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Abstract

Background—Atherosclerosis is a chronic inflammatory disease associated with the accumulation
of oxidized lipids in arterial lesions. Recently we studied the degradation of peroxidized linoleic acid
and suggested that oxidation is an essential process that results in the generation of terminal products,
namely mono- and dicarboxylic acids that may lack the pro-atherogenic effects of peroxidized lipids.
In continuation of that study, we tested the effects of azelaic acid (AzA), one of the end products of
linoleic acid peroxidation, on the development of atherosclerosis using low density lipoprotein
receptor knockout (LDLr~") mice.

Methods and results—LDLr~~ mice were fed with a high fat and high cholesterol Western diet
(WD group). Another group of animals were fed the same diet with AzA supplementation (WD+AzA
group). After four months of feeding, mice were sacrificed and atherosclerotic lesions were measured.
The results showed that the average lesion area in WD+AzA group was 38% (p<0.001) less as
compared to WD group. The athero-protective effect of AzA was not related to changes in plasma
lipid content. AzA supplementation decreased the level of CD68 macrophage marker by 34%
(p<0.05).

Conclusions—The finding that AzA exhibits an anti-atherogenic effect suggests that oxidation of
lipid peroxidation-derived aldehydes into carboxylic acids could be an important step in the body’s
defense against oxidative damage.
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1. Introduction

Development of atherosclerosis is thought to be associated with the oxidation of low density
lipoprotein (LDL) [1-3]. The peroxidized lipids associated with oxidized LDL contribute to
atherosclerosis in many ways, influencing various cellular pathways directly and indirectly
through secondary products derived after lipid peroxide degradation and oxidation [4-6]. The
aldehydes formed from the decomposition of peroxidized lipids may play a key role in
atherosclerosis by modifying apolipoproteins leading to their recognition by macrophage
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scavenger receptors [7-9], generating antigenic responses [10-12], and affecting many cell
processes [13,14]. Aldehydes are readily oxidized enzymatically and non-enzymatically to
carboxylic acids [15], or become detoxified by GSH-coupling enzymatic systems [16].
Currently there is no data on whether lipid peroxidation-derived carboxylic acids, particularly
dicarboxylic acids, affect the development of atherosclerosis.

Azelaic acid (AzA), a nine carbon saturated aliphatic dicarboxylic acid, is an end product of
linoleic acid peroxide decomposition [15] and is derived from oxo-nonanoic acid (Fig. 1). Since
linoleic acid represents the major polyunsaturated fatty acid in human plasma and LDL, we
tested the effects of AzA on atherosclerosis development in cholesterol-fed LDL receptor
knockout (LDLr~") mice. We present evidence that AzA inhibits atherosclerosis development
without any significant effect on plasma lipid content.

2. Materials and methods

2.1. Reagents

AzA, heparin, and other chemicals and reagents were purchased from Sigma-Aldrich Chemical
Co (St. Louis, MO).

2.2. Animals, diets, and feeding timeline

All animal studies were performed in agreement with Public Health Service policy on use of
laboratory animals, and in conformity with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health. Animal use protocol was approved
by the Institutional Animal Care and Use Committee of the Ohio State University.

Fifty four 4 week old female LDLr~~ mice on C57BL/6J background (B6.129S7-LdIrtmiHer
J strain) were obtained from Jackson Laboratory (Bar Harbor, ME). Female animals were
chosen purely for convenience and availability, as the focus of the study was not to find out
potential gender differences in atherosclerotic responses to AzA. Two separate and
independent studies, 27 animals each, were performed one after another designated as study
AzA#1 and AzA#2. Both studies were similar in design with differences only in the content
of cholesterol in the Western diet and the duration of mice feeding: 0.2% cholesterol for14
weeks in AzA#1 study and 0.125% cholesterol for 16 weeks in AzA#2 study.

In each study, mice were evenly distributed into 3 groups, 9 animals in each, and fed with three
different diets for 14 or 16 weeks. First group (Normal) was fed normal mice chow, second
group (WD) was fed Western diet (21% milk fat with 0.2% or 0.125% cholesterol), and third
group (WD+AzA) was fed Western diet supplemented with 0.5% AzA. The chow and diets
were made by Harlan Teklad (Indianapolis, IN). At the end of feeding for14 or 16 weeks, the
animals were fasted overnight and sacrificed according to the animal protocol. Blood was
collected immediately by syringe aspiration from the heart using heparin as an anticoagulant.
After centrifugation, the plasma was snap frozen for analysis of lipid and cytokine profiles.
The aorta and liver were flushed with ice-cold phosphate buffered saline (PBS), cleaned from
surrounding tissue, photo documented, and collected for extraction of total RNA.

2.3. Assessment of atherosclerotic lesions

The aortic trunk was washed with cold PBS through the left ventricle. The dissection of the
aorta was performed under a stereomicroscope from the iliac bifurcation up to the heart,
including the beginning of the brachiocephalic, carotid, and subclavian arteries. Detailed en
face pictures of the aorta along with a ruler were obtained using a digital camera. Lesion areas
were marked on the pictures under direct microscopic observations. Accordingly, lesion area
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size was quantified using ImageJ software [17]. The ruler in the pictures was used to determine
the pixel to mm? conversion factor.

2.4. Analysis of plasma lipids

All lipid analyses were performed by enzymatic methods on the Beckman CX7 (Fullerton,
CA) automated clinical chemistry analyzer in Cardiovascular Specialty Labs (Atlanta, GA).
Total cholesterol and triglycerides were determined using reagents from Beckman Coulter
Diagnostics (Fullerton, CA). Cholesterol in LDL (LDLc) and in HDL (HDLc) was determined
using homogeneous assays from Genzyme Diagnostics (Cambridge, MA).

2.5. Quantitative real-time PCR (qPCR)

After the mice were euthanized and blood was collected, the cremasteric artery was cut and
the aorta and liver were flushed by injecting PBS into the left ventricle of the heart.
Approximately 100 ug section from the large lobe of the liver was snap frozen in TRIzol
(Invitrogen; Carlsbad, CA). The aorta was exposed, treated with RNALater (Ambion; Austin,
TX) and cleaned from the ascending aorta to the renal artery bifurcation. The aorta was
photographed, cut into two pieces: aortic arch half (including ascending and descending aorta)
and abdominal aorta half, and snap frozen in Trizol. Total RNA from the aorta and liver were
isolated using TRIzol reagent according to the manufacturer’s protocol. The concentration and
quality of RNA was assessed by NanoDrop (Thermo Fisher Scientific, Waltham, MA). cDNA
was generated from 10-100 ng of total RNA and 1/20th of the sample was taken for gPCR.
cDNA syntheses and gPCRs were performed with SYBR GreenER Two-Step gRT-PCR Kit
for iCycler (Invitrogen) according to the manufacturer’s protocol. g°PCR was run in 20 pl of
reaction mixture in sealed 96-well plates on iCycler (Bio-Rad; Hercules, CA) in duplicates.
The melting curve and efficiency were assessed for all primer pairs. All primers were purchased
from Invitrogen and are listed in the supplementary appendix. Threshold cycle (CT) was
determined by Bio-Rad iQ5 v.2 software. The level of mMRNA was calculated using the
2AACT method and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as an internal
control gene [18]. Data are expressed as fold induction of mMRNA level in one group compared
to another.

2.6. Mice plasma cytokines profile

Plasma cytokine levels were determined by RayBiotech, Inc. (Norcross, GA) using RayBio®
Mouse G Series 1000 Array glass chip.

2.7. In vitro LDL oxidation assay

The oxidation of LDL was performed using copper [19]. 100 pg of LDL was incubated in
quartz cuvette in 1ml PBS with 5 uM copper. AzA was added as 50 mM solution adjusted to
pH 7.4 by sodium hydroxide. In some control experiments the same volume of 200 mM solution
of acetic acid adjusted to pH 7.4 by sodium hydroxide was added. Time course of oxidation
of LDL samples was followed by measuring the formation of conjugated diene at 234 nmin a
UVIKON XL spectrophotometer (Bio-Tek Instruments, Winooski, VT) equipped with a 12-
chamber cuvette changer. Samples were monitored continuously for periods of up to 8 h.

2.8. Cytochrome C reduction assay

Cytochrome C reduction was run in quartz cuvette in 1ml PBS containing 100 pM xanthine
and 10 pM cytochrome C from equine heart. The AzA was added as 50 mM solution adjusted
to pH 7.4 by sodium hydroxide and was added up to a final concentration of 1 mM. In some
control experiments the same volume of 100 mM solution of acetic acid adjusted to pH 7.4 by
sodium hydroxide was added. Reduction of cytochrome C was started by adding 0.02 units of
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xanthine oxidase and was followed by monitoring the optical density at 550 nm for 30 min in
a UVIKON XL spectrophotometer (Bio-Tek Instruments, Winooski, VT).

2.9. LC-MS/MS analysis of AzA level in plasma

AzA was extracted and measured for 6 samples from each diet group from AzA#2 study using
75 ul of mouse plasma. For normalization of the extraction yield 100 uM sebacic acid was
added to the plasma samples. After dilution to 500 pl and acidification to 400 mM HCI, samples
were extracted with 3 ml of ether, dried, dissolved in 150 ul of water, centrifuged 12,000 g for
20 minutes, and 50 pl aliquots were subjected to LC-MS/MS analysis.

The high-performance liquid chromatography was run on Shimadzu (Columbia, MD) system
consisted of two LC-20AD pumps, SIL-20A autosampler, and CBM-20A controller.
Separation was performed on pBondapak C18 125A 10 um 3.9 x 300 mm column (Waters;
Milford, MA) using 50 minute linear gradient from 40% acetonitrile in water to 50% methanol
in water followed by 10 minutes of 50% methanol in water at 0.5 ml/min.

3200 Q TRAP triple quadrupole mass spectrometer (Applied Biosystems; Foster City, CA)
was used to carry out negative ion electrospray tandem mass spectrometric analysis in multiple
reactions monitoring mode. The instrument was controlled by Analyst software v. 1.2 (Applied
Biosystems). The source temperature was 350°C, ion spray voltage was —4200 V, declustering
potential was —37 V, entrance potential was —2 V, collision energy was —10 V and collision
cell exit potential was —3 V. The MRM transitions of 187.2 amu to 125.2 amu and 202.3 amu
to 140.3 amu were monitored for the detection of AzA and sebacic acid respectively.

2.10. Statistical analysis

All data are presented as mean + SD. Statistical significance for differences in lesion areas and
plasma lipid concentrations were evaluated using Student’s t-test. Statistical significance for
relative gene expression was evaluated using one-way ANOVA with Tukey post-hoc test using
95% confidence intervals. Differences were considered significant at P < 0.05.

3. Results

3.1. Effect of AzA on atherosclerosis lesion development in mice

LDLr knockout mice were randomly divided into 3 groups, 9 animals in each group, and were
fed with normal chow (“Normal”), Western diet (“WD” group) and Western diet with AzA
supplementation (“WD+AzA” group) for 4 months. No adverse effects of AzA were noted and
the animals grew normally and looked healthy. There were no statistically significant
differences in food consumption or in weight gain between the groups (data not shown).

At the end of the feeding period the mice were sacrificed. AzA plasma levels were 0.2-0.7
uM for WD animals, and 0.9-21 uM for WD+AzA animals. Animals fed Western diet (WD
and WD+AzA groups) developed atherosclerotic lesions while no lesions were seen in normal
chow fed mice. Analysis of lesion area size revealed differences between mice which were fed
the Western diet with and without AzA supplementation. In AzA#1 study, the average area
was 0.63+0.24 mm? for WD animals and 0.36+0.10 mm? for WD+AzA animals, revealing a
decrease of 44% (p<0.01). In AzA#2 study, the average lesion size was 0.70+0.19 mm? for
WD animals, and 0.47+0.20 mm? for WD+AzA animals, showing a decrease of 33% (p<0.05).
When the lesion area size was expressed as fold change compared to the average size for each
study, aggregated data from 18 animals in each group suggested a 39% reduction in lesion size
(p=0.001) in the WD+AzA group as compared to the WD group (Figure 2)
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AzA supplemented animals demonstrated a decrease not only in lesion area size, but also in
the number of lesions. In the first study the number dropped from 4.0£1.4 in WD group to 2.7
1.0 in WD+AzA group (decrease of 33%, p<0.05). In the second study the average number
of lesions per animal was 4.9+1.8 for WD group and 3.0£1.3 for WD+AzA group (decrease
of 39%, p<0.05). Both studies aggregated suggest a decrease of 36% (p=0.001).

3.2. Plasma lipid profile

AzA did not change the majority of parameters in both studies, such as total cholesterol
(CHOL), triglyceride level (TG), LDLc, and very low density lipoprotein cholesterol (VLDLc)
(Figure 3A,B,C). The only difference we observed was increased HDL cholesterol in WD
+AzA group compared to WD group in AzA#1 study: 65 £10 and 469 mg/100ml respectively
(increase of 42%, p<0.001). However, we did not observe a similar increase in AzA#2 study;
WD+AzA and WD groups had almost identical concentrations of HDL cholesterol: 42.7+6.9
and 42.6£9.1 mg/100ml, respectively.

3.3. Gene expression in mouse aorta

We assessed mRNA levels of several inflammatory marker genes in the animal aortas. Each
aorta was cut into two halves: aortic arch and abdominal parts. gPCR revealed that the aortic
arch of WD and WD+AzA animals had a 3-5 fold increase in the level of mMRNA of MCP-1,
CD4, and P-selectin (p < 0.01) compared to Normal group. However, those markers could not
distinguish the extent of inflammation between WD and WD+AzA groups (Figure 4A). Also,
these markers were not significantly different in the abdominal segments of the aortas between
the three diet groups (data not shown).

The level of mMRNA of monocyte/macrophage marker CD68 was 12.6+3.9 fold higher in the
aortic arch of WD animals compared to Normal group (p < 0.001) and about 3 fold higher in
the abdominal aorta of WD animals compared to Normal group (p<0.05). There was a
difference in the level of CD68 between WD and WD+AzA animals in the aortic arch segments
and lesion-free abdominal segments (Figure 4B). AzA supplementation decreased CD68 levels
in the aortic arch by 34% (p<0.05) and by 62% (p<0.05) in abdominal segments of the aorta

3.4. Gene expression in mouse liver

Because of the discrepancy in AzA’s effect on HDL cholesterol levels in AzA#1 and AzA#2
studies, we analyzed the expression of ApoAl in the liver of animals from AzA#1 study. In
this study, WD+AzA mice had elevated levels of HDLc when compared to WD mice; this is
in contrast to our AzA#2 study where both WD and WD+AzA animals had similar levels of
HDLc. Nodifference in ApoAl gene expression in the liver between WD and WD+AzA groups
was observed (data not shown). We assume that the HDL cholesterol values were an anomaly,
perhaps due to very high plasma cholesterol values.

The expression of several other genes that could be athero-protective, such as paraoxonase 1
(PONL1) and catalase were also assessed. There was a decrease in ApoAl and PON1 expression
in the liver of WD animals compared to Normal animals. However, the changes between WD
and WD+AzA groups were not significant (data not shown).

3.5. Cytokine protein array

Significant changes in the levels of seven inflammatory mediators were noted in WD animals
as compared to Normal animals (Table 1). Supplementation of Western diet with AzA caused
minimal changes in the profile of 96 inflammation-related proteins as measured by the cytokine
array. The only statistically significant difference in WD+AzA group compared to WD group
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was in the level of insulin-like growth factor binding protein 3 (IGFBP-3). Additional cytokines
with the lowest P-values are also listed in Table 1.

3.6. Assessment of antioxidant properties of AzA

Although no antioxidant properties can be inferred from the chemical structure of AzA, it can
interfere with oxidation processes by chelating metal ions, inhibiting enzymes, and other
indirect routes. We assessed whether AzA affected the oxidation of LDL by copper ions in
vitro. Neither the lag time, the time course of oxidation, nor the extent of oxidation of LDL
was affected by AzA (up to 0.5 mM). In addition, AzA did not affect the reduction of
cytochrome C by superoxide generated by xanthine oxidase (data not shown).

4. Discussion

Oxidized LDL provides a large pool of lipid peroxides and products of its degradation in
atherosclerotic plaques. In our previous study, we established that dicarboxylic acids, such as
AzA, are normally generated from oxidized lipids [15]. AzA has been noted to inhibit the
generation of reactive oxygen species by neutrophils [20]; however, the effect of the
dicarboxylic acid on the development of atherosclerosis has not been elucidated. Also, AzA
has been shown to have a positive therapeutic effect in the treatment of some skin conditions,
such as rosacea, acne, erythema [21]. To evaluate the effect of AzA on the development of
atherosclerotic plaques, we performed a study utilizing female LDLr~~ mice fed high fat, high
cholesterol (“Western”) diet, a regular animal model of atherosclerosis.

AzA has been used as an energy source for parenteral nutrition [22]. Animal experiments did
not reveal any toxic or teratogenic effects of AzA for single doses of up to 4g per 1 kg of body
weight when fed orally [23]. A maximum single oral dose of 10 g or one hour intravenous
infusion of AzA was tested on humans, and no adverse effects were found. AzA successfully
reached the plasma when orally fed and was rapidly excreted in the urine [24]. Based on these
data we chose to use 0.5% AzA supplementation to the Western diet. The average food
consumption was 2.5-3 g per animal per day, providing up to 15 mg of AzA per animal per
day, or less than 1g per 1 kg of body weight per day. Although we did not determine the steady-
state level of AzA in mouse plasma, the level after overnight fasting was up to 21 uM for WD
+AzA animals, while below 0.7uM for WD animals.

The WD fed animals showed predictable changes in lipid levels, inflammatory markers, and
gene expression profiles compared to animals fed with normal chow. However, there was
practically no difference between the WD and the WD+AzA fed animals suggesting that factors
beyond the correction of dyslipidemia and inflammation should have played a role in the anti-
atherosclerotic effects of AzA. Many antioxidants have been shown to reduce atherosclerosis
in WD fed mice. We were unable to document any relevant antioxidant effects of AzA in the
current study. The only known redox-related property of AzA is that it competitively inhibits
thioredoxin reductase [25], an enzyme that has been observed to be elevated in the
atherosclerotic artery [26]. It is unclear whether the inhibition of TrxR affected the development
of atherosclerosis in WD+AzA animals. In addition, there were no effects of AzA on liver gene
expression of PON 1, an antioxidant enzyme associated with HDL, or that of apolipoprotein
Al. There was also no difference in the aortic expression of MCP-1, an oxidation responsive
gene.

We observed a decreased level of plasma IGFBP-3 in animals with reduced atherosclerosis
(WD+AzA animals as compared with WD animals), yet the plasma changes in IGF-I or IGF-
I were not statistically significant (data not shown). It has been noted that an increased level
of IGFBP-3 is associated with a higher degree of atherosclerosis in humans [27]. However, in
most human studies, the opposite association was observed: a lower level of IGFBP-3 was
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associated with an increased extent of atherosclerosis, a higher risk of nonfatal myocardial
infarction and ischemic stroke, and decreased plaque stability [28-31]. Based upon our current
understanding it is unknown whether the decrease in IGFBP-3 is pro- or anti-atherogenic by
itself.

How do we reconcile the decreased atherosclerosis with almost no changes in any of the known
markers of the disease? Interestingly, we observed a decrease in the mRNA level of CD68, a
marker for monocyte/macrophages, in WD+AzA animals compared to WD animals. The
decrease of CD68 in the aortic arch area that contained lesions is a confirmation that the
presence of foam cell forming macrophages in AzA animals was reduced. The decrease of
CD68 mRNA was also observed in the abdominal aorta section, which did not contain any
visible foam cell lesions which might suggest that AzA may have reduced the number of
residential macrophages inside the arterial wall or on its surface. Although there was no
difference in MCP-1 gene expression between WD and WD+AzA groups, the possibility that
reduced expression of other chemotactic factors may have contributed to the reduced presence
of macrophages cannot be ruled out.

Dicarboxylic acids bind divalent metals, particularly calcium. AzA is an amphiphilic
dicarboxylic acid. It is possible that AzA could have affected many of the calcium-dependent
processes that are involved in atherosclerosis.

Although the mechanism of the reduction in atherosclerosis by AzA is unclear, the main
conclusion of this study is that generation of AzA can slow the progress of atherosclerosis. The
rapid oxidation of lipid peroxidation-derived aldehydes may be a beneficial process that
reduces the damage otherwise caused by decomposing lipid peroxides. In conclusion, itappears
that our current study supports the hypothesis that terminal oxidation of fatty acids is an
essential protective physiological process during atherosclerosis [4].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The decomposition of peroxidized linoleic acid to AzA.
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Fig. 2.

Relative lesion area in 5 months old LDLr/~ mice after 4 months of feeding with Western-
type diet (WD), and the same diet with 0.5% AzA supplement (WD+AzA). The aggregated
data from AzA#1 and AzA#2 studies are shown. Lesion area size is expressed as fold change
relative to an average lesion size for WD group in corresponding study. Averages for WD and
WD+AzA groups are shown as lines. P<0.001 assessed by Student’s t-test

Atherosclerosis. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Litvinov et al.

A g0, P<0001 B 2000 -
70 1 T 1500 WD DWD+AZA
E 60 A 8
8 50 >
< £
240 3
430 2
a o
T 20 2
10
0_

AzA#1 AzA#2 CHOL TG LDLc VLDLc

Fig. 3.

C

cholesterol, mg/100ml

2000 4
1800 -
1600 -
1400 -
1200 -
1000 -
800 A

600 -

400 -

200 4

0+

CHOL

Page 12

EWD mWD+AzA

TG LDLc VLDLc

Lipid profiles of 5 months old LDLr~~ mice after 4 months of feeding with Western-type diet
(WD), and the same diet with 0.5% AzA supplement (WD+AzA). A: HDL cholesterol profile
for AzA#1 and AzA#2 studies; B: Lipid profile for AzA#1 study; C: Lipid profile for AzA#2

study
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Fig. 4.

mRNA level of several marker genes in aorta of 5 months old LDLr~~ mice after 4 months of
feeding with Western-type diet (WD), and the same diet with 0.5% AzA supplement (WD
+AzA). A: MCP-1, CD4 and P-selectin mRNA level in aortic arch. P < 0.01 for differences in
Norm and WD or WD+AzA groups; B: Relative level of mMRNA of CD68 in aortic arch and
abdominal aorta. P < 0.001 for differences in Norm and WD or WD+AzA groups.
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Table 1

Changes in the level of inflammatory mediators in mouse plasma between different diet groups. Five samples
from each of normal chow (Norm), western diet (WD) and western diet with AzA supplement (WD+AzA) groups
were analyzed by a sandwich ELISA. Proteins with highest statistical significant different levels in WD compare
to Norm, and in WD+AzA compare to WD are shown. The protein levels expressed as a fold change between
two groups.

Cytokines differently presented in Norm and WD groups

Protein Relative protein level compare to Norm, fold difference P-value
Norm WD WD vs Norm

Thymus CK-1 1 0.56 0.001
G-CSF 1 1.66 0.008
L-Selectin 1 154 0.011
P-Selectin 1 1.22 0.016
Leptin R 1 2.08 0.020
IGFBP-2 1 0.65 0.025
axl 1 3.03 0.030

Cytokines differently presented in WD+AzA and WD groups

Protein Relative protein level compare to WD, fold difference P-value
WD WD+AzA WD+AzA vs. WD
IGFBP-3 1 0.40 0.001
VCAM-1 1 1.25 0.077
Pro-MMP-9 1 1.58 0.096
DPPIV/CD26 1 0.83 0.105
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