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24 ABSTRACT: Previous studies have shown that vascular endothelium-derivedmatrix metalloproteinases (MMPs) contribute to the
25 destabilization of atherosclerotic plaques, a key event triggering acute myocardial infarction. In addition, studies have reported that
26 the PKC-MEK-PPARγ signaling pathway is involved in oxidized low-density lipoprotein (oxLDL)-induced expression of MMPs.
27 Ellagic acid, a phenolic compound found in fruits and nuts, has potent antioxidant, anti-inflammatory, and anticancerous properties.
28 However, themolecular mechanisms underlying its antiatherogenic effects remain to be clarified. This study aimed to assess whether
29 the effects of ellagic acid on the fibrotic markers MMP-1 andMMP-3 are modulated by the PKC-ERK-PPAR-γ signaling pathway in
30 human umbilical vein endothelial cells (HUVECs) that have been exposed to oxLDL. It was found that ellagic acid significantly
31 inhibited oxLDL-induced expressions of MMP-1 andMMP-3. Pretreatment with ellagic acid and DPI, a well-known ROS inhibitor,
32 attenuated the oxLDL-induced expression and activity of PKC-R. In addition, ellagic acid as well as pharmacological inhibitors of
33 ROS, calcium, and PKC strongly suppressed the oxLDL-induced phosphorylation of extracellular signal-regulated kinase (ERK)
34 andNF-κB activation. Moreover, ellagic acid ameliorated the oxLDL-induced suppression of PPAR-γ expression. In conclusion, the
35 data suggest that ellagic acid elicits its protective effects by modulating the PKC-R/ERK/PPAR-γ/NF-κB pathway, resulting in the
36 suppression of ROS generation and, ultimately, inhibition of MMP-1 and MMP-3 expression in HUVECs exposed to oxLDL.
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39

40 ’ INTRODUCTION

41 Atherosclerosis is an inflammatory process that involves the
42 participation of cytokines, growth factors, and modified lipopro-
43 teins. Clinical complications of atherosclerosis are often triggered
44 by rupture of unstable plaques, whereas thinning of the athero-
45 sclerotic vessel wall due to elastin and collagen degradation and
46 media necrosis might result in aneurysm formation and bleeding.

47The atherosclerotic sites vulnerable to rupture exhibit enhanced
48oxidant activity, which is manifested by deposition of oxidatively
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49 modified low-density lipoproteins (oxLDL) and reduced levels
50 of nitric oxide (NO) synthesis. Following the disruption of the
51 endothelial lining, platelets adhere to the subendothelial surface
52 where intense platelet aggregation and deposition of interspersed
53 fibrin bands and inflammatory cells take place. Rupture of the
54 atherosclerotic plaque is probably a result of intense inflamma-
55 tory response and release of collagen-degrading metalloprotei-
56 nases. Many studies have also demonstrated that matrix
57 metalloproteinases (MMPs), a group of proteinases capable of
58 degrading collagen and other matrix components, play an
59 important role in the destabilization of atherosclerotic plaques.
60 Vascular endothelial cells secrete MMPs through both the
61 luminal and basolateral surfaces. MMP-11 and MMP-3,2 when
62 released from the basolateral surface, could be involved in the
63 separation of endothelial cells from each other, a characteristic of
64 endothelial dysfunction in the early stage of atherosclerosis. In
65 addition, release of MMPs in the late stage of atherosclerosis
66 could be a cause of the disruption of the basementmembrane and
67 subsequent rupture of the fibrous cap.
68 The protein kinase C (PKC) signaling pathway is a major
69 regulator of cellular functions and is implicated in pathologies
70 involving extracellular matrix remodeling. PKC-R is reported to
71 be required for NF-κB activation inMMP expression of epithelial
72 cells.3 In other systems, PKC enhances MMP induction by
73 oxLDL and is evoked via one or more mitogen-activated protein
74 kinase (MAPK) pathways, including ERK, JNK, and P38
75 MAPK.4 Therefore, PKC can influence multiple signaling path-
76 ways involved in the dysregulation of MMP expression.
77 Peroxisome proliferator-activated receptors (PPARs) com-
78 prise a superfamily of nuclear hormone receptor proteins that
79 function as transcription factors. PPAR-γ regulates cellular
80 proliferation and differentiation and is known to play an im-
81 portant role in obesity, diabetes, inflammation, and tumorigen-
82 esis. Several paper have indicated that activation of PPAR-γ
83 inhibits the expression of MMPs in smooth muscle cells,5

84 leukemia cells,6 and chondrocytes.7 Furthermore, the transcrip-
85 tional activity of PPAR-γ has been shown to be inhibited by
86 MAPK-mediated phosphorylation.8

87 It is well established that dietary polyphenolic compounds
88 play significant roles in the prevention of atherosclerosis and
89 cardiovascular diseases. Polyphenolic compounds affect the
90 development of atherosclerosis not only through modulation
91 of serum lipids but also by influencing the immune and inflam-
92 matory processes associated with the development of this
93 disease. Ellagic acid (Figure 1F1 ), a phenolic compound present
94 in berries and nuts, has been found to have antioxidative proper-
95 ties and to inhibit LDL oxidation.9 Ellagic acid effectively lowers
96 the levels of plasma lipids, reduces oxidative stress, and inhibits
97 apoptosis in hyperlipidemic rabbits,10 inhibits oxLDL-induced
98 aortic smooth muscle cell proliferation,11 and inhibits cytokine-
99 induced adhesion molecule expression in endothelial cells.12 In

100addition, we recently found that ellagic acid protects against
101oxLDL-induced endothelial dysfunction via modulation of LOX-
1021 expression and the PI3K/Akt/eNOS signaling pathway.13,14

103Losso et al.15 suggested that inhibition of cancer cell proliferation
104by ellagic acid could be mediated by regulation of MMPs. Huang
105et al.16 reported that ellagic acid exerts antiangiogenic effects by
106inhibiting the secretion of MMP protein in HUVECs, suggesting
107that ellagic acid may play a role in stabilizing atherosclerotic
108plaques. Ellagic acid has been shown to activate PPAR-γ.17

109Furthermore, activated MEK has been shown to suppress the
110transcriptional activity of PPAR-γ.8 Therefore, we sought to
111investigate whether ellagic acid could suppress the oxLDL-
112induced expression of MMP-1 and MMP-3 in endothelial cells
113and whether the PKC/ERK/PPAR-γ/NF-κB signaling pathway
114is involved in mediating the process.

115’MATERIALS AND METHODS

116Reagents. Fetal bovine serum, M199, and trypsin�EDTA were
117obtained from Gibco (Grand Island, NY); low serum growth supple-
118ment (Cascade, OR), ellagic acid, 2-bis(2-aminophenoxy)ethane-N,N,
119N0,N0-tetraacetic acid tetrakis(acetoxy)methyl ester (BAPTA-AM), di-
120phenyleneiodonium chloride (DPI), G€o6976, PD98059, U0126,
121SB203580, wortmannin, Ly294002, penicillin, and streptomycin were
122obtained from Sigma (St. Louis, MO); anti-MMP-1 and anti-MMP-3
123were obtained from R&D Systems (Minneapolis, MN); anti-PKCR,
124anti-NF-κB/p65, and anti-IκBR were obtained from Cell Signaling
125(Beverly, MA), anti-PPAR-γ was obtained from Santa Cruz Biotechnol-
126ogy (Santa Cruz, CA); anti-PCNA was obtained from Transduction
127Laboratories (San Jose, CA); anti-ERK and antiphospho-ERK were
128obtained from BD Biosciences (Franklin Lakes, NJ); and antiflotilline-1
129was obtained from Millipore (Bedford, MA). The PKC-R activity assay
130kit was obtained from Upstate Biotechnology (Lake Placid, NY).
131Cell Cultures. This experiment was approved by the Research
132Ethics Committee of the China Medical University Hospital. After
133receiving written consent from the parents, fresh human umbilical cords
134were obtained from normal full-term neonates shortly after birth and
135suspended in Hanks’ balanced salt solution (HBSS) (Gibco) at 4 �C.
136Human umbilical vein endothelial cells (HUVECs) were isolated from
137human umbilical cords with collagenase and used at passage 2�3 as
138previously described.18 After dissociation, the cells were collected and
139cultured on gelatin-coated culture dishes in medium 199 with low serum
140growth supplement, 100 IU/mL penicillin, and 0.1 mg/mL streptomy-
141cin. Subcultures were performed with trypsin�EDTA. Media were
142refreshed every 2 days. The identity of umbilical vein endothelial cells
143was confirmed by their cobblestone morphology and strong positive
144immunoreactivity to von Willebrand factor.
145Lipoprotein Separation. Human plasma was obtained from the
146Taichung Blood Bank (Taichung, Taiwan), and LDL was isolated
147using sequential ultracentrifugation (p = 1.019�1.063 g/mL) in KBr
148solution containing 30 mM EDTA, stored at 4 �C in a sterile, dark
149environment, and used within 3 days as previously described.14

150Immediately before the oxidation tests, LDL was separated from
151EDTA and from diffusible low molecular mass compounds by gel
152filtration on PD-10 Sephadex G-25 M gel (Pharmacia) in 0.01 mol/L
153phosphate-buffered saline (136.9 mmol/L NaCl, 2.68 mmol/L KCl, 4
154mmol/L Na2HPO4, 1.76 mmol/L KH2PO4) at pH 7.4. Copper-
155modified LDL (1 mg of protein/mL) was prepared by exposing LDL
156to 10 μM CuSO4 for 16 h at 37 �C. After oxidation, the amount of
157thiobarbituric acid reactive substances (TBARS) in LDL ranged from
15815 to 20 nmol/mg LDL.
159Immunoblotting.HUVECs were grown to confluence, pretreated
160with ellagic acid for 2 h, and then stimulated with oxLDL for indicated

Figure 1. Chemical structure of ellagic acid.
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161 time periods. After treatment, cytosolic/membrane protein fractions of
162 cells were extracted with a Mem-PER kit and cytosolic/nuclear protein
163 fractions of cells were extracted with a Cytoplasmic Extraction kit
164 according to the manufacturer’s instructions (Pierce, Rockford, IL).
165 Cytosolic MMP-1, MMP-3, ERK, phospho-ERK, IκBR, membrane
166 translocation of PKC-R, and nuclear translocation of NF-κBp65 were
167 determined by SDS-PAGE and immunoblot assay. The blots were
168 incubated with blocking buffer (1� PBS and 5% nonfat dry milk) for

1691 h at room temperature and then probed with primary antibodies
170(1:1000 dilutions) overnight at 4 �C, followed by incubation with
171horseradish peroxidase-conjugated secondary antibody (1:5000) for 1
172h. To control equal loading of total protein in all lanes, blots were stained
173with mouse anti-β-actin antibody (1:50000 dilution) for cytosolic
174fractions, mouse antiflotillin-1 (1:1000) for plasma membrane fracti-
175ons, and anti-PCNA (1:1000) for nuclear fractions. The bound imm-
176unoproteins were detected by an enhanced chemiluminescent assay
177(ECL; Amersham, Berkshire, U.K.). The intensities were quantified by

Figure 2. Effect of ellagic acid on oxLDL-induced MMP-1 and MMP-3
expressions. HUVECs were pretreated with ellagic acid (5�20 μM) for
2 h followed by exposure to oxLDL (130 μg/mL) for a further 24 h. At
the end of the incubation period, cells were lysed and proteins were
analyzed by Western blot. Protein levels of MMP-1 and MMP-3 were
normalized to the level of β-actin. Data illustrated on the graph bars
represent the mean ( SEM of three different experiments. #, P < 0.05
versus untreated control; /, P < 0.05 versus oxLDL treatment.

Figure 3. Effect of ellagic acid on oxLDL-induced PKC-R activation.
HUVECs were pretreated with ellagic acid (5�20 μM) or DPI (5 μM)
for 2 h followed by exposure to oxLDL (130 μg/mL) for a further 1 h.
(A) Preparation of membrane and cytosolic proteins is described under
Materials and Methods. The levels of membrane protein were normal-
ized to the levels of flotillin-1. Representative Western blots and
summary data show that ellagic acid protected against oxLDL-induced
PKC-R translocation to the plasma membrane. (B) PKC-R activity in
whole-cell lysates was measured by a fluorescein green assay kit. The
values represent the mean( SEM of three separate experiments. #, P <
0.05 versus untreated control; /, P < 0.05 versus oxLDL treatment.
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178 densitometric analysis (Digital Protein DNA Imagineware, Huntington
179 Station, NY).
180 Protein Kinase C-r Assay. HUVECs were grown to confluence,
181 pretreated with ellagic acid for 2 h, and then stimulated with oxLDL for
182 an additional 1 h. At the end of the incubation period, cells were rinsed
183 with ice-cold PBS and lysed by the addition of reaction buffer (50 mM
184 HEPES, pH 7.2, 0.01% BSA, 10 mM MgCl2, 1 mM DTT, and 1� lipid
185 activator, provided in the kit). Protein kinase C-R activity in whole-
186 cell lysate (10 μg) was measured with a PKC-R activity assay kit
187 (nonradioactive) according to the manufacturer’s instructions
188 (Upstate Biotechnology).
189 Transfection with Small Interfering RNA (siRNA). On-target
190 Plus SMART pool siRNAs for nontargeting control and PPAR-γ
191 (NM_005037) were purchased from Dharmacon Research. Transient
192 transfection was carried out using INTERFERin siRNA transfection
193 reagent (Polyplus Transfection) according to the manufacturer’s in-
194 structions. Two days after transfection, cells were treated with reagent as
195 indicated for further experiments.
196 Statistical Analyses. Results are expressed as the mean ( SEM.
197 Differences between groups were analyzed using one-way ANOVA
198 followed by Bonferroni’s post hoc test. A P value of <0.05 was considered
199 to represent statistical significance.

200 ’RESULTS

201 Ellagic Acid Inhibited the ExpressionofMMP-1 andMMP-3.
202 In a recent study from our laboratory, we found that ellagic acid
203 protects against oxLDL-induced endothelial dysfunction at con-
204 centrations ranging from 5 to 20 μM and that the phenolic
205 compound is noncytotoxic at concentrations up to 100 μM.14 In
206 the present study, HUVECs were pretreated with indicated
207 concentrations of ellagic acid (5�20 μM) for 2 h and then
208 incubated with oxLDL (130 μg/mL) for a further 24 h. The
209 protein levels of MMP-1 and MMP-3 were detected by Western
210 blot. As shown in Figure 2F2 , after a 24 h exposure to oxLDL, there
211 was a 2.5-fold increase in MMP-1 expression and a 1.6-fold
212 increase in MMP-3 expression; however, pretreatment of cells
213 with ellagic acid at concentrations of >5 μM attenuated the
214 expression of both metalloproteinases (all P < 0.05).
215 Ellagic Acid Inhibited the Expression of PKC-r Our most
216 recent investigation demonstrated that ellagic acid protected
217 against oxLDL-induced apoptosis by inhibiting the generation of
218 reactive oxygen species (ROS), the earliest apoptotic signal in
219 oxLDL-stimulated endothelial cells.13 In addition, Wu et al.
220 reported that ROS are capable of oxidizing molecules involved
221 in the expression of MMP, such as PKC.19 We, therefore,
222 attempted to determine whether ellagic acid modulates PKC
223 activation in HUVECs after exposure to oxLDL. As shown in
224 Figure 3F3 A,B, after a 1 h exposure to oxLDL, there was a 3.9-fold
225 increase in the expression of PKC-R, but not in the expression of
226 PKC-β, in the membrane fraction (data not shown); however,
227 this increase in PKC-R expression was markedly reversed in
228 HUVECs that had been pretreated with ellagic acid at concen-
229 trations of >5 μM (all P < 0.05). In addition, DPI, a well-known
230 inhibitor of ROS, markedly antagonized the oxLDL-induced
231 activation of PKC-R, suggesting that ellagic acid suppresses the
232 oxLDL-induced activation of PCK-R by inhibiting the generation
233 of ROS.
234 To confirm the effect of ellagic acid on oxLDL-induced PKC-
235 R activation, HUVECs were pretreated with indicated concen-
236 trations of ellagic acid (5�20 μM) for 2 h and then incubated
237 with oxLDL (130 μg/mL) for an additional 1 h. PKC-R activity
238 was then measured in whole-cell lysates. We found that oxLDL

239treatment resulted in a 2.1-fold increase in PKC-R activity
240relative to control cells (n = 3; P < 0.05). No increase in PKC-
241R activity, however, was seen in HUVECs that had been
242pretreated with ellagic acid, PKC-R/β inhibitor (G€o6976), or
243ROS inhibitor (DPI).
244Ellagic Acid Inhibited OxLDL-Induced ERK/NF-KB Activa-
245tion. Studies have shown that the expression of MMPs is
246regulated by MAPK20 and PI3K/Akt,21 that oxLDL increases
247the level of phosphorylation of MAPK in endothelial cells,22 and
248that PKC-R activation, which occurs upstream of ERK activation,
249is involved in MMP expression.23 Therefore, we investigated
250whether MAPK or PI3K activation is involved in oxLDL-induced
251expression of MMP-1 and MMP-3. After pretreatment with the
252ERK inhibitor PD98059, the P38 inhibitor SB203580, the MEK
253inhibitor U0126, the PI3K inhibitor wortmannin, and the Akt
254inhibitor LY294002 for 2 h, HUVECs were treated with oxLDL
255for another 24 h. We found that PD98059 as well as U0126, but
256not SB203580, and wortmannin as well as Ly294002 led to a
257marked reduction in levels of oxLDL-induced MMP-1 and
258MMP-3 expression, suggesting that oxLDL-induced MMP-1
259and MMP-3 expression occurs via the MEK/ERK pathway and
260not via the P38 MAPK or PI3K/Akt signaling pathway
261(Figure 4 F4A,B).
262Next, we wanted to confirm whether ellagic acid inhibits
263oxLDL-induced expression of MMP-1 and MMP-3 by blocking
264ERK phosphorylation. Thus, HUVECs were pretreated with
265ellagic acid for 2 h followed by incubation with oxLDL for
266another 1 h. Phosphorylation of ERK in cytosolic fractions was
267determined byWestern blot. As expected, we found that the level
268of oxLDL-induced ERK phosphorylation in cells exposed to 20
269μM ellagic acid was similar to that seen in untreated control cells
270(Figure 4C,D).
271Tung et al. reported that high levels of ROS play an essential
272role in the up-regulation of MMPs through the MAPK/NF-κB
273pathway.24 To evaluate whether upstream regulators of NF-κB
274are involved in the protective effects of ellagic acid against
275oxLDL-induced expression of MMPs, we incubated HUVECs
276with pharmacologic inhibitors of ROS (DPI), calcium (BAPTA),
277and PKC-R/β (G€o6976). As shown in Figure 5 F5, pretreatment of
278HUVECs with DPI, BAPTA, G€o6976, and ellagic acid signifi-
279cantly diminished the level of oxLDL-induced ERK phosphor-
280ylation and NF-κB activation, a downstream molecule of ERK
281phosphorylation. Collectively, these results strongly suggest that
282ROS generation and the calcium-dependent PKC-mediated ERK
283signaling pathway might be involved in the suppression of
284oxLDL-induced NF-κB activation by ellagic acid.
285Effect of Ellagic Acid on PPAR-γ Expression. The MARK/
286ERK1/2 cascade plays a central role in intracellular signaling in
287response to extracellular stimuli. Studies have shown that one of
288the targets of the ERK cascade is PPAR-γ, a nuclear receptor that
289promotes differentiation and apoptosis25 and down-regulates the
290expression of MMPs.6 However, studies have also shown that
291activated MEK suppresses the transcriptional activity of PPAR-γ.8

292We, therefore, attempted to determine whether PPAR-γ is
293involved in the protective effects of ellagic acid against oxLDL-
294induced expression ofMMP-1 andMMP-3. As shown inFigure6 F6A,
295B, treatment with oxLDL for 24 h led to a marked decline in protein
296expressionofPPAR-γ. In contrast, pretreatmentwith ellagic acid resulted
297in a dose-dependent increase in the level of PPAR-γ (all P < 0.05).
298Knockdown of PPAR-γ Using siRNA Antagonized the Su-
299ppression of OxLDL-Induced MMP-1 and MMP-3 Expres-
300sions by Ellagic Acid.To further investigate whether PPAR-γ is
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301 involved in the effects of ellagic acid on suppression of MMP-1
302 and MMP-3 expression in HUVECs exposed to oxLDL, we used
303 a PPAR-γ siRNA and examined the changes in levels of MMP-1
304 andMMP-3 expression. Our results showed that PPAR-γ siRNA
305 significantly antagonized the effect of ellagic acid on the suppres-
306 sion of MMP-1 and MMP-3 expression in HUVECs exposed to
307 oxLDL (Figure 6C,D).

308 ’DISCUSSION

309 Several studies have reported that MMP-1 and MMP-3 play
310 important roles in the destabilization of atherosclerotic plaques.1

311 Our previous studies revealed that ellagic acid exerts its protec-
312 tive effects against oxLDL-induced endothelial dysfunction via
313 modulating LOX-113 and the Akt/eNOS/NO signaling
314 pathway.14 However, the signaling pathways through which
315 ellagic acid regulates the expression of MMP-1 and MMP-3 are
316 poorly understood. In this study, we found that ellagic acid
317 protects against oxLDL-inducedMMP-1 andMMP-3 expression
318 by modulating the ROS-mediated PKC-R/ERK/NF-κB signal-
319 ing pathway. In addition, our finding that the suppressive effects
320 of ellagic acid on oxLDL-induced expression of MMPs were
321 abolished in cells exposed to PPAR-γ siRNA extend the under-
322 standing of the mechanisms involved in PPAR-γ activation.
323 Furthermore, our finding that DPI attenuated PKC-R/ERK/

324NF-κB activation in HUVECs exposed to oxLDL might imply
325that inhibition of oxLDL-induced ROS generation plays a critical
326role in the protective effect of ellagic acid (Figure 7 F7).
327ROS generated in endothelial cells include superoxide (•O2),
328hydrogen peroxide (H2O2), peroxynitrite (

•ONOO), NO, and
329hydroxyl (•OH) radicals. It is generally recognized that NADPH
330oxidase-derived superoxides are predominant sources of ROS in
331the vasculature. One recent investigation from our laboratory
332demonstrated that the membrane assembly of gp91, p22phox,
333p47phox, and Rac-1 after oxLDL exposure was reduced in cells
334pretreated with ellagic acid.13 We, therefore, assume that the
335beneficial effects of ellagic acid might be due, at least in part, to
336suppression of the membrane assembly of the NADPH oxidase
337complex. ROS can act as a second messenger in the regulation of
338diverse cellular processes by oxidizing cysteine residues on
339critical target molecules including kinases, phosphatases, redox-
340sensitive transcription factors, cell cycle regulators, and cell
341membrane lipids. PKC, a member of the serine/threonine kinase
342family, regulates a variety of cell functions including proliferation,
343cell cycle, differentiation, cytoskeletal organization, cell migra-
344tion, and apoptosis. PKC contains multiple cysteine residues that
345can be oxidized and activated by ROS. On the contrary, PKC
346activation is required for ROS generation, suggesting that ROS
347can be either upstream or downstream of PKC. Several studies

Figure 4. Activation of ERK by oxLDL in HUVECs. Treatment with PD98059 and U0126, but not SB203580, and wortmannin as well as Ly294002
attenuated the expressions of MMP-1 and MMP-3 in oxLDL-treated HUVECs. HUVECs were pretreated with each inhibitor 1 h prior to ellagic acid
treatment followed by incubation with oxLDL (130 μg/mL) for 24 h (A) or 1 h (B). At the end of the incubation period, cells were lysed and proteins
were analyzed by Western blot. Protein levels of MMP-1, MMP-3, and phosphor-ERK were normalized to the level of β-actin and total ERK,
respectively. The data illustrated on the graph bars represent the mean( SEM of three different experiments. #, P < 0.05 versus untreated control; /, P <
0.05 versus oxLDL treatment.
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348 have shown that ROS-mediated PKC activation might be an
349 upstream event involved in MMP expression.4 In this study, we
350 hypothesized that ellagic acid exerts its antiatherogenic effect by
351 blockading the ROS-mediated signaling pathway. Consistent
352 with previous findings that the PKC-R signaling pathway is
353 involved in the expression of MMP-1 and MMP-3,26 we found
354 that ellagic acid attenuated the oxLDL-induced expression of
355 MMP-1 andMMP-3 by inhibiting the generation of ROS and the
356 subsequent activation of PKC-R. This observation was further
357 confirmed by the observations that pretreatment of HUVECs
358 with DPI, a ROS inhibitor, attenuated the ox-LDL-induced
359 activation of PKC-R.
360 MAPKs including ERK, JNK, and P38 are important downstream
361 signaling molecules involved in the expression of MMPs. The MAPK
362 signaling pathway is the major signaling cascade involved in cell
363 migration in diverse systems. Previous studies have shown that the
364 MAPK and PI3K/Akt signaling pathways are involved in MMP
365 activation when endothelial cells are treated with visfatin,27 fibronectin,
366 or vitronectin.28 However, we recently demonstrated that ellagic
367 acid attenuated the dephosphorylation of Akt, a key signaling pathway

368involved in endothelial NO synthase expression, in cells exposed to
369oxLDL,14 a finding consistent with that reported by Li and Renier.28

370Confirmatory evidence of the role played by ERK came from our
371experiments in which specific inhibitors ofMEK and ERK (U0126 and
372PD98059, respectively) but not inhibitors of PI3K or Akt (wortmannin
373and LY294002, respectively) effectively suppressed the expression of
374MMPs in endothelial cells after exposure to oxLDL (Figure 4A,B).
375Thus, the signaling pathways involved in MMP expression seem to be
376cell type specific and depend on the type of stimuli to which cells are
377exposed. Our findings indicate that ellagic acid diminishes oxLDL-
378inducedexpressionofMMPsbymodulating theERKbutnot thePI3K/
379Akt signaling pathway. We further demonstrated that the use of
380inhibitors of ROS (DPI), intracellular calcium (BAPTA), and PKC-
381R/β (G€o6976) inhibited the activation of NF-κB (Figure 5). These
382observations suggest that the reduction in MMP-1 and MMP-3
383expression by ellagic acid may be associated with the inhibition of
384ROS-mediated calcium-dependent PKC activation and the subsequent
385phosphorylation of ERK and activation of NF-κB.
386OxLDL has been reported to up-regulate various MMPs in
387endothelial cells, such as membrane type 1-MMP (MT1-MMP),29

Figure 5. OxLDL-induced activation of ERK and NF-κB in the presence of pharmacologic inhibitors or ellagic acid. Pretreatment of HUVECs with
indicated concentrations of DPI, BAPTA, G€o6976, PD98059, or ellagic acid attenuated ERK activation, IκB-R degradation, andNF-κB activation caused
by oxLDL. HUVECs were pretreated with each inhibitor or ellagic acid for 2 h, followed by incubation with oxLDL (130 μg/mL) for 1 h. At the end of
the incubation period, cells were lysed and proteins were analyzed byWestern blot. Protein levels of phosphor-ERK, NF-κB, and IκB-Rwere normalized
to the level of total ERK, PCNA, and β-actin, respectively. Data illustrated on the graph bars represent the mean( SEMof three separate experiments. #,
P < 0.05 versus untreated control; /, P < 0.05 versus oxLDL treatment.
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388 MMP-1 and MMP-3,30 and MMP-9.31 Although previous studies
389 have shown that ellagic acid inhibits MMP-2 activity in endothelial

390cells16 and in ethanol-exposed hepatic cells,32 this study is the first to
391demonstrate that ellagic acid inhibits oxLDL-stimulatedMMP-1 and
392MMP-3 expression. Whether ellagic acid inhibits other types of
393MMPs in endothelial cells after exposure to oxLDL needs to be
394investigated. Recently, Hua et al. reported that aspirin inhibits the
395expression ofMMPs inmacrophages exposed to oxLDL through up-
396regulation of PPAR-γ, a nuclear receptor that promotes differentia-
397tion and anti-inflammation.33 ERK has been reported to be involved
398in the suppression of transcriptional activity of PPAR-γ via phos-
399phorylation in adipocytes.8 In addition, Chung et al. have shown that
400PPAR-γ inhibits NF-κB-driven transcription by physically interact-
401ing with p50 and p65 proteins.34 Moreover, Liu et al. demonstrated
402that PPAR-γ down-regulates the expression of MMP-9 and MMP-
4032.6 Consistent with a recent finding that ellagic acid up-regulates
404PPAR-γ expression,17 we found that the suppression of PPAR-γ
405caused by oxLDL was reversed in the presence of ellagic acid
406(Figure 6A,B). In an attempt to further illustrate whether PPAR-γ
407is involved in the effects of ellagic acid on inhibition of oxLDL-
408stimulated MMP-1 and MMP-3 expression in endothelial cells,
409knockdown of PPAR-γ via PPAR-γ siRNA was employed. We
410found that the suppressive effects of ellagic acid on oxLDL-induced
411expression of MMP-1 and MMP-3 were attenuated in cells trans-
412fected with PPAR-γ siRNA (Figure 6C,D). Our findings indicate
413that ellagic acid suppresses the oxLDL-induced expression of MMP-
4141 andMMP-3 by inhibiting the generation of ROS and subsequently

Figure 6. Ellagic acid reversed the oxLDL-diminished PPAR-γ expression, and inhibition of PPAR-γ with siRNA antagonized the effects of ellagic acid
on oxLDL-induced MMP-1 and MMP-3 expressions. (A) Western blot showing PPAR-γ protein levels in HUVECs treated with oxLDL (130 μg/mL)
for 24 h in the absence and presence of indicated concentrations of ellagic acid. (B) HUVECs transfected with PPAR-γ siRNA for 48 h and then treated
with 20 μM ellagic acid for 1 h followed by exposure to 130 μg/mL oxLDL for 24 h. The cell lysates were analyzed by Western blot using anti-PPAR-γ,
anti-MMP-1, MMP-3, or anti-β-actin antibody. Values represent the mean( SEM from four separate experiments. #, P < 0.05 versus untreated control;
/, P < 0.05 versus oxLDL treatment; &, P < 0.05 versus ellagic acid plus oxLDL treatment.

Figure 7. Schematic diagram showing the signaling cascades involved in
the attenuation of MMP-1 and MMP-3 expressions in oxLDL-exposed
cells treated with ellagic acid. As depicted, ellagic acid inhibited the
signaling cascades initiated by oxLDL-generated ROS. f indicates
activation or induction, and �| indicates inhibition or blockade.
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415 the activation of the calcium-dependent PKC-R and ERK/PPAR-γ/
416 NF-κB signaling pathway.
417 Ellagic acid is found in fruits and fruit-derived beverages
418 including blueberries (0.9 mg/100 g), blackberries (42.4 mg/
419 100 g), raspberries (17.9mg/100 g), strawberries (19.8mg/100 g),
420 grape juice (10.2 mg/100 g), and grape wine (5.6 mg/100 g).35

421 The typical dietary intake of ellagic acid in humans is approxi-
422 mately 40�80 mg/day if 200 g of strawberries or blackberries is
423 eaten.35 Mertens-Talcott et al. reported that the peak plasma
424 concentration of ellagic acid (Cmax) 1 h after consumption of
425 800 mg of pomegranate extract, which contained 21.6 mg of
426 ellagic acid, was 22.8 ng/mL, which is equivalent to 0.11 μM.
427 This concentration could cause a significant increase of antiox-
428 idant capacity of plasma. The concentrations of ellagic acid used
429 in our study (5�10 μM) are, therefore, far and above the
430 minimum physiologically effective dose. In addition, the con-
431 centrations used in our study are similar to those that have been
432 reported to inhibit lipopolysaccharide-induced expression of
433 enzymes involved in the synthesis of prostaglandin E2 in human
434 monocytes36 and inflammation in endothelial cells.12

435 In conclusion, our data suggest that ellagic acid elicits its
436 antiatherogenic effects by modulating the PKC-R/ERK/PPAR-
437 γ/NF-κB pathway, resulting in the suppression of ROS genera-
438 tion and, ultimately, inhibition of MMP-1 and MMP-3 expres-
439 sion in HUVECs exposed to oxLDL. Our findings suggest that
440 ellagic acid is a potential preventive agent against the develop-
441 ment of cardiovascular diseases.
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