig. 3). Taken
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together, these results showed that continuous NTG dosing in rats produced significant in
vivo elevation of MMP-9 immuno-reactivity in plasma.

Gelatinase activity assay using a biotinylated gelatinase substrate was carried out to examine
MMP activity changes in rat plasma samples of NTG-treated versus control animals. The
sensitivity of the assay used is similar to that obtained from traditional zymography method,
but the procedure is more expedient. Significant increase in gelatinase activity was observed
from day 1 with a peak at day 6, with a peak increase of 2.4 fold observed on day 6 (Fig. 4a)
as compared to control animals.

The overall MMP activity also involves contribution from its natural inhibitor TIMP-1,
which binds to both proMMP-9 and active MMP-9 to inhibit their activity [95]. In the
present study, TIMP-1 protein expression was significantly down-regulated by NTG on day
2, and days 4 to 7 in the NTG-treated rats. A maximum decline in TIMP-1 concentrations,
around 40%, in NTG-treated animals was observed on day 4, when compared to a 20%
decrease in control animals (Fig. 4b). A characteristic sharp increase in TIMP-1 expression
was observed in both control and treated animals on day 1 (Fig. 4b), which might be due to
stress associated with surgery. A decline in plasma TIMP-1 level favors plaque instability
due to an elevated MMP-9/TIMP-1 balance.

The pharmacodynamic effects observed over the period of 8 days in NTG-treated rats
therefore included: an induction of plasma MMP-9 dimer and MMP-9/NGAL complex, as
well as increased gelatinase activity, and decreased TIMP-1 protein concentration. To
determine if the NTG dosing in our study provided therapeutic relevant levels, we measured
arterial and venous plasma concentrations of NTG and its two major dinitrate metabolites
(Fig. 5). NTG concentration was undetectable (< 0.25 ng/ml) after the second day in arterial
plasma samples. GDN concentrations ranged between 5–10 ng/ml and showed a gradual
decline over the study period. Follow-up studies (data not shown) indicated that this decline
was due to reduced release of NTG from the osmotic pump with time, possibly due to drug
adsorption onto the plastic components of the infusion device. In follow-up studies
examining the delivery of NTG from osmotic pumps, we verified that there was continuous
zero order release of NTG solution over the study duration (data not shown). GDN
metabolites were not detected in the solutions within the pump or pump washings, so it was
clear that NTG degradation was not the cause for the declining plasma metabolite
concentrations. The possibility of metabolic induction after continuous exposure can be
ruled out, because chronic intravenous infusion in humans has been shown to be associated
with a slight increase (not decrease) in plasma concentrations, contrary to metabolic
induction [96].

The plasma concentrations of NTG, 1,2-GDN, and 1,3-GDN, observed in patients ranged
widely, depending on the route of administration and the NTG doses administered. For
example, in patients on long-term intravenous NTG infusions at doses ranging from 1.3 to
12.0 mg/hour for 1 to 16 days, Torfgard et al. [43] observed plasma concentrations of 0.8 to
894.5 ng/ml for NTG, undetected to 119.5 ng/ml (for 1,2-GDN), and 0.8–42.2 ng/ml (for
1,3-GDN), respectively. The composite plasma concentrations observed after transdermal
NTG administration, at doses of 5 to 105 mg per day, ranged from 0.1 to 9.24 ng/ml (NTG),
0.3–3.5 ng/ml (1,2-GDN), and 0.5–0.8 ng/ml (1,3-GDN), respectively
[36;38;39;40;41;42;44;45]. The plasma concentrations observed in the present study, i.e.,
NTG: 0.3 to 0.7 ng/ml, 1,2-GDN: 2 to 23 ng/ml, and 1,3-GDN: 1.2 –11 ng/ml, were well
within these clinically observed values. Thus, the observed pharmacodynamic effects on
MMP-9/TIMP-1 imbalance and enhanced MMP-9 activity might well be translatable in
patients.
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5. CONCLUSIONS
Our results indicate that NTG, at therapeutically relevant concentrations, significantly
altered the expression of multiple genes encoding a number of ECM proteases and adhesion
molecules, as well as the protein expression and activity of MMP-9, and TIMP-1 protein
expression. Further studies show that repeated exposure of NTG increased intranuclear NF-
κB binding, elevated MMP-9 secretion, and down-regulated TIMP-1 in human
macrophages. All these effects are negated in the presence of the NF-κB inhibitor PTN.

Our in vivo results in rats indicated that therapeutic concentrations of NTG induced time-
dependent changes in plasma MMP immuno-reactivity, activation of plasma gelatinases, and
inhibition of TIMP-1 protein expression. In addition, we observed that NTG exposure
induced the formation of a complex of MMP-9 with NGAL, a NF-κB inducible protein.
Several literature reports have pointed out that up-regulation of gelatinases can cause
atherosclerotic plaque destabilization [26;27;28]. To the best of our knowledge, the present
study demonstrated for the first time that NTG at therapeutically relevant concentrations can
produce adverse effects on MMP-9/TIMP-1 ratio in an experimental animal model. Further
studies to reverse these adverse effects, possibly via the use of an NF-κB inhibitor, as shown
in our in vitro studies, may aid in the future design of better therapeutic strategies when
using this life-saving cardiovascular drug.
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Fig. 1.
Concentrations of NTG, and dinitrate metabolites 1,2-GDN and 1,3-GDN in the incubation
medium after repeated additions of NTG (10 nM, or 2.27 ng/ml, added on days 1, 4 and 7),
n=3 each. Error bars indicate SD.
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Fig. 2.
Representative Western blot of MMP-9 under non-reducing conditions. Lane 1: Day 0
plasma sample; Lane 2: Day 1 plasma sample; Lane 3: Day 2 plasma sample; Lane 4: Day 3
plasma sample; Lane 5: Day 4 plasma sample; Lane 6: Day 5 plasma sample; Lane 7: Day 6
plasma sample; Lane 8: Day 7 plasma sample; Lane 9: Day 8 plasma sample; Lane 10:
Blank; Lane 11: Recombinant proMMP-9 ; Lane 12; MMP-9/NGAL standard; Lane 13;
Recombinant active MMP-9.
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Fig. 3.
Comparison of MMP-9/NGAL, dimer protein, active MMP-9, and proMMP-9 protein
expression changes in rat plasma samples of the rats implanted with osmotic pumps
containing NTG stock solution. The band intensity obtained after Western blot analysis was
normalized as percent of band intensity of day 0 for each rat, n=4–5. *p<0.05 (repeated
measures ANOVA analysis followed by post-hoc test) versus control (data not plotted).
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Fig. 4.
(a) MMP activity changes in rat plasma samples of the rats implanted with osmotic pumps
containing NTG stock solution versus vehicle control. The MMP activity is expressed as
relative percentage of activity as calculated using standard MMP-2 supplied with the assay
system and then calculated as percent of activity using mean day 0 activity, n=4. *p<0.05
versus control and (b) TIMP-1 protein expression changes in rat plasma samples of the rats
implanted with osmotic pumps containing NTG stock solution versus vehicle control.
TIMP-1 protein levels were corrected for total protein content in the samples and then
calculated as percent of TIMP-1 using mean day 0 TIMP-1 concentration, n=4. *p<0.05
versus control.
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Fig. 5.
Concentration of NTG and dinitrates, 1,2-GDN and 1,3-GDN in rat plasma samples
obtained from femoral artery vein determined by LC-MS/MS method, n=4–5.

Krishnatry et al. Page 24

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Krishnatry et al. Page 25

Table 1

Genes significantly (p<0.05) altered by NTG or DETA-NO treatment versus vehicle control (n=4). The
exposure concentration for both agents was 10 nM, added on days 1, 4 and 7).

Treatment Gene Expression Accession # Gene Title/Symbol Ratio (Treatment to Control)

NTG

Down-regulated

NM_003254 TIMP metallopeptidase inhibitor(TIMP)-1 0.78

NM_000212 Integrin-β-3(ITGB3) 0.57

NM_001848 Collagen type-VI-α-1(COL6A1) 0.75

Up-regulated

NM_007037 ADAM metallopeptidase(ADAMTS8) 4.21

NM_002427 MMP-13 7.56

NM_002424 MMP-8 1.61

NM_021801 MMP-26 18.04

NM_000450 Selectin-E 8.65

NM_003005 Selectin-P 9.32

NM_000362 TIMP-3 21.05

NM_00426 Laminin, α-2 2.59

NM_003246 Thrombospondin-1 3.40

NM_003278 Tetranectin 3.83

NM_002160 Tenascin-C 2.78

NM_080629 Collagen-type XI-α-1 5.51

NM_001855 Collagen-type XV-α-1 3.25

NM_001856 Collagen-type-XVI-α-1 9.89

NM_001850 Collagen-type-VIII-α-1 6.16

NM_004994 MMP-9 1.17*

DETA-NO

Down-regulated
NM_00 2209 Integrin-α-L (ITGAL) 0.84

NM_004994 MMP-9 0.88*

Up-regulated

NM_001855 Collagen- type-XV-α-1 3.38

NM_000094 Collagen-type-VII-α-1 1.25

NM_002203 Integrin-α-2(ITGA2) 1.80

NM_003246 Thrombospondin-1( THBS1) 2.29

*
Change was not statistically significant
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Table 3

Changes in NF-κB p50/p65 activity, total secreted MMP-9 concentration and TIMP-1 protein expression (the
latter two in the cell medium) after repeated exposure to NTG, NF-κB inhibitor parthenolide (PTN) or a
combination of NTG and PTN (each added at 10 µM on days 1, 4 and 7, n=6.

Treatment NF-κB p50/p65 activity Total secreted MMP-9 concentration TIMP-1 protein concentration

Vehicle Control 100 ± 7% 100 ± 13 % 100 ± 8%

PTN 94.0 ± 7.1%$ * 69.1 ± 14.5%$* 91.7 ± 8.0%*

NTG 120 ± 5%$ 126 ± 12%$ 73.4 ± 9.2%$

PTN + NTG 104 ± 5%* 86.5 ± 16.5%$ * 83.5 ± 10.4%$ *

*
p<0.05 versus NTG,

$
p<0.05 versus vehicle control (by ANOVA and Tukey post hoc test). NF-κB p50/p60 activity was expressed as relative luminescence units

(RLUs) in cell nucleus. Total secreted MMP-9 and TIMP-1 protein concentrations were in ng/mg total protein.
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