JJOURNA AL

AGRICULTURAL A0
FOOD CHEMISTRY
AR T | C_L_El

A R T

J. Agric. Food Chem. 2009, 57, 6661-6667 6661
DOI:10.1021/jf9015202

Anticoagulatory, Antiinflammatory, and Antioxidative Effects
of Protocatechuic Acid in Diabetic Mice

CHIA-YU LIN,T CHIN-SHIU HUANG,T CHUN-YIN HUANG,i AND ME-CHIN YIN®*

TDepartmentl of Health and Nutrition Biotechnology, Asia University, Taichung County, Taiwan, ROC,
and *Department of Nutrition, China Medical University, Taichung City, Taiwan, ROC

Content of protocatechuic acid (PA) in eight locally available fresh fruits was analyzed, and the
protective effects of this compound in diabetic mice were examined. PA at 1%, 2%, and 4% was
supplied to diabetic mice for 8 weeks. PA treatments significantly lowered plasma glucose and
increased insulin levels. PA treatments at 2% and 4% significantly lowered plasminogen activator
inhibitor-1 activity and fibrinogen level; increased plasma activity of antithrombin-Ill and protein C;
decreased triglyceride content in plasma, heart, and liver; elevated glutathione level and the
retention of glutathione peroxidase and catalase activities in heart and kidney. PA treatments at
2% and 4% also significantly lowered plasma C-reactive protein and von Willebrand factor levels
and reduced interleukin-6, tumor necrosis factor-o, and monocyte chemoattractant protein-1 levels
in heart and kidney. These results support that protocatechuic acid could attenuate diabetic
complications via its triglyceride-lowering, anticoagulatory, antioxidative, and antiinflammatory

effects.
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INTRODUCTION

Protocatechuic acid (3,4-dihydroxybenzoic acid) is a phenolic
compound found in many plant foods such as olives, Hibiscus
sabdariffa (roselle), Fucommia ulmoides (du-zhong), and white
grape wine (7, 2). So far, less information is available regarding
the content of this compound in fresh fruits. It has been
documented that this compound possesses antioxidative, anti-
bacterial, and antimutagenic activities (3—5). McCue et al. (6)
reported that protocatechuic acid could be considered as an
antihyperglycemic agent because it could inhibit porcine pan-
creatic amylase activity in vitro. Kwon et al. (7) observed that
protocatechuic acid provided in vitro inhibitory activity on
o-glucosidase and suggested that this compound might be able
to manage diabetes and hypertension. However, the in vivo
antidiabetic effects of this compound remain unknown.

Diabetic complications such as neuropathy, retinopathy, ne-
phropathy, and atherosclerosis exacerbate the severity and
mortality of this disease; the clinical characteristics of these com-
plications include hyperglycemia, hyperlipidemia, oxidative stress,
cytokine imbalance, and coagulation predomination (§—10).
Hyperlipidemia including hypertriglyceridemia and hypercholes-
terolemia in diabetes is due to a variety of derangements, especi-
ally insulin deficiency, in the processes of metabolism and
regulation, which increases the risk of premature atherosclero-
sis (10). In addition, it is well-known that disturbed balance
between Thl and Th2 cytokines and overproduced proinflam-
matory cytokines and chemokines such as interleukin (IL)-1,

*To whom correspondence should be addressed. Phone: 886-4-
22053366, extension 7510. Fax: 886-4-22062891. E-mail: mcyin@
mail.cmu.edu.tw.

©2009 American Chemical Society

tumor necrosis factor (TNF)-a, and monocyte chemoattractant
protein-1 (MCP-1) not only enhance systemic inflammatory
stress in diabetic individuals but also promote the deterioration
of diabetes associated cardiac and/or renal dysfunctions (/1, 12).
Thus, any agent(s) with lipid-lowering and/or antiinflammatory
activity may potentially prevent or delay the development of
diabetic complications. On the other hand, the up-regulation of
blood coagulation factors such as fibrinogen and down-regula-
tion of anticoagulation factors such as antithrombin IIT occurred
in diabetic individuals cause hypercoagulability and favor the
occurrence of myocardial infarction and/or glomerulosclero-
sis (13, 14). Thus, hemostatic imbalance also warrants attention
in order to attenuate diabetic complications.

In this study, the content of protocatechuic acid in eight locally
available fresh fruits was determined. The lipid-lowering, anti-
oxidative, anticoagulatory, and antiinflammatory effects of this
compound in diabetic mice were examined. These results will also
elucidate the possible action modes from this compound against
diabetic progression.

MATERIALS AND METHODS

Materials. Protocatechuic acid (PA, 99.5%) and other chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO). All chemicals used
in these measurements were of the highest purity commercially available.

Determination of Protocatechuic Acid Content. Eight locally
available fresh fruits were used to analyze the content of PA. These fruits
included mulberry (Mours alba L.), carambola (Averrhoa carambola),
waxapple (Syzygium samarangensem), mango (Mangifera indica L.),
juiube (Zizyphus mauritiana), calamondin (Citrus microcarpa Bonge),
guava (Psidium guajava), and loquat (Eriobotrya japonica). These fruits,
harvested in summer of 2008, were purchased from five farms in central
area of Taiwan. PA content in these fruits was analyzed by a high
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performance liquid chromatography (HPLC) method described bu Ma
et al. (15).

Animals and Diets. Male Balb/cA mice, 3—4 weeks old, were obtained
from National Laboratory Animal Center (National Science Council,
Taipei City, Taiwan). Mice were housed on a 12 h light/dark schedule;
water and mouse standard diet were consumed ad libitum. The use of mice
was reviewed and approved by China Medical University Animal Care
Committee (CMU-97-22-N). To induce diabetes, mice with body weight of
22.6+1.0 g were treated with a single iv dose (50 mg/kg) of streptozotocin
dissolved in citrate buffer (pH 4.5) into the tail vein of 12 h fasted mice.
Blood glucose level was monitored on days 5 and 10 from the tail vein
using a one-touch blood glucose meter (Lifescan, Inc. Milpitas, CA). Mice
with fasting blood glucose levels of > 14.0 mmol/L were used for this study.
After diabetes was induced, mice were divided into several groups (12 mice
per group).

Experimental Design. PA at 1,2, or 4 g was mixed with 99,98, 0r 96 g
of powder diet containing (g/100 g) 64 starch, 23 protein, 3.5 fat, 5 fiber,
1 vitamin mixture, and 3 salt mixture (PMI Nutrition International LLC,
Brentwood, MO) and supplied to diabetic mice. All mice had free access to
food and water at all times. Consumed water volume, feed, and body
weight were recorded. Plasma levels of glucose and insulin were measured
at weeks 1, 4, and 8. After 8 weeks of supplementation, mice were killed
with carbon dioxide. Blood was collected, and plasma was separated from
erythrocytes immediately. Heart, liver, and kidney were collected and
weighed. Each organ at 0.1 g was homogenized on ice in 2 mL of
phosphate buffered saline (PBS, pH 7.2), and the filtrate was collected.
The protein concentration of plasma or organ filtrate was determined by
the method of Lowry et al. (16) using bovine serum albumin as a standard.
In all experiments, the sample was diluted to a final concentration of 1 g
protein/L using PBS, pH 7.2.

Blood Glucose and Insulin Analyses. The plasma glucose level
(mmol/L) was measured by a glucose kit (Sigma Chemical Co., St. Louis,
MO). Plasma insulin level (nmol/L) was measured by using a rat insulin
radioimmunoassay kit (SRI-13K, Linco Research Inc., St. Charles, MO).

Determination of Triglyceride and Cholesterol. Triglyceride (TG)
and total cholesterol (TC) levels in plasma (g/L) were determined by
triglycerides kit and cholesterol kit (Boehringer Mannheim, Germany),
respectively. Total lipids were extracted from heart and liver, and
TG concentration (mg/g wet tissue) was quantified by a colorimetric
assay (/7). TC content (mg/g wet tissue) was measured using o-phthalal-
dehyde (18).

Measurement of Coagulation and Anticoagulation Factors. Coa-
gulation factors plasminogen activator inhibitor-1 (PAI-1) and fibrinogen
and anticoagulation factors antithrombin I1I (AT-I1I) and protein C were
measured in this study. Blood samples were anticoagulated using sodium
citrate according to the protocols provided by the manufacturers. PAI-1
activity (kU/L) was assayed by a commercial kit (Trinity Biotech plc.,
Bray, C. Wicklow, Ireland). Fibrinogen level (g/L) was assayed on the
basis of the principle of salting out by using a commercial kit (Iatroset Fbg,
latron Laboratory, Tokyo, Japan). The activity (%) of AT-III and protein
C in plasma was determined by chromogenic assays according to the
manufacturer’s instructions using commercial AT-III and protein C kits
(Sigma Chemical Co., St. Louis, MO) and was shown as the ratio of those
in normal human plasma.

Determination of Oxidative and Antioxidative Status. Lipid
oxidation in organs was determined by measuring the level of malondial-
dehyde (MDA, ymol/L) viaa HPLC method (19). Glutathione (GSH) and
oxidized glutathione (GSSG) concentrations (nmol/mg protein) in organs
were determined by commercial colorimetric GSH and GSSG assay kits
(OxisResearch, Portland, OR). Glutathione peroxidase (GPX) and cata-
lase activities (U/mg protein) in organs were determined by commercial
assay kits (Calbiochem Inc., San Diego, CA).

Measurement of Inflammation and Endothelial Injury Markers.
Plasma levels of C-reactive protein (CRP) and von Willebrand factor
(VWF) were measured as inflammation and endothelial injury markers.
CRP (g/L) was determined with a commercial enzyme-link immunosor-
bent assay (ELISA) kit (Anogen, Ontario, Canada). vWF antigen level
was measured by an ELISA method, using a rabbit antirat vVWF
polyclonal antibody (Dako, Glostrup, Denmark). The vVWF level was
expressed as relative percentage compared to normal pooled plasma.
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Table 1. Content of Protocatechuic Acid (PA) in Eight Fruits: Mulberry,
Carambola, Waxapple, Mango, Juiube, Calamondin, Guava, and Loguat?

PA (mg/100 g dry weight)
mulberry 82+ 12
carambola 51+38
waxapple 22+5
mango 43+7
juiube b
calamondin 109 £+ 10
guava 29+ 6
loquat

2Data are the mean = SD, n=5. °Too low to be detected.

Table 2. Water Intake (WI, (mL/mouse)/d), Feed intake (FI, (g/mouse)/d), and
Body Weight (BW, g/mouse) of Nondiabetic Mice (non-DM) and Diabetic Mice
(DM) Consumed Normal Diet and 1%, 2%, 4% Protocatechuic Acid (PA) at
Weeks 1, 4, and 82

non-DM DM DM + PA, 1% DM + PA,2% DM + PA, 4%

Wi

1 20+08a 35+10b 38+12b 344+09b 33+1.1b

4 23+10a 58+14c 55+16¢ 42+07b 40+10b

8 24+09a 70+13c 71+10c 56+10b 53+12b
Fl

1 21+06a 26+08a 23+05a 27+06a 25+09a

4 29+07a 47+10c 45+08¢ 38+£09b 36+06b

8 34+10a 64+11c 67+12cC 504+1.0 52408

BW

1 228+13b 208+11a 21.0+09a 206+1.0a 21.1+07a
4 260+18c 169+12a 173+10a 189+11b 191£09b
8 285+21c 131+16a 140+09a 176+12b 178+13b

2 Data are the mean = SD, n=12. Mean values in a row without a common letter
(a—c) differ, P < 0.05.

Cytokines Analyses. Tissue was homogenized in 10 mM Tris-HCl
buffered solution (pH 7.4) containing 2 M NaCl, | mM ethylenediamine-
tetraacetic acid, 0.01% Tween-80, 1 mM phenylmethylsulfonyl fluoride
and centrifuged at 9000g for 30 min at 4 °C. The resultant supernatant was
used for cytokine determination. The levels of I1L-15, IL-6, TNF-a, and
MCP-1 were measured by ELISA using cytoscreen immunoassay Kkits
(BioSource International, Camarillo, CA). Samples were assayed in
duplicates according to manufacturer’s instructions.

Statistical Analysis. All data were expressed as the mean + standard
deviation (SD). Statistical analysis was done using one-way analysis of
variance (ANOVA), and post hoc comparisons were carried out using
Dunnett’s ¢ test. Statistical significance is defined as P < 0.05.

RESULTS

The content of PA in eight fruits is shown in Table 1. Besides
juiube and loquat, this compound was detectable in six other test
fruits with a range of 22—109 mg/100 g dry weight. The highest
content was presented in calamondin. Feed intake, water intake,
and body weight of diabetic mice at weeks 1, 4, and 8 are
presented in Table 2. Compared with diabetic control group,
mice with 2% and 4% PA treatments had significantly lower
water intake, lower feed intake, and higher body weight at 4 and
8 weeks. Plasma levels of glucose and insulin at weeks 1, 4, and
8 are presented in Figure 1. Compared with diabetic control
group, PA treatments dose-dependently lowered glucose level,
but insulin level was increased only in 2% and 4% PA treated
mice. TG content and TC content in plasma, heart, and liver at
week 8 are shown in Table 3. Diabetic mice with 2% and 4% PA
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Figure 1. Plasma levels of glucose (mmol/L) and insulin (nmol/L) of nondiabetic mice (non-DM) and diabetic mice consumed normal diet (DM) or 1%, 2%, 4%
protocatechuic acid (PA) at weeks 1, 4, and 8. Data are the mean +SD, n=12. (a—e) Mean values among bars without a common letter differ, P<0.05.

Table 3. Level of Triglyceride (TG) and Total Cholesterol (TC) in Plasma (g/L), Heart, and Liver (mg/g wet tissue) from Nondiabetic Mice (non-DM) and diabetic mice
(DM) Consumed Normal Diet and 1%, 2%, 4% Protocatechuic Acid (PA) at 8 Weeks?

Plasma
non-DM DM DM + PA, 1% DM + PA, 2% DM + PA, 4%
TG 217 +0.16 a 4114036d 4.024+024d 3.67+021¢ 3214+025b
TC 129+ 0.25a 298 +0.30¢ 290 +£027¢ 2.85+0.18 ¢ 237 +0.20b
Heart
non-DM DM DM + PA, 1% DM + PA, 2% DM + PA, 4%
TG 27+13a 40.7 £ 3.3d 388+4.1d 326+30c 2744220
TC 28+ 06a 45+13¢ 42+09c 43+08¢c 37+05b
Liver
non-DM DM DM + PA, 1% DM + PA, 2% DM + PA, 4%
TG 298 +20a 5124+ 40a 49.34+35d 431+£32¢ 37.7+26b
TC 36+08a 56+14c 54+12c 51+09¢ 45+0.7b

@Data are the mean & SD, n = 12. Mean values in a row without a common letter (a—d) differ, P < 0.05.

treatments had significantly lower TG content in plasma, heart,
and liver, and there was a dose-dependent effect between 2% and
4% treatments. TC content in plasma and two organs was
reduced only in 4% PA treated mice. Effects of PA on plasma
coagulation and anticoagulation factors are shown in Table 4. PA
treatments from 2% and 4% significantly lowered PAI-1 activity
and fibrinogen level; however, there was no dose-dependent effect
between 2% and 4% treatments (P > 0.05). PA treatments at 2%

and 4% dose-dependently increased AT-III and protein C
activities. Treatment from 1% PA failed to affect levels of TG,
TC, coagulation, and anticoagulation factors in blood and/or
organs of diabetic mice (P > 0.05).

As shown in Table 5, PA treatments dose-dependently de-
creased cardiac and renal MDA levels. However, only 2% and
4% treatments significantly increased GSH level, decreased
GSSG formation, and enhanced the retention of GPX and
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catalase activities in these two organs, and there was dose-
dependent effect between 2% and 4% treatments. Plasma levels
of CRP and vWF at weeks 1,4, and § are presented in Figure 2. At
week 4, plasma CRP and vWF levels were significantly decreased
in mice with 2% and 4% PA treatments. However, at 8 weeks, PA
treatments from 1% to 4% dose-dependently reduced plasma
CRP and vWF levels. Cardiac and renal levels of inflammatory
factors are presented in Table 6. PA treatments dose-dependently
reduced IL-6 and TNF-a levels in heart and kidney. IL-14 and
MCP-1 levels in these two organs were decreased only in 2% and
4% PA treated mice, and there was a dose-dependent effect
between 2% and 4% treatments.

DISCUSSION

Protocatechuic acid is a phenolic compound presented in plant
foods such as olives, roselle, du-zhong, and white grape wine (1, 2).
The results of our present study further indicated that mulberry,
carambola, waxapple, mango, calamondin, and guava also con-
tained this compound. On the other hand, the in vitro antihy-
perglycemic effect of protocatechuic acid has been reported (6, 7).
Our present study provided in vivo data to elucidate the anti-
diabetic effects of this compound. We found that the dietary
supplement of protocatechuic acid improved glycemic control,
lowered cardiac and hepatic triglyceride content, decreased
oxidative and inflammatory stress in heart and kidney, and

Table 4. Coagulatory Factors PAI-1 Activity (kU/L) and Fibrinogen Level (g/L)
and Anticoagulatory Factors AT-IIl Activity (%) and Protein C Activity (%) in
Plasma from Nondiabetic Mice (non-DM) and Diabetic Mice Consumed
Normal Diet (DM) and 1%, 2%, 4% Protocatechuic Acid (PA) at 8 Weeks?

non-DM DM DM+ PA, 1% DM + PA, 2% DM + PA, 4%
Coagulatory Factors
PAI-1  79+07a 182+14c 176+1.0c 155+09b 148+ 1.1b

fibrinogen2.27 + 0.18 a4.66 + 0.23 ¢4.57 + 0.19 b4.06 4 0.15b3.89 + 0.20 b
Anticoagulatory Factors

AT-lIl 132 £13¢c 74+5¢
protein C 98 £ 7¢ 63+4a

82+ 6a
65t4a

100 £8b
77+6b

106+7¢c
82+5hb

4 Data are the mean =+ SD, n=12. Mean values in a row without a common letter
(a—c) differ, P<0.05.
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attenuated hemostatic disorder in diabetic mice. These findings
support that this compound is a potent antidiabetic agent.

Diabetes is a thrombosis-prone condition because hyperglyce-
mia-induced reactive oxygen species causes platelet dysfunction,
and insulin deficiency diminishes the release of thrombolytic
enzymes such as tissue plasminogen activators (20). Fibrinogen
is a precursor for fibrin formation and a cofactor in platelet
aggregation; PAI-1 is the primary physiologic inhibitor of fibri-
nolysis (27). Thus, the elevated plasma fibrinogen level and PAI-1
activity favored the progression of thrombosis. On the other
hand, activated AT-III and protein C are important anticoagula-
tion factors because AT-III inhibits the activity of a number of
proteases in the coagulation cascade, and protein C inactivates
coagulation factors such as factors Va and VIIla (/4). Thus, the
enhanced AT-III and protein C activities promote fibrinolytic
reactions. The results of our present study found that protoca-
techuic acid treatments markedly lowered PAI-1 activity and
fibrinogen level and elevated AT-III and protein C activities in
these diabetic mice. These findings supported that this compound
could alleviate aggregation and enhance thrombolysis, which
subsequently reduced the risk of diabetes associated atherogen-
esis and thrombosis. On the other hand, we also found that
protocatechuic acid supplement decreased lipid accumulation in
blood and organs of diabetic mice. These results indicated that
this compound could attenuate diabetes associated hyperlipide-
mia, which may also benefit hemostatic balance.

Oxidative stress is an important factor responsible for diabetic
cardiomyopathy and nephropathy (22, 23). Our present study
found that protocatechuic acid supplement effectively lowered
cardiac and renal oxidative stress via decreasing the formation of
MDA and GSSG and enhanced antioxidant defense via restoring
the activity of two antioxidant enzymes and increasing GSH
retention in these organs. The in vitro antioxidative activity of this
compound such as scavenging free radicals has been reported (3).
Masella et al. (24) indicated that protocatechuic acid could
increase glutathione-related enzymes protein levels in murine
macrophage-like cells by activating their mRNA transcription.
It seems that protocatechuic acid could offer antioxida-
tive protection via both nonenzymatic and enzymatic actions.
However, Cao et al. (25) found that protocatechuic acid
could be metabolized to catechol methylated metabolite, acyl—
coenzyme thioester, and glycine conjugation in rat liver and heart.

Table 5. Levels of MDA (umol/L), GSSG (nmol/mg Protein), GSH (nmol/mg Protein), and Activity (U/mg Protein) of Catalase, GPX in Heart and Kidney from
Nondiabetic Mice (non-DM) and Diabetic Mice (DM) Consumed Normal Diet, and 1%, 2%, 4% Protocatechuic Acid (PA) at 8 Weeks?

Heart
non-DM DM DM + PA, 1% DM -+ PA, 2% DM + PA, 4%
MDA 095+ 0.14a 371 £032e 3.26 £0.20d 265+021c 217 +£0.19b
GSSG 027 +£0.07a 116 £ 0.12d 1.08 +£0.10d 0.78 +0.09 ¢ 0.56 +0.08 b
GSH 189+ 1.8d 106+ 1.0a 11.1+09a 134+ 1.1b 15.7+12¢
catalase 273+2.0d 140+09a 146+10a 178 +1.1b 20.7 +13¢c
GPX 354+164d 176+ 12a 184+ 13a 206 +15b 249 +10c
Kidney
non-DM DM DM-+PA, 1% DM+PA, 2% DM+-PA, 4%
MDA 1.08 £ 0.08 a 403+0.36¢e 3.66 +0.25d 2.944+023¢ 2414+021b
GSSG 0.35+0.09a 1.31 £0.18d 128 +0.15d 098 +£0.12¢ 0.74£0.10b
GSH 11.3+1.3d 49+09a 52+ 1.1d 7.0+ 14b 85+13¢
catalase 170 £1.7d 89+09a 85+11a 107 +12b 129+14c
GPX 19.6 £2.0d 112+11a 108 +1.3a 135+ 1.7b 151+ 13¢

@ Data are the mean + SD, n=12. Mean values in a row without a common letter (a—e) differ, P<0.05.
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Figure 2. Plasma levels of CRP and VWF in nondiabetic mice (non-DM) and diabetic mice consumed normal diet (DM) or 1%, 2%, 4% protocatechuic acid
(PA) at weeks 1, 4, and 8. Data are the mean + SD, n=12. (a—e) Mean values among bars without a common letter differ, P<0.05.

Table 6. Cardiac and Renal Levels (pg/mg Protein) of Inflammatory Cytokines (IL-14, IL-6, TNF-a,, and MCP-1) in Nondiabetic Mice (non-DM) and Diabetic Mice
(DM) Consumed Normal Diet and 1%, 2%, 4% Protocatechuic Acid (PA) at 8 Weeks?

Heart
non-DM DM DM + PA, 1% DM + PA, 2% DM + PA, 4%
IL-1/3a 20+3a 230 +29d 223 +23d 183+ 17¢ 147 +£20b
IL-6 14+4a 321+30e 276 +£21d 232+20¢ 192 £ 15b
TNF-a. 19+2a 252 +22¢e 215 +17d 176 +19¢ 132 + 14 b
MCP-1 15+ 3a 199 + 24 d 184 +£20d 141 £ 13¢ 106 +12b
Kidney
non-DM DM DM + PA, 1% DM + PA, 2% DM + PA, 4%
IL-18 17+2a 216 +25d 197 +18d 156 +20 ¢ 1134+ 14b
IL-6 21 +4a 245 +28¢e 216 +21d 178 £ 16 ¢ 139+ 10b
TNF-ou 16+3a 228+ 19e 190 + 13d 148 £ 17¢ 105+ 11b
MCP-1 14+4a 230 +23d 219 +20d 183 £ 15¢ 141 +£12b

@Data are the mean & SD, n = 12. Mean values in a row without a common letter (a—e) differ, P < 0.05.

Therefore, it is also possible that the antioxidative protection in
heart and kidney of protocatechuic acid treated diabetic mice as
we observed was partially due to the intact form of protocatechuic
acid and partially due to these metabolites.

IL-18, IL-6, and TNF-a are central mediators for the produc-
tion of several inflammatory biomarkers such as CRP and vWF,
which consequently facilitates the progression of inflammation,
endothelial dysfunction, and coagulation and finally exacerbates
the severity of diabetes (26, 27). Furthermore, TNF-a induces
neutrophil accumulation and activation at sites of tissue in-
jury (28). Thus, the decline on these cytokines could retard

or alleviate inflammation and improve endothelial functions.
Our present study found that protocatechuic acid supplement
substantially decreased IL-13, 1L-6, and TNF-a levels in heart
and kidney. Thus, the lower plasma levels of CRP and vWF in
protocatechuic acid treated mice could be explained. These results
supported that this compound was a potent agent against
diabetes-associated cardiac and renal inflammatory injury. It
has been reported that elevated serum MCP-1 level could serve
as an inflammatory marker in patients at risk for atherosclero-
tic vascular diseases because MCP-1 is a chemotactic factor
for activating monocytes and macrophages and could recruit
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monocytes to the sites of injury (29). In our present study, the
increased cardiac and renal MCP-1 levels revealed that these
organs were injured, and these diabetic mice were at risk for
further cardiac or renal complications. Meanwhile, we found that
the supplement of protocatechuic acid markedly decreased MCP-
1 levels in these organs. These findings implied that this com-
pound could also protect heart and kidney against inflammation
via diminishing the activation of monocytes and macrophages
and lowering the recruitment of monocytes.

Protocatechuic acid content in roselle calyx and du-zhong leaves
was 3.8 and 17.2 mg/g fresh weight, respectively (30,31). Obviously,
the six test fruits in the present study contained less protocatechuic
acid than roselle calyx and du-zhong. So far, the protection from
this compound against neurotoxicity, hepatotoxicity, and diabetes
has been observed in other studies (3, 32) and our present study.
Therefore, this compound could be considered as a nutraceu-
tical agent with multiple benefits. However, Nakamura et al. (33)
reported that overdoses of protocatechuic acid caused significant
hepatic and renal GSH depletion and disturbed the detoxifica-
tion of electrophilic toxicants. Thus, this compound needs further
study to prove its safety before it is applied to humans.

In summary, protocatechuic acid was presented in six exam-
ined fruits with the range of 22—109 mg/100 g dry weight, and this
compound provided triglyceride-lowering, anticoagulatory, anti-
oxidative, and antiinflammatory protection for diabetic mice.
Protocatechuic acid not only improved glycemic control but also
lowered the formation of MDA and GSSG and restored the
activity of catalase and GPX in heart and kidney. Furthermore,
this compound attenuated hemostatic disorder and decreased the
production of inflammatory cytokines in heart and kidney.
Therefore, the supplement of this agent or foods rich in this
compound might be helpful for the prevention or alleviation of
diabetic complications.

ACKNOWLEDGMENT

The authors thank Chang-Hai Tsai, M.D., Ph.D., for his
encouragement.

LITERATURE CITED

(1) Lin, W. L.; Hsieh, Y. J.; Chou, F. P.; Wang, C. J.; Cheng, M. T
Tseng, T. H. Hibiscus protocatechuic acid inhibits lipopolysacchar-
ide-induced rat hepatic damage. phisbasboiigsd. 2003, 77, 42-47.

(2) Pacheco-Palencia, L. A.; Mertens-Talcott, S.; Talcott, S. T. Chemi-
cal composition, antioxidant properties, and thermal stability of
a phytochemical enriched oil from Acai (Euterpe oleracea Mart.).
I 2008, 56, 4631-4636.

(3) Shi, G. F.; An, L. J.; Jiang, B.; Guan, S.; Bao, Y. M. Alpinia
protocatechuic acid protects against oxidative damage in vitro and
reduces oxidative stress in vivo. jnssimisedi. 2006, 403, 206-210.

(4) Stagos, D.; Kazantzoglou, G.; Theofanidou, D.; Kakalopoulou, G.;
Magiatis, P.; Mitaku, S.; Kouretas, D. Activity of grape extracts
from Greek varieties of Vitis vinifera against mutagenicity induced
by bleomycin and hydrogen peroxide in Salmonella typhimurium
strain TA102. dsdgdamig- 20006, 609, 165-175.

(5) Liu, W. H.; Hsu, C. C.; Yin, M. C. In vitro anti-helicobacter pylori
activity of diallyl sulphides and protocatechuic acid. jistatuiieg.
2008, 22, 53-57.

(6) McCue, P.; Vattem, D.; Shetty, K. Inhibitory effect of clonal
oregano extracts against porcine pancreatic amylase in vitro. 4sig
ity 2004, /3, 401-408.

(7) Kwon, Y. I.; Vattem, D. A.; Shetty, K. Evaluation of clonal herbs of
Lamiaceae species for management of diabetes and hypertension.
I 2006, 15, 107-118.

(8) Yamada, T.; Sato, A.; Nishimori, T.; Mitsuhashi, T.; Terao, A.;
Sagai, H.; Komatsu, M.; Aizawa, T.; Hashizume, K. Importance of
hypercoagulability over hyperglycemia for vascular complication in

type 2 diabetes. | N NN 2000, 49, 23-31.

Lin et al.

(9) Brownlee, M. Biochemistry and molecular cell biology of diabetic
complications. jiimmy) 2001, 474, 813-820.

(10) Goldberg, R. B. Cardiovascular disease in patients who have
diabetes. (uiskiakmimtig. 2003, 2/, 399-413.

(11) Geerlings, S. E.; Brouwer, E. C.; van Kessel, K. C.; Gaastra, W.;
Stolk, R. P.; Hoepelman, A. I. Cytokine secretion is impaired in
women with diabetes mellitus. [ ENSNE- 2000, 30, 995-
1001.

(12) Drimal, J.; Knezl, V.; Navarova, J.; Nedelcevova, J.; Paulovicova,
E.; Sotnikova, V. R.; Drimal, D. Role of inflammatory cytokines and
chemoattractants in rat model of streptozotocin-induced diabetic
heart failure. jnatasiage 2008, 42, 129-135.

(13) Myrup, B.; Rossing, P.; Jensen, T.; Gram, J.; Kluft, C.; Jespersen, J.
Procoagulant activity and intimal dysfunction in IDDM. Righetas
logig 1995, 38, 73-78.

(14) Asakawa, H.; Tokunaga, K.; Kawakami, F. Elevation of fibrinogen
and thrombin—antithrombin III complex levels of type 2 diabetes
mellitus patients with retinopathy and nephropathy. Jollitheis
ik 2000, 74, 121-126.

(15) Ma, H. L.; Qin, M. J.; Qi, L. W.; Wu, G.; Shu, P. Improved quality
evaluation of Radix Salvia miltiorrhiza through simultaneous quan-
tification of seven major active components by high-performance
liquid chromatography and principle component analysis. Riged
imisEisiag. 2007, 2/, 931-939.

(16) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L. Protein determination
with the Folin phenol reagent. gunliindissi. 1951, /93, 265-275.

(17) Biggs, H. G.; Erikson, J. M.; Moorehead, W. R. A manual colori-
metric assay of triglycerides in serum. olxmlake. 1975, 21, 437-441.

(18) Rudel, L. L.; Morris, M. D. Determination of cholesterol using
o-phthalaldehyde. J. Lipid Res. 1973, 14, 164-166.

(19) Hsu, C. C,; Lin, C. C,; Liao, T. S.; Yin, M. C. Protective effect
of s-allyl cysteine and s-propyl cysteine on acetaminophen-
induced hepatotoxicity in mice. | NN 2006, 44,
393-397.

(20) Ceriello, A.; Giacomello, R.; Stel, G.; Motz, E.; Taboga, C.; Tonutti,
L.; Pirisi, M.; Falleti, E.; Bartoli, E. Hyperglycemia-induced throm-
bin formation in diabetes. The possible role of oxidative stress.
Righeies 1995, 44, 924-928.

(21) Urano, T.; Ihara, H.; Suzuki, Y.; Takada, Y.; Takada, A. Coagulation-
associated enhancement of fibrinolytic activity via a neutralization of
PAI-1 activity. || GG 2000, 26, 39-42.

(22) Limaye, P. V.; Raghuram, N.; Sivakami, S. Oxidative stress and
gene expression of antioxidant enzymes in the renal cortex of
streptozotocininduced diabetic rats. | 2003, 243,
147-152.

(23) Cai, L.; Wang, Y.; Zhou, G.; Chen, T.; Song, Y.; Li, X.; Kang, Y. J.
Attenuation by metallothionein of early cardiac cell death via
suppression of mitochondrial oxidative stress results in a prevention
of diabetic cardiomyopathy. |- 2006, 48, 1688
1697.

(24) Masella, R.; Vari, R.; D’Archivio, M.; Di Benedetto, R.; Matarrese,
P.; Malorni, W.; Scazzocchio, B.; Giovannini, C. Extra virgin olive
oil biophenols inhibit cell-mediated oxidation of LDL by increasing
the mRNA transcription of glutathione-related enzymes. L Aul.
2004, 734, 785-791.

(25) Cao, Y. G.; Zhang, L.; Ma, C.; Chang, B. B.; Chen, Y. C.; Tang,
Y. Q.; Liu, X. D.; Liu, X. Q. Metabolism of protocatechuic acid
influences fatty acid oxidation in rat heart: new anti-angina mechan-
ism implication. |- 2009, 77, 1096-1104.

(26) Mohamed-Ali, V.; Armstrong, L.; Vlark, D.; Bolton, C. H.; Pinkney,
J. H. Evidence for the regulation of levels of plasma adhesion
molecules by inflammatory cytokines and their soluble receptors in
type | diabetes. juubiinsmbdag 2001, 250, 415-421.

(27) Aso, Y.; Okumura, K.; Yoshida, N.; Tayama, K.; Kanda, T.;
Kobayashi, 1.; Takemura, Y.; Inukai, T. Plasma interleukin-6 is
associated with coagulation in poorly controlled patients with type 2
diabetes. jnishamisabdas. 2003, 20, 930-934.

(28) Martinovic, I.; Abegunewardene, N.; Seul, M.; Vosseler, M.;
Horstick, G.; Buerke, M.; Darius, H.; Lindemann, S. Elevated
monocyte chemoattractant protein-1 serum levels in patients at risk
for coronary artery disease. Cirgt. 2005, 69, 1484-1489.



Article

(29) Hatanaka, E.; Monteagudo, P. T.; Marrocos, M. S.; Campa, A.
Neutrophils and monocytes as potentially important sources of
proinflammatory cytokines in diabetes. |l . 2006,
146, 443-447.

(30) Chao, C.Y.; Yin, M. C. Antibacterial effects of roselle calyx extracts
and protocatechuic acid in ground beef and apple juice. faadhaukie
ket 2009, 6, 201-206.

(31) Yen, G. C.; Hsieh, C. L. Reactive oxygen species scavenging activity
of Du-zhong (Eucommia ulmodies oliv.) and its active compounds.
I 2000, 48, 3431-3436.

(32) Liu, C. L.; Wang, J. M.; Chu, C. Y.; Cheng, M. T.; Tseng, T. H.
In vivo protective effect of protocatechuic acid on rert-butyl

J. Agric. Food Chem., Vol. 57, No. 15,2009 6667

hydroperoxide-induced rat hepatoxicity. | RN
2002, 40, 635-641.

(33) Nakamura, Y.; Torikai, K.; Ohigashi, H. Toxic dose of a simple
phenolic antioxidant, protocatechuic acid, attenuates the glu-

tathione level in ICR mouse liver and kidney. |
2001, 49, 5674-5678.

Received May 7, 2009. Revised manuscript received June 16, 2009.
Accepted June 18, 2009. This study was supported by grants from Asia
University, Taichung County, Taiwan (Grants acu-97-03-H02 and acu-
97-03-H05).



