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CHAPTER1

INTRODUCTION

Diabetes mellitus (DM) is @

the world today. All form el "-, 7 y chronic hyperglycemia and
developed to diabetic conmeli ali .k,' p&tlcu a&:\d microangiopathies. These
pathophysiological corp_p[m-_‘ ofte respon

diabetic patient (U i -

ogamon metabolic diseases throughout

decreased quality of life in
Group, 1998). Several
hypotheses have b Perglycemia on vascular
' el993), the nonenzymatic
' > $€)-protein kinase C (PKC)

dwa et al., 2000).

cells. These include

glycation (Mullarkey e

Among vario : :-c_ me KON “ jon and oxidative stress
have increasingly receiv _' ‘f' B 1\1 al., 2001; Cosentino et al.,
2003; Pricci et al ( ' | P is a critical intracellular
signal molecule that can re ¢ many \ .' pijonsgctivation PKC may underline

various deleterious alterations =y n diabetes. Experimental evidence

indicates that the relationships.

. (2001) fou@

superoxide in d@

e oxygen species (ROS). Hink, et
i;ﬁ‘a reduced vascular
Perbxide (0,”) levels in

e 2003) have shown that
high glucose via Pﬂagnalmg induce oxidative stress in huma@ortlc endothelial cells.
A recent study also d@qﬂated that free radlcal PKC contribute to glucose-induced

@ NN TN INT

mechams‘lllnklng oxidative stress remims not fully understood

ammﬂmumqwmaﬂ

normal vessels. In ag



In the present study, we emphasize the role of prostaglandin-mediated
endothelium-dependent vasoconstriction in diabetic rats. Beside decreased formation of
the endothelium-derived relaxing factors (primarily nitric oxide) in diabetic vascular

diseases, accumulating evidence d ntrated an increased in formation of

vasoconstrictor, most of which argypl (Akamlne et al., 2006). It has been
shown by several studies that 'RE active |at|ng role in the overproduction
of vasoconstrictor S ‘- o reported that high glucose
caused PKC-depende 0t “tyerooxygenase (COX-2). Its
upregulation was - of vasodilatory and

vasoconstricting progi e ando heliakgells or of the latter.

Moreover, M@Xidative stress, resulting

in reduced nitric oxide _ i Adip profile (Beckman et al.,
2002; Pricci et al ; [ ot AT i 2 i peen found that PKC
7 k et al., 2001; Beckman
et"al., 2004). These studies

)8é-induced attenuation of

inhibitor also amelior.
et al., 2002; Cosentiio et
suggested that oxida
vasorelaxation and rﬁay résfonsible for diabetes-induced

endothelial dysfunction.

In our previous , supplementation and PKC
inhibition imp

induced diabetidyat
|

the above-mentione‘Eﬂhe ro M

In animal mod* E iabetes, ant|OX|dants se capacity is diminished in certain

tissues ddressed
a restoréed ffu njof lvas nfotheliu ith ﬂml stiat §dlabetes

in streptozotocin-
L’iusplare associated with

(T|m|m| , 1998; Jariyapongskul et al., 2002; Srldulyakul et al., 2006). However, a
critical evaluation of clinical trials_suggests ffer specific
QV )]s ﬁﬁhml nd the emv%ﬁs,@l% QQTﬁﬂ
riendling, 2003



Various herbal extracts are known to possess antioxidant properties. Curcumin, a
yellow pigment from root of Curcuma longa L., is a major component of turmeric and
commonly used as a spice and food-coloring agent. Curcumin has a wide range of
activities which have been well docum nt d, by previous studies (Masuda et al., 2001;
Masuda et al., 2002; Taniyama and,GFie ,/O : Bengmark, 2006). Numerous studies

ioxidant, anti-inflammatory and
antitumourgenic propertig ., 2002; Balasubramanyam
et al., 2003; Taniyama . Due to curcumin has been
shown to affect the 2% ith a potential role of
PKC in hyperglycem ‘ ' gve demonstrated that
treatment with calphosti ihit omp ed NF-«xB activation by
high glucose (Y i C Furthg lﬁo‘ Rnown as one major
intracellular target efhia and_oxidatiyey’ t 8s. WQis possible that NF-xB

contributes to abnormal flingtion in diabétes (Srive o

Although afdfemetiongd es de strate ‘ y beneficial effects of
curcumin, there were g0 splidies e.i;;ﬁ iCacy o reinin in restoration of the
endothelial dysfunction | Dlve PRE—aF '-—r dical j@koduction in diabetes remain

:-I"

elusive. Therefore, the pre sent -f—--‘c'i'--. lesig etermine the effects of curcumin on

vascular function of diabetes-i g?,’lfj" jats; a ssible mechanism(s) of curcumin

tion on free radieal B a0l
action on free _ e@

£l
il

ﬂuﬂ'mamwmm
ammnmummmaﬂ



Research questions

Could curcumin restore endothelial dysfunction in diabetes-induced model through

its antioxidant, anti-inflammatory or inhibitory effect on PKC?

Hypothesis &B\"memm duced rat model

Curcumin ameli lial _dys

through antioxidant, anti-1 i

1. To determing JCurcumir esto; ati lial dysfunction in

ect of curcumin on
d rat model.

2. Tostudyt
free radicals an

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂ?
QW’]Mﬂ'ﬁﬂJﬂJ‘m?ﬂmﬂﬂ



CHAPTERII

LITERATURE REVIEWS
Diabetes Mellitus .
Diabetes mellitus is mi Mea e with a high and growing
prevalence affecting 4% ---;.:;-}. ion worl e;‘w__j_dad-llon people in the year 2000

and an expected 366 (WI|&'[ aI _ os es is a condition primarily

defined by the lev S, 8 duced life expectancy;
morbidity due to dighg ( ications and diminished
quality of life.
Since 196 ¢ National Diabetes Data
' system for diabetes
mellitus. These "were 4 ; 1 :' guidelines, fo \ de |ition, diagnosis and
classification of dia itWrs. In 2967 S| ationa XPert Committee, working
reexamine the classifiehtion@ind d| I ,@ (G C ;—' g of d
1979 publication of the Naffonal; amF'-hi’ lvF- : ¥and

In addition, in November 2005

W(ADA) was convened to

eteSY which were based on the
bsequent WHO study Group.
Diernational Diabetes Federation (IDF)

Technical Advisory Groups A upd‘?\ the current WHO

F A ]
guidelines (Wo Health Organization, 2006). ;j
t il i N

1. Definition ;i]jh e
Il

Diabetes mellitys is a metabolic disorder characterized by chronic hyperglycemia

L ANV W

damage, qsfunctlon and failure of various organs. Several pathogenesis processes are
involved in the development of dlabet‘ These include puBgss which destroys tiigdieta

RN IUARTINAI KLY

ef|C|ent action of insulin on target tissues resulting from insensitivity or lack of insulin
(Worid Health Organization, 1999).




2. Diagnostic criteria for diabetes mellitus

The criteria for the diagnosis of diabetes are shown in Table 2.1 (The Expert

Committee on the Diagnosis and Classification of Diabetes Mellitus, 2004).

Table 2.1. Criteria for the diagn

1. Symptoms of d@

mM). CasualW

The classic sym

its.
tima of day-witheutgregaid to time since last meal.
Hﬁ"‘a:_:_ﬁ dipsia, and unexplained

ual WSma@tration >200 mg/dL (11.1

weight loss:

2. FPG >126 ic intake for at least 8

3. 2-hour pos ! >200" mg/ Mliuring an oral glucose
igbl, aS\@escribed by WHO, using a

glucose load*contginin equivale g\ afiydrobis glucose dissolved in

In the absence of unequivo hese criteria should be confirmed by
repeat testing on.a diffe | ISZJ‘J,I recommended for

routine clinical YSEe————————— P
W) 3

3. CIassiﬁcatﬁj ) I.I'
|

| s

The first widek accepted classification of diabetes mellitus was published by
WHO | 30 ( 3 Expgrt it iabet ellitus, N dgbs modified
from, i 188 0 eg riEatIn 85)Th 8§ classificatio accepted

and is internationally. It represented a compromise between clinical stages and

AIASATRI N INEaE



The current Expert Committee has considered the data and rationale for what was
accepted in 1979. They proposed changes to the NDDG/WHO classification in Table 2.2
(The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus, 2004).

Table 2.2. Etiological classificati

I. Type 1 diabetesws iol ading to absolute insulin
deficiency) ~——

A. ImmuW
B. Idiopathic

ed di es
pciatéd diabetes

IOTMMUOUO >

IV. Gestational diabetes meII ------- :

br)
V. Impairet CQs

AL
= )
4. Descriptior!ﬁ[ etiologi etes meIIMs

AHEIRENINEIRT -

juvenile- qiet diabetes, results from a cellular-mediated autoimmune destruction of the
beta-cells of the pancrease. Due to the ‘thophysmlogy, ing@ip therapy is indicated@@tithe

VIR AN

insulin (IAAs), autoantibodies to glutamic acid decarboxylase (GADgs) and
autoantibodies 10 tyrosine phosphatase 1A-2 and 1A-2p (Athikinson et al., 1986, Kaufiman
et al., 1992; Schott et al., 1994; Lan et al., 1996; Lu et al., 1996). The disease has strong

IFG)




HLA associations, with linkage to the DQA and DQB genes (Huang et al., 1996). These
HLA-DR/DQ alleles can be either predisposing or protective. At this latter stage of the
disease, there is little or no insulin secretion, as manifested by low or undetectable levels

of plasma C-peptide. Some forms of type, 1. diabetes have no known etiologies. Some

dent diabetes, or adult-
lin deficiency. Type 2
erglycemia develops

L ‘Watient to notice any of the
dre at increased risk of
and Svaardsudd, 1995).
echamsms are involved. It

is well established th_. ,v hin. / tance generally present. The two
defects that characterize ﬁu erangemer -c isecretion of insulin and 2) a
decreased response of peripheral tfssues-to-res 0 insulin (insulin resistance) (Cotran,
1999). However, the cell {‘ﬁ'-??f'., the

understood. g r

ig_insulin resistance are not fully

5. Diabetic
Numerous animal models of diabetes have been deve oped to mimic human
dlabetes II| us ly s used n r tecto 0 S irm the ceptral role of
the pa ﬂs iflhentjused in stidying the
athogerqs of the disease and its complications, aII new treatment for diabetes is

investigated in animals. Diabetes can b€ induced by surglmr pharmacologlcal

REL RINSHITANARY

echanlsm of diabetes (Gelati et al., 1979).



5.1 Animal models of type 1 diabetes mellitus

Non-surgical methods of inducing hyperglycemia via a number of agents that
selectively destroy pancreatic beta-cells. Table 2.3 (Rees and Alcolado, 2005) lists a
variety of agents known to produced di (? in, experimental animals and streptozotocin
is discussed further below. | \ //

Table 2.3. Substances W% ic effec )ﬁwal animals

__

AlloXan =

. J

Streptozotocin (31 Z) synifie i Strepte hachromogenes and widely
used to induce expegifent d.i tes :”:'_ .\_; Raki®@n et al. (Rakieten et al.,
'y R w- '
1963) reported that STZ#Ns difbe .'n{*‘--_,;rﬁ,!; IB\WS & schematic diagram of the
f ! ”

1

& _whenfinjeCted (Lenzen, 2008). The

i e changes in plasma insulin and

triphasic blood glucosé resgPnses indiced:!

responses are accompanie

-
A ro
d by iGorrespe

sequential ultrastructural changess ;_‘;'"-=':"r, jeabeta cell death.

244

ose (mmoll)

o
ol

/s

_ u .. 1664, glucose
8pofisefto a dia@etdpeni@dose of
' i streptozotocin (triphasic; 1-111)
0 05 11357 91112 7 ‘ 216 (Adapted from Lenzen, 2008).
) p-S

Time after administration

QRIAINTWUNINEINY

)
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The first phase starts with an increase in the blood glucose concentration, 1 hour
after administration of STZ, and a decrease in plasma insulin. This first hyperglycemic
phase, which usually lasts 2-4 hours, is caused by inhibition of insulin secretion leading to

hypoinsulinemia. During this phase the heta cells show the following morphological

f the rough endoplasmic reticulum,

)Zation, omw o
decreased GOIgl area, red : \ /%)insu”n content and swollen

mitochondria.
The second ph ccurs 4-8 hours after the
injection of STZ an lar when liver glycogen

stores are depleted t

ight diabetic RyRerglycemie,phase. Morphologically,

complete degranu ta cell ‘:’h WithiT12-48 hour. Non-beta

cells remain intact, ing |aci i'"-.,‘ Ha of the toxic action. Cell

debris originating fro g et cells er E non-activated scavenger
macrophages. . | \

Thus, injecti'on 0 o _. ally Causes’ insullin "‘-.I pendent typel-like diabetes

syndrome. These mofpholdfical fe& g 6s” of O@striction are characteristic of

, A
necrotic cell death (LenzepF2008) etsid’ =

rg rea (MNU) moiety
f $TZ and chemically

related alkylating cﬂ ellsﬂi-‘trosoureas are usually
lipophilic and tissueptake through the plasma membrane is rapigt*however, as a result of

the hexose substituti(‘,ﬁz is less lipophilick#8TZ is selectively accumulated in

~RRENBRTHEANT
QRIAINTUNRIINYINY

is linked to the Garht



11

0
° PR
NO
-~
)L NO HaN N
\ ', N/ ; |
Il CHg
' thylnitrosourea
Stre ptozotoci*\ /// -
-., /
Figure 2.2. Chemicalformulas 0fstreptoz@tocin and methylnitgesourea. (Lenzen. 2008)

It is gener t on DNA alkylation

activity of its methylni specially at the O° position

In the attempt to repaitg W (AL se poly \ PARP) is overstimulated.

This diminishes cel subse 1.;.' v A St @ amamoto et al., 1981;
=4, 4 i .

Sandler and Swenne, 1, j tletion-of the Callulan enetgy stores ultimately results

in beta-cell necrosis. _ -' s protelis (Wilson et al., 1988), DNA

methylation is ultimatel ONSHE eath ¥ but it is likely that protein

methylation contributes to the f I : peta-cells after exposure to STZ.
An alternagjve esis proposes th petogepic effect of STZ may

relate not to its alkylating abitity but to-its p cashtracollular nitric oxide (NO)

donor (Turk et é‘ 1.0C

=
liberate NO. In facEﬂTZ has DEe

the formation of CGMP which are characteristic effects of NO. However, the alkylating

LRI e e

action oqre family of alkylating agents that STZ belongs to. Finally, some minor

#p (Figure 2) and can
e activit | f guanylyl cyclase and

generation of ROS, including superoxu:‘and hydroxyl radigalg originating from hy@ke$

TRIRINIUNRIIN 87838

0 not play a crucial role (Lenzen, 2008).
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5.4 Inhibition of insulin secretion by streptozotocin

The effects of STZ on glucose and insulin homeostasis reflect the toxin-induced
abnormalities in beta cell function. Initially, insulin biosynthesis, glucose-induced insulin
gted (Nukatsuka et al., 1990; Bedoya et al.,

g hmann, 1998). STZ-induced
iti i biosynthesis and secretion

secretion and glucose metabolism are,a

ition of glucose-induced and

posure, while long-term

not counteracted by

Beta cell-toxic
glucose analogues -

Beta cell-selecti\%h:&' d£
action t W
—

Mechanism of Beta cell toxicity
beta cell death through a]ky]aw

Mldelf H !

beta ce%ath

Q eta cgll
th re§u i |
q ~  representation of the toxic
effects of the glucose
analogues streptozotocin in
Chemical diabetes Streptozotocin diabetes beta celis, which produce
chemical diabetes.
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STZ induce insulin deficiency. While the mechanisms of beta cell-selective action
through uptake via the GLUT2 glucose transporter and beta cell deaths via necrosis are
DNA alkylation mediate the toxic action of these glucose analogues (Figure 2.3). Due to
its chemical properties, in particular the r a r stablllty (Table 2.4), STZ is the agent of

choice for reproducible induction of

lic state in experimental animals.

Chemical name -deaXy 0)carignyl]amino)-D-glucopryranose

Chemical structureg ’ "‘ moiet) \"*-.. nYsdlBRitrosourea) attached to the
ﬁ@% ,;. cule; ol amine erivative
Chemical propertieé Wimv \ gue
Relaj im % . . p to 1 hour)?
Chemical reactivi E ﬁ m n\‘a\
) M\
Mode of toxicity Em

aFor injection, a stable soldfion il citrate buf
: | VL8

'_' AR
Diabetic complications f’;{ diars

A

Diabetes is a nationals@s=weflsas. aterms of incidence, healthcare

costs, and oveta

7 used 19 thousand
deaths in 2002 &g/ Talland (World Health
Organization, 200

ization, GnlﬁJDiabe a maj'?@cause of mortality and
morbidity in diabef patients Both microvascular and macrovaSCular complications are
the burdenof the dise ﬂ]ot only in terms of ififidual health and well- -being but also

CHUBINERTNEARS

MoIeculmmechamsms of diabetic caplpllcatlons

ARG MANIINHIRY

yperglycemla so that their internal glucose concentration stays constant. In contrast, the

few cell types damaged by hypergiycemia are those that cannot do this efficiently (Kaiser
et al., 1993). Thus, diabetes selectively damages cells, like endothelial cells and mesangial
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cells lead to high glucose inside the cell. The general features of hyperglycemia-induced
tissue damage are shown in Figure 2.4 (Brownlee, 2005). Hyperglycemia induces repeated

acute changes in intracellular metabolism as well as cumulative long-term changes in the

Hyperglycemis ) Jiabetic tissue damage

F | 'E{.‘- @TJ

B T e;a;s ue damage.
 — )

=
Hyperglyce@ IS one 0

glucose and its metabﬂhtes are utilized by numer&jlntracellular pathways, the adverse

- FUE INPNIHYIANT -

induced cular dysfunction. These theoretical pathways are: aldose reductase-polyol

pathway flux; advanced_glycation en(,:)roduct (AG tlon hexosamine pM
WA aneia e

o
uses of vascu@]dysfunction. Because
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1. Increase polyol pathway flux

The first discovered pathway was increased polyol pathway flux, described in the 1966

(Gabbay et al., 1966). The polyol pathway focuses on the enzyme aldose reductase (AR).

reduction of a variety of carbonylscompt i lucose. Its crystal structure has a
; ’ rrel motif, with the substrate-

binding site located in a 1

1992). AR has a low affini ysewAt=the.normal glucose conditions
'i.“ ™

found in non-diabetics, m jlucose byl :‘_ s a very small percentage
of total glucose use? A5 the f "“ iRg tOXtc aldehydes in the cell

to inactive alcohols. fc@se Cel L pmes too high, AR also
reduces the glucose to sgfitg - 8 later 8¢. In this reducing process,
ctoNAPPH (L eesand 999)M-HoWeller, NADPH is also the
r @ I'I .'l L ..L'. -

ical’ flariantioXidant, reduced glutathione.

AR consumes the

essential cofactor for re@fenegting & cri

. #
. | e ] A\ .
By reducing the amounl off red Cing - ¢ '\ (el pOlyol pathway increases
é 1} f : \
susceptibility to intracell@far gkidati -.-ﬁﬁ* Dwnlee, \‘ )
Another the potentigl effects “of - hy ycemiadinduced increased in polyol

pathway flux include so Bitol-ii ,Lr.r..” decfeased Na-K ATPase activity

(Xia et al., 1995), and an increases Tcytosolic NAD" (Williamson et al., 1993).
A

AUEANENINEINS
IR TUNNINY 1Y
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2. Increased intracellular formation of advanced glycation end-products

Ten years later, in the late 1970s, the second discovery pathway is the intracellular
production of advanced glycation end-products (AGEs). AGEs can arise from intracellular

auto-oxidation of glucose to glyoxal cht et al., 1995), decomposition of the

Amadori product (glucose-derias ir pyfructose lysine adducts) to 3-

acCelerated. /ﬂ se) and fragmentation of
glyceraldehydes-3-phosphetes dihygoxy'aésphate to methylglyoxal
—_—— = - —— P

(Thornalley, 1990). Thss-exe—_" plar dicarbanylssglyoxal, methylglyoxal and 3-
deoxyglucoson, react with | intra acellular proteins to form
AGEs. Methylgly ' i "oYaLheNglyoXatese system (Thornalley,
1990). All three A OiyotiTegreductase (Suzuki et al.
1998). XV

Production ; S\ -:. arget cells by three
mechanisms. First, the i ' intrac ar pro ﬁ“u; "'g_l. in the regulation of
gene transcription ( ., 1998 ;.'"‘ nd, AG r ursers can diffuse out of the
cell and modify extracgful ‘ “’ o erb Bellan et al., 1994), which
changes signaling betwee - d ell an@ causes cellular dysfunction

(Charonis et al., 1990). diffuse out of the cell and modify

circulating proteins in the o‘:}fﬁ. .; g modified pro-teins car-l then bind to
AGE receptors~apd 3 them,  therek du::tfm of inflammatory
Cytokines and ;,..:m;fm;;:'.‘:ﬁmm._._;, __jjlggz; Abordo and
Thornalley, 199 F}hie .&-

AGE formiﬂin alters the™ ¢ PRI properties of s@}ral important matrix
molecules. On type Ic lagen, intermolecular crosslinking by AGEs induces an expansion
of the culargpaeki teal.g ; r tiCHiyg, | ge vessel
from dﬁi(ﬂ g]i‘ncr Mdﬂﬁac s the E}i‘rﬁlﬁm et al.,
1993). Aﬂi formation on type IV'collagen from basement membrane inhibits lateral
association of these molecules into a noﬁal network-like sifliure (Tsilibary et al., #888).

ARIANNIUARINETIRE
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3. Protein kinase C activation

In the late 1980s and early 1990s, the third pathway of hyperglycemia-induced
damage was discovered: hyperglycemia-induced activation of protein kinase C (PKC). The
PKC family comprises at least eleven,i . Intracellular hyperglycemia increases the

) _ gt seems to achieve this primarily by
increasing de novo DAG gy n ) M intermediate dihydroxyacetone
phosphate, through redu éwm and stepwise acylation
(Koya and King, 1995__-_‘ esi activates PKC both in
cultured vascular cells (Xigg ! i dial apimals (Koya and King, 1998).
DAG is a critical ae .ati geeOTc] ' C-0,-B,-6. Among the
PKC family, several jg@enzyfiesia . i ate.insulin signaling, such

as PKC-0 and PKC-¢ ang®insyfi t' Hated Dglugose Upiakes(PKC-¢ and PKC-), while

others (most promigentlyPKIE-G). n b \fac\tievelgment of diabetes-link

complications (Spitalerghd @raigr, Hrp W a number of pathogenic
consequences by aff€ctingl e -r i o%ide synthetase (eNOS),
endothelin-1(ET-1), vas@Ulargfe 5 j i’ 5F), transforming growth
factor-p (TGF-B) and plasniihogen<ae -

and NADPH oxidase which arc Showfin’

pr-1

Al-1) and by activation NF-kB

Figure 2.5. Consequences of hyperglycemia-induced activation of PKC.
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4. Increased hexosamine pathway activity

In the late 1990s, the fourth pathway was discovered: increased hexosamine
pathway flux and consequent overmodification of protein by N-acetylglucosamine. When
glucose is high inside a cell, most of t lucpse is metabolized through glycolysis, going

first to glucose-6 phosphate, the atg, and then on through the rest of the

glycolytic pathway. How -6=phosphate gets diverted into a

signaling  pathway in ' Mamine:fructose-6 phosphate
e

amidotransferase (GFATL).c -6-phesphate.to glucosamine-6 phosphate
N

and finally to UDP (uridi 3 o ntracellularglycosylatlon
by the addition of ' . AORseMiagsand™ eonine is catalysed by
the enzyme O- Gl¢ : 1 ohef GICNAC moieties to
serine and threonine resj 7 _f. [actor 's often at phosphorylation
| ' Yabtor-p1 (TGF-p1) and
plasminogen activator. #ifhibj | (Sayéski @ --ﬁ"ul -». ! 196; Wells and Hart,

2003). Both are no abeti e "t 'no' Thus, activation of the

sites, increases t

hexosamine pathway ahy changes in both gene

expression and protein, he pathogenesis of diabetic

complications

Moreover specific_inki, ors”af
activation and@
abnormalities ir@ . 'S
linking the four mJanl =Each of four different

eduction of superoxide

activity, AGE formation, PKC

diabetes-induced

pathways reflects assingle hyperglycemia-induced process: over

anions (Du et al., Zoﬁwhlkawa et al., 2000 M hen the electrochemical potential

::;f:mﬂmi ANHNINHINT :

ublsemln none is prolonged. There‘seems to increase hyperglycemla is m

QW”T”@'*TTT"?QJNW]’W]EI’]REJ
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The overall potential pathway of hyperglycemia-induced mitochondrial superoxide
overproduction can be summarized by Figure 2.6. Hyperglycemia induces overproduction
of mitochondrial superoxide to decrease in 66% GAPDH activity (Du et al., 2000). The
effect of hyperglycemia on polyol path ay reflect the accumulation of glycolytic

metabolites, including glucose, upstiganm ¢ | (Figure 2.6).
In regard to AGEs, ylglyexal-defi the primary intracellular AGE
induced by hyperglycemigg ";l ohara L1 by fragmentation of triose

~Trt lar AGE formation also
hibition of GAPDH by

de ssynthesis of DAG (Koya

and King, 1998)." o1 oMM K@yactiVation probably reflects
increased dihydroxyag 19€phiate evel e "1 - ) ion of GAPDH by ROS
(Figure 2.6). 9 (2 N N
In addition tg . | / _ viding more fructose-6
phosphate for GFAT " ¢’ Nimiting e 0 ‘ pathway), the effect of
N h obab e ects increased fructose-6
phosphate levels. These effect rgSeltSgrom inbi GARDH by ROS (Du et al., 2000)

AUEANENINEINS
IR TUNNINY 1Y
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T Gl NADPH  NADP* NAD* NADH
T T Sorbitol S-AT Fructose
1 Glucose-6-P Polyol pathwa

T Frucose-6-P

Y
T Glyceral

NAD*D

Figure 2.6.
mitochondri

JBIglycemia-induced
\act ates fo p, pathways of
esS SUPErDXide ",1' allyinRibitSihe glycolytic

pstream ."=~_."\‘_, glycolysis
~\w'~\. inWificreased flux of
,'.a ,'-:— * . ""\Hll-v of PKC, and of
ethylg ..1?:' ‘,a. in :l- AGE precurs_or.
Increased flix off fructos€i8~phos to OF N-dcetylglucosamine
increases modifjf&tion=seF=prot inked@N-acetylglucosamine

(GIcNAc) and 'af—-'-;ﬂ'--"‘ 1 gh the polyol pathway

consumes NADPH. (B
Normal endothéljz v
¢ vs
| Warebence of endothelial

Since theydjé |
scle Ci‘rchgott and Zawadzki,

cells to elicit to rearﬂ the U

1980). The importanfice of the endothelial cell layer for vasculdf homeostasis has been

“HUgIngnIngans...

importanm)le in maintaining the function of vessels. By the nature of its location, the

i ign between flowing blood and endgtheli ense apical stimuliin p r
qm fﬁ}s i nﬁ legtls ndothel ‘to esp dw egulati
qvasoregula ion is achieved by the endothelial vasoactive factors which regulate vascular

tone. In addition vasodilator and vasoconstrictor factors, the endothelium also produces a

variety of bioactive factors which regulate coagulation, inflammation and cell proliferation
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(Kitamoto and Egashira, 2004). Among the vasodilatory substances produced by

endothelium are nitric oxide (NO), prostacyclin (PGl,), different endothelium-derived

hyperpolarizing factors (EDHF) and C-type natriuretic peptide (Moncada and Vane, 1978;

Furchgott and Zawadzki, 1980; Furchgaft and Vanhoutte, 1989; Feletou and Vanhoutte,
|

1996). Vasoconstrictors include endg | angiotensin Il (Ang I1), thromboxane
A; (TXA) (Moncada and VanguXoy ., 1988; Katusic and Vanhoultte,
1989; Masaki, 1995). In f ellular adhesion molecule-1

(ICAM-1), vascularcw 1) n and NF-xB. A balanced
release of these bioy/ iljtates va han 3

Endothelium in glue

Endothelial ¢ poth glucose and fatty

acids as nutrients. In : , thé ‘-'; ke u"‘-.,‘ll"n:‘ } 20 rs via GLUT-1 glucose

transporter. In corftrast i nuscle o \ t" is rot affected by insulin
signaling. Therefore ] 1 i s the glucose level in the
blood independently of ig8ulit -r n-addition. glu exchange from the plasma
to interstitial fluid proceBds it 2 -ﬂ \\ ctiBhs (Figure 2.7).

ﬂﬂﬂ?ﬂﬁ%‘ﬁwmﬂﬁ

Figue 2.7. Delivery of Iﬁlucose in endotheligliBglls (Bakker, 2009).

ammnmum'mmaﬂ



Endothelial dysfunction and diabetes

The term “endothelial dysfunction” has been referred to in the scientific literature
more than 40,000 (PubMed search, July 2009). Since the term endothelial dysfunction has

been used to refer to several functional alterations in the vascular endothelium, such as

unction, inflammatory activation, and
7 are summarized in Table 2.5

ne=afythe d with hyperglycemia and
mlcroanglopathy, Wheme*mduﬁd bym metabolic alterations and

particularily contrlbm—d

endothelial dysfuncti [ ] wTafifestaElon, of the diabetic vascular

ave demonstrated that

complications (Stehofu ; a\abaly \ L"x‘ In addition, evidence for

the initially ident [ Otitelial ¢ ‘. aSpbeer™@valuated by impaired

vasodilatation to speci i ) " ace ﬁf' ol .“"-., k|n|ne (Sikorski et al.,
1993; Endemann :

Y

Table 2.5. Endothelial dysffincfions asst x-\f;"ff ‘_ s‘\ Bamplications in diabetes.

el

Type of endothelidl dys

Structural changes igféndg -;,m..u. rie

Increased basal membra e tHCKNESS:
Reduced glycoc

Forma f AGES and products and improper m

Reduced F production

Ingreased EDJ: Wit hesi - s :

22
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Mechanisms of diabetes-induced endothelial dysfunction

In animal models, endothelial dysfunction occurs in association with increased
ROS in diabetic condition (Cai and Harrison, 2000). Therefore, oxidative stress has been
proposed to one of the major causes of, hyperglycemia-induced endothelial dysfunction
(Nishikawa et al., 2000; Griendlig

Id, 2003; Griendling and FitzGerald,
2003). In vivo studies linking

. i ies linking ROS"and )/ - performed in rats treated with
STZ (a model of type 1-diahe : to et al., 2002), genetically
diabetic rats (a model oFty ‘ & E@ell as in human patients

Free radic as-molecul¢ r nts containing one or

more unpaired electrghs i / ecular orbiftal i and Gutteridge, 1999).
Oxygen free radicals or iy, feact e (RS) as well as reactive
nitrogen species (R ism. ROS and RNS are
well recognized for play g8 e"S er harmful or beneficial to

living system (Mom uI| d V@

low/moderate concentratiQis and g-mﬂf e 1"', rol€§ in cellular signaling system.

Ben “‘s ia[%effects of ROS occur at

On the other hand, the harmful C |r:.::.‘.==;':7 tals cause biological damage is termed

oxidative stress and nitrosati\

overproductionyef “ROS/RNS on one side and a defi = zymatic and non-
enzymatic anti&i rgss results from the

al systems when there is an

metabolic reactlonyjat use r ance@ the equilibrium status
of pro-oxidant/antioXidant reactions in living organisms. The eXcess ROS can damage

cellular lipi proteln OQJA |nh|b|t|nr their nofdl function IVaIko et al., 2007).

NENINE
ammﬂmumqwmaﬂ
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One of the most important ROS in the vascular cells is superoxide anion (0,*),
which is formed by the univalent reduction of oxygen (Droge, 2002). This reaction is
mediated by several enzymes (equation 1), which are reviewed later. O,* is a negatively

charged free radical that can itself exert effects on vascular function. It is also pivotal in

tlbugh O,° reacts with itself with a rate

constant of 8x10* mol™.L.s™" & 0 ) /uation 2). Superoxide dismutase
_ ) ‘ their rate constant of 2x10°

(SOD) enzyme accelerategthe-temayal of O,
0

mol™.L.s™ for the rew\/olig2

0

%,
5,

C  osOD (Cuzn-SOD), a
L '-h.‘
J amkextrigellular Cuzn-SOD. The

’ 9 \
activities of intracellular gkidz aScllaf@ell should result in levels of
O,*" in the nanomolar géhge , andithe Presence of SOD is likely to
lower O,°" concentrations|| pwev@, these low levels of 0, can

be a source, through reactions '-:--":':' ' Won 2, of concentrations of H,O in the
high picomolar to low nan .-ff:‘;? e that ith signal systems. Because O,*
reacts with N [ s.dé:t mes the rate of its
reaction with SQ ( ejelevated nanomolar
range, NO is able 0 of @ (Wink and Mitchell,
1998; Wolin et aI.EEQS). These results in the production of pmxynitrite (ONOQOQ/, see
equation 3) in amoumf thacan potentially intera@Wwith regulatory systems those are of

S ANENTNEINT
ARIANTAUUNIINYIAY
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«_. Molecular or Triplet oxygen &
0-0 (ground state) P

O—-0: Singlet oxygen
"O—0: Superoxide (0, *)
*O—0:H Perhydroxyl radical

Hydrogen pere _."."-

H:0O-0:H
005 ¢.0,)

and detoxification of
ates.of the molecule are
As molecular oxygen

illustrated to cal
i ASkare shuttled between

participates

I 7 s OB potentially produce ROS in
the vascular cell, four enzyme ' [ems-seem- edominate. These include the NADPH

oxidase, xanthine OXIda c sanc mlt‘(ziqondrlal sources and

The NAD H oxidase enzymes, also known as the Nox enzymes, represent a
major sQuee Qf lar cells.
(Lasseﬁ ﬂrgj ﬂﬁ%ly W g“ﬁ ﬁ ?catalytic
subunit qrhe phagocyte cytochrome b558. It is expressed in endothelial and in the
vascular smooth muscle cells of smalle‘/essels (Gorlach ejgal, 2000; Touyz et al., 2002).

FRIRIAALRAR N INLTRLY

hich serves as a docking protein for other subunits and stabilizes the Nox proteins

(Ambasta et al., 2004). interestingly, pathophysiological stimuli can increase expiessiorn
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of several of NADPH oxidase subunits, including p22°"®* Nox1 and Nox4, further

promoting an increase in ROS production (Lassegue and Clempus, 2003).

1.1.2 Xanthine oxidase

Iy doenzyme capable of catalyzing of

the oxidantion of hypoxanth e rocess of purine metabolism.

xanthine oxidase (XO I

hypoxanthine and x ast, XO uses oxygen as
O,. The ratio of XO to

fRWROS produced by these

an electron acceptor]
XDH in the cell is th
enzymes. Conver to Yy cytokines and also by
(Sakuma et al., 1997).

- : ; - ; \
There is interest in the s : Ic | cells originates from other

1\

oxidation of cystein

atling sites (Fukushima et
al., 1995). Previous stu Y | f .7 perimental atherosclerosis
caused by diet-indueed perch lesterole iated with increased O,*,

presumably from xanthin€ o "f'f-h CaUSE ro €tion in this setting can be

Mat catalyzes flavin-
|

t‘HJsport from ADPH tog

This enzyme requires ?trahydroblopterln (BH4) bound near this heme group, to transfer

electro guamidi r, in the
absenc |u_ r n@cﬂ 30 a ;ﬁran enring ele€tron to L-

arglnlne use oxygen as a substrate for O,*" formation (Vasquez-Vivar et al., 1998).

Uncou Ilng of eNOS has been demogtrated in various siolo |cal con@isons

oph
ofstra betic fats etal’ ). There s eViden at rédute

productlon by eNOS in diabetes might be due to its substrate L-arginine (Pieper, 1998), a

mediated electron rosthetic heme group.

post translational modification of the eNOS on the Akt phosphorylation site (Pieper, 1997;

Pieper, 1998). The latter results from decreased expression and activity of GTP-
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cyclohydrolase 1, the first and rate limiting enzyme in the de novo biosynthesis of BHy,, in
diabetic cells (Meininger et al., 2000). In studies on the purified enzyme the lack of either
L-arginine or BH,4 or both results in eNOS uncoupling (Vasquez-Vivar et al., 1998). It has

been suggested that peroxynitrite oxidase BH4, which can uncouple eNOS in vivo (Laursen

et al., 2001) and thereby contributeSyn ‘ ium to oxidative stress and endothelial

dysfunction through at least “SsleB! SIs. #the” enzymatic production of NO is
diminished, thus the sy em 12 %ator molecule. Second, the

i i f ly, it is likely that eNOS
becomes partially duced simultaneously.

Under these circu generator, leading to a

transport chain represents
the predominant sou Jar 56 _T ( H,0 'oi estimate that between
1-4% of oxygen reactir} i " ’f-' l y ehain ie incenpletely reduced to O,° Under
hyperglycemia conditions, @i 2 0FWhaos beely sfown to activate sorbital
accumulation by the ald 7

activation of PKC (Ishii et aI.,,

msorMet al., 1993) resulting in the
000) which, in turn, is responsible

for endothelial qysfunctiohs I additiony" ®,°" overproduction inhibits

glyceraldehydess " 10sphate—deny! drogenase (GAPDH) ac -
hexosamine pathw Ay

abolite fructose-6-
et al., @OO) In addition to the
se

nd activates the

phosphate from gMﬂ IyS|s to glticose ation (D

ves can be damaged by

role of mitochondria as a source of ROS, the mitochondria them
OX|dan sion and
mlthoc IS an sﬂ% cle cells

(Balllngmt al 2000

ammﬂmumqwmaﬂ
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2. Link between ROS, PKC, COX-2 and NF-kB in diabetes-induced endothelial
dysfunction
Among various possible mechanisms of hyperglycemia-induced vascular

dysfunction, both PKC activation and oxida

in recent year (Hink et al., 2001; Koty t

Pricci et al., 2003; Yakub ) +22004). /
relationship between PKG -:gé;,_ ‘
et al. (2001) found RO

to endothelial dysfunction i

lucigenin- and coe

| e stress have increasingly received attention
rman, 2002; Cosentino et al., 2003;

ral studies showing that the
vascular dysfunction. Hink,
WIth STZ in rats. Diabetes led

uction, as assessed by

] ‘ availability of vascular
NO was reduced in digi€ti ug ) ' o ond helial NOS (MRNA and
protein) was markedly. j / h|| ion with N®-nitro-L-
arginine reduced su i [ .'"w., s identified NOS as a
- - n' NADPH-oxidase and an
nter

Mlivo PKC inhibition with

superoxide source. Si

increase in gp91°"

N-benzoyl-staurosporir}e _ # 7‘ u\ afioh, and NOS-mediated O,*
production. These findings EPi Q.a.r ‘ "' in met ¢ ing'the restoring vascular NO
bioavailability and endoth€li with Yakubu, et al. (2004), they
proposed that glucose-induced atte ua on-of-v lairclaxation involves PKC linked free

radicals genera' . Pretreatment with calph: inhibitor, reduced high
glucose- or xa -induced attenuation ¢ SlaxatoR=—Iis/is consistent with
Inoguchi, et aL ay stimulate ROS

. =
production througr] KC-de PH-oxidlase in cultured both

vascular endothella cells and smooth muscle cells (Inoguchi et al., 2000). These results

have be i |c CI , a PKC
activat sofingre fre a hi§ i re 0 d y henylene
|odon|urrqr DPH- oxidase inhibitor, suggestlng R production through PKC-

dependent activation of NADPH oxidae. Although the a of PKC to mduce

PRTAN AN YRS

|tochondr|al electron transport chain. O,°" then induces diacylglycerol and activates PKC
inside cultured bovine aortic endothelial cells (Nishikawa et al., 2000; Nishikawa et al.,
2000).
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Although, numerous studies have shown that high glucose increases eNOS gene
and protein expression (Cosentino et al., 1997). Because eNOS up-regulation is associated
with increased O,° production, suggesting that NO is inactivated by O,*". The reaction of

NO with O, produced a potent oxidant eroxynitrie, which is 3 times the rate of its
reaction with SOD. NO is able Jig\&l _'ij' h _SOD for the scavenging of O,°.
Peroxynitrite, resulting from_thgsiMeracti &Q *", oxidizes the NOS co-factor
BH, (Laursen et al., 2004 .‘j bled_ NO __@preferentially increases O,°
production over NO Wien a Kat%

iy

In diabetes, endo is\chara nly by decreased NO but
also by increased . endothelin (Tesfamariam,
1994; De Vriese et a anisms by which high
glucose increase Oz" f\ "‘n,\ ""‘%.: remain unknown. One

! . .
erglycemia  increases

%

i i € \ \\\‘ 2 In normal blood vessels,
activation of PKC er imp helidm-defendent relaxation via release
of O,* and vasocons noids ¢ jestamariam¥et%@l., 1991). Prostanoids are
generated by cyclooxyge enz ,,-;--";f_':_e.*;{.‘-" barachid@nic acid. Two isoforms of the
enzymes which are encoded b {-‘{5 fiems and DuBois, 1996). COX-1 is
constitutively expressed in a*{; ; ved in maintenance of cellular
homeostasis, inr-min / UEQT normal conditions,
COX-2 is explEsSegs=at= geadily up-regulated by
inflammatory, mitogenit B B_&; , 1996). However, the
mechanisms of CO_Bd;xpressions regulation in endothelial ceIIS!li posed to high glucose

are not completely ur?riiood. Early studies hawhown in vitro incubation of rabbit

arterie h@hid 5 tggti g se s i s. These
eﬁectsﬂrﬂeﬂﬁyﬂﬂ“ﬁﬂ r:ﬂm n ﬁtaglandin
Hzlthron%ne A, receptor antagonist, thereby restoring endothelium-dependent relaxation
(T jam et al.,_1990). Recent bioChemical stydies h roposed.a possible for
IRARRI IR AR
qorostanoid production in cultured endothelia ‘ce Is (Cosentind et al., 3). Also, It has

been demonstrated that upregulation of COX isoforms is associated with a significant
elevation of vascular prostaglandin synthesis (Quilley and Chen, 2003). However, there
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are only a limit number of studies investigating consequences of alteration microvascular

prostanoid synthesis (Davidge, 2001).

Recently, the potential importance of the nuclear factor kB (NF- kB) system as a

key role in the regulation of transcrigti@n @' ggnes encoding mediators of inflammatory
responses, including diabetes_hay@ \ /ﬂn in the development of diabetic
nd- , ’hﬂ(%okines, lysophosphatidic acid,

tion and degradation of I-

kB, allowing subseque ' e ased"N=dimento the nucleus. One of the
most potent stimuli for xidalivi chreck et al., 1992). The
-“x\;i cause increased expression
) \‘ AN 08). Also, it has been

-y
%,

demonstrated that oxid : ' ':_ perclycenia 18y e Mbsible for the activation of

!
W,

%
5

The aforementi ' ‘r 0 in ENNe'RfECEs of oxidative stress along
with hyperglycemi kB ¢ fio H"‘\‘ activation and COX-2

2.1 Protein kinase C
Adding aﬁre
for regulating i (l;llllh]-h‘ln\ln‘lhl-lh'-lIIIAIl'n?.‘i-i'-‘-iii-'-'IA|EEA7AF.‘.'---I.>"j' o econd messengers

-‘ PathWways are activated and
—d e

lular kinases (Enzymesthat add phosphatevﬂfﬁups) and phosphatases

- rlﬁi'ological mechanism

Thus, a variety &
deactivated by intr

(enzymes that removeghosphate groups). Cellulag kinases are broadly divided into two
¢

types: tgp h at teigpsy e I egn(tyrosi 1Y nd those
that ph 0 erfhe ; mﬂﬂﬁe/ nine m‘e . Ihepe are three

major sem/threonine kinases widely distributed in all tissues:

ARTRIAIARAITNAY

3. The calcium-phospholipid activated kinase (protein kinase C, PKC)
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PKC is a multifunctional, cyclic nucleotide-dependent protein kinase that phosphorylates
serine and threonine residues in many target proteins. This enzyme was first identified by
Nishizuka and co-workers (Inoue et al., 1977; Takai et al., 1977). Further studies have

indicated that members of the PKC family, differ in their structure, cofactor requirement

and substrate specificity, which ta 0 ir functional differences. Furthermore,

cetianc’ - ression patterns and supposedly
- .'_.-- the|r intr —____Jpallzatlon (Nishizuka, 1988,;

2.1 1?'/ | '

The pri : ‘ of a single polypeptide

differential activation a
Newton, 1997).

chain and can be i Vel nai .“ (CT-C4 ated by five variable
regions (V1-V5) (Fi 9) The N-termi e o G]C2, V1, V2 and part of

regulatory and catalytic ’ als M des i \o proteolytic cleavage by

calpains and trypsin, W th/@.and aCtiyator-dependent kinase activity
(Mochly-Rosen et al., 1990¥" 2l omair vedi8equences throughout the PKC
family. C1 features the dlacylgly erot-(DAC [Phosphatidylserine biding sites. At the
N-terminus of the C1 domainé ', ed a ps jte that regulates PKC activity
(Soderling, 199 ( ;@s The C-terminus
of all PKCs fe&u Fi
separated by a sr:ljvan y. Me C3 region, which is

ctivity, represents the conserved ATP-bindimg site sequence found in

all isoforms in which ﬁmrlant lysine residue @8”380) is essential for kinase activity

gb and C4 regions),

essential for enzy

additio ntaMs a"pseu rate séquerice * inAibitdry domain
(Soderling, 1990) that binds to the sub#ate binding site ome C4 region in the CWUC

A mmmmmmm&m

mdmg domain for membrane interaction.
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REGULATORY DOMAIN CATALYTIC DOMAIN
r - 1

Y1 1 vl 2 A C3 V4 C4 V5

ePKC (o, BL, Bl y) N == — _. “

ATP BUBSTRATE
BINDING BISEHNG

“"-—~_ﬁ y e G T

APKC ™ c
‘---- : (] II"«I‘rII'H'li i
Figure 2.9. Stru Irms, ding'to su x he regulatory and
catalytic d i Four/conse and Tive variable (V1 to V5)
regions are indi 200 D N ,
The PKC family can begvidd iitofthreg grolips 3 i cofactor requirements.
1. The conventiona £ al Pk \\ €%, B, B2 and y) are calcium-
dependent and ' 58 W 2inc fingek-|%@ motifs (C1 region), which

are binding sites of PAG.afd-phorbc i _ e C2kgion is rich in acidic residues
and binds Ca*". The C3 &
Each PKC isoform i

Bll, Whl@

he ATP- and substrate-binding sites.
b the exception of PKC-BI and -

: e.'ﬁ? duct.

horbol ester-sensitive

Tmr7 t rmire Ca?" for activation.
However, t PKCs include a C2-like domain close to N-terminal end which

is unable to b| (Sossm and Schwart 93)

ﬂﬁﬂmﬂﬁﬁi WS

hosphatldylserlne aPKC %e not affected by DAG, phorbol ester o

qmmm MUNRIIN 388

a distant relative in the PKC family (Johannes et al., 1994).

isoforms.
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2.1.2 Mechanisms of PKC translocation

PKC bind to diacylglycerol or Ca** cause conformational change in the
PKC molecule that result in remove the pseudosubstrate sequence from the C4 site on the

catalytic domain. These effects increaseythe jiydrophobicity of PKC, and facilitate their

binding to membrane lipid (New caIIy the activation of calcium-
dependent PKC isoforms i 0 on of phospholipase C (PLC),

resulting in generation OF*PAG-ai F inosi hate (IP3) from membrane-
— pzly
associated phosphotidyl..inesi ispi hate<(RiP ubsequently, IP; stimulates

1992). However, co ithiree "'.1 88 I8, similar, suggestin that

oot increased DAG levels in
\’ ellitus (Inoguchi et al., 1992;

8 leads to elevate DAG levels was

vascular tissues are relate St
Shiba et al., 1993; Ishii et ~ Hy

established using cultured vascular

mM increased [DAG 2 maximum a ooth muscle cells
ey
(Inoguchi et al., {198

il

e
Intracellulaq | lease 0

glucose levels from 5.5 mM to 22

=
f i

ep Ieﬂng to activation and

translocation of P The increased levels of DAG can be generated from multiple

“HUdInEningan...

n05|tol phospholipids.

IRVRIAT R TeTEY

3. The release of non-esterified fatty acids from precursor lipids by the action of
phospholipase A, (PLA,).
4. De novo synthesis of DAG from phosphatidic acid (PA).
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This latter pathway is mainly responsible for hyperglycemia-induced DAG formation
(Idris et al., 2001). In metabolic labeling studies (Craven et al., 1990; Inoguchi et al.,
1992; Xia et al., 1994), they have reported that the incorporation of glucose into the

glycerol backbone of DAG was increased jin,the high glucose condition. These findings
suggest that increased DAG conte ;P

//}d from a de novo synthesis of DAG

from glycerol 3-phosphate (Fi

Phosphatidylcholine

(3)
PLA,

Lyso-PC
+ FFAs

Figure 2. 10 D‘ derived from multlple ues mcludmg Q) phosphollpase C

ediated
sp |d f frge fatty
t 0I as Az me af d nd*®) de novo

heS|s of DAG from a glycoly mtermedlate glyceraldehydes-3-phosphate (G -3-P),
under conditions of hyperglycemi&(Adapted from Meier 4889 and Idris, 2001).

QW’]Mﬂ’iﬂJﬁJW]'JVIFJ’]ﬂEJ
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Effect of diabetes mellitus on activating specific PKC isoforms

Among the various PKC isoforms in vascular cell, PKC-p and 6 isoforms appear to
be preferentially activated in the aorta and heart of diabetic rats (Inoguchi et al., 1992) and

in cultured rat aortic smooth muscle . isaki et al., 1994) exposed to high glucose

level. This activation has beengs noblot analysis of the membrane
fraction which represents t q.L S, } r a of diabetic rats, PKC-a, B1,
N0 1993) However, in all the
vascular tissues, PKC-.isof 7 ) > ~—-- membrane than the other
isoforms (Meier and Kin . ' mecha the predominant isoform-
specific activation ' . \
1995), regulation by

o .00 a Breactivation (Nishizuka,
i et al., 1997; Feng and

Hyperglycemia-induce tion:idevelo cvascularcompllcatlons
# \

It has bee ' : \ exposure to high glucose
concentrations impairs e‘ dy-Vo il tion 1\ btes by inhibiting eNOS
expression in cultured reti ICE ’: ﬁ glial cells (Chakravarthy et al., 1998).
Furthermore, calcium flux and ﬁ{, C-activation by high glucose levels may inhibit
the expression on iINOS in vas ﬂ:‘;ﬁm ’.e‘ Muniyappa et al., 1998). In large
vessels of diabe tmp i te‘ﬁs after acetylcholine
stimulation appearsto-be-detayed-(MeVeigh-et-al;-1992)-The-impalied vascular relaxation
can be restored B ﬁ 8

1991), suggesting Hll at PKC activatiC

este™(Tesfamariam et al.,

an important rojﬂ;in causing abnormal

peripheral hemodynar?c in diabetes. In addltl PKC can also regulate vascular
contra li eins like
caldesmu EI % wﬂ ﬂeﬁwﬂqﬁ i vascular
blood fI

QW']Mﬂ’iﬂJNW]’mEI’]ﬂEJ
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PKC inhibitors and their effects in vascular disease

According to their site of interaction with in the PKC protein structure, regulatory
domain inhibitors may target the phospholipid or phorbol ester binding site, where as
catalytic domain inhibitors are directed toyeit e substrate site or ATP-binding site. The
majority of the compounds as sele " ‘l ! /r are targeted to the ATP-binding site

azole or bisindoylmaleinmide

ur|n mesylate (LY333531),
which specificially inhibit-P; Bt clective and I|n|caIIy promising agent
developed to date (Ishii et : i IIo et al., 1997; Koya et al.,
1997). The specifie i & \ ..x;\ (&ted by an in vitro study

asic protein (Jirousek et

(ICs0) of 4.5 nM & : { ve y; ‘ - :‘~ 50 nM or greater for

other isoforms (Jirouse : ; Inetictana "\ ed that LY 333531 was a
f Iik %

competitive inhibit [ - ' B2 Wirousek et al., 1996). In

addition, theabnormalx nal no?.én al he .if_i af angl thelincreases in albuminuria in

STZ-induced diabetic ratst e j.an orally administatered dosage (0.1-
10 mg/kg) of LY333531 {lshit eral;19 ore,Mits specificity was confirmed
while demonstrating that the P ;z ?:)w Y 333531 prevented the increase in
phosphorylation-ef PKE glomgruli from control and

|-r|--‘m::=—-.hr NRecently Kovae _-, rovlded the flrSt N

ﬂ'*s PKC-f inhibitor can
diahetic db/dh mice (Koyaual 2000). LY333531

was also reported to h|b|t PKC-B activity that shown to be beneficial in cardiac

dysfun ts ction by
mcreasﬁwu%rj q; ﬂgWu wiﬂﬁnﬁm enic mice
over- expmslng PKC-B (Takeishi et al., 1998). In addition, LY333531 significantly
decreased elevated PKC activity in m‘lbrane fractions oftheart (Bowling et al., @989).

IR AUARITHEIRE

flndlngs provide strong evidence that the activation of PKC isoforms is involved in the

STZ-induced dithe
vivo evidence th&f]

ameliorate glomerullid,ir pathologie

deveiopment of diabetic vascular compiications. Ciinicai triais are now ongoing to
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evaluate the efficacy of LY333531 on pathological changes in cardiovascular and diabetic

vascular disease.

2.2 Cyclooxygenase and prostaglandins in diabetes melliutus
The potential role of cyclgg M

isoform, in several chronic_inflaapatarn

of diabetes vascular commpheations(f

2004; Sjoholm and m ,

studies, it was foun

X) enzymes, particularly the COX-2

ms to be well established. It has

pllcated in the development

005). In several early

3y/nthesis of prostanoids

(Harrison et al., 1978; In mesenteric arteries
of pancreatomized®™i ited thromboxane A,
(TXA;)-mediated copgtrictj ed p os a i Janediated dilatations in
those of controls i \ Z ihduced diabetic rats a
reduction in PGI, s i ed ., 1978). In contrast,

7 . , 0 (PGEz) and PGIl, were
' ’ 1 ats ( r,‘- et al., 1985). By now it is
clear, that prostaglandinsr g1 arachidonic acid by COX-1 and

COX-2 enzymes. COX-1 is con Itoth IXPIESStd in most tissues, such as vascular
ar homeostasis. Whereas the
06 uscle cells under

expression of GOX
normal conditiob ..ﬁ_ajily up-regulated by
12003). However, there

inflammatory, mItOP ica erre ‘
ression of COX-2 and

are only a few pap |n the literature investigating the vascular
its functloial conseqL‘nﬂm diabetes mellitus@breover these yielded controversial

endothelial cells, and is_inveliVe

=@ RUINENANESD ﬁ;if‘f;fii‘

using large vessel ring preparations "has been found t up-regulation of

RTRNTVITN URIINYINE

ncreases in COX-2 activation resulted in an enhanced myogenic tone, primarily by COX-
2 derived prostanoids, TXA,/PGH, (Bagi et al., 2005). These findings concluded that
diabetes was associated with the up-regulation of COX-2, both in large vessels and in



38

microvessels. In line with the findings on experimental animals, the recent studies have
demonstrated in vascular expression of COX-2 is markedly elevated in coronary arterioles
diabetic patients (Szerafin et al., 2006). Unexpectedly, in human coronary arterioles of

diabetic patients COX-2 up-regulation ssociated with the enhanced production of

, production, rather than constrictor
. &s underline the need for the

investigations concerninggthe- species e‘__Igb-bed specific differences in

prostaglandln-medlath &X-Z p-Te . In this study, we would
address the downstr G|y an

of prostanoids in a vase

dilator prostaglandins, most likel

prostanoid release (Szerafin ‘efd

known as prostaglandi i eS t ‘ called cyclooxygenase.
PGHS is a bifuncti €, which-meal aIries OUltwO'separate reactions. The
first reaction incorpor Ules of oxvg ( L donate to a hydroperoxide
s ofter ' cle@xygenase (COX) activity. The
second reaction is catalyzed 2-election rec of PGG, at a different site, the
hydroperoxidase site, and thef'_ uct lin H, (Figure 2.11).

ﬂuﬂ'mamwmm
ammnmummmaﬂ
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coo®
NG o

Prostaglandin H synthase: | -~ 20,
cycloowygenase activity

Figure 2.11. Prostaglandin H
synthase (PGHS) pathway.
Arachidonate is converted by PGH,
by a cyclooxygenase activity and

.’ peroxidase activity. In the
—— gvasculature, PGl is a poten
5 Elalaly] " o
aglandin H synt ébrelaxant. In some conditions and
i ~Naal |

e _iasettar beds, PGHS-dependent
——rﬁabtrlctors predominate. It is

to note that TXA, is a

P
0 nstrictor (Pearson Prentice Hall,
'
o
CH,
g&m
HO 6|.|
Prostacyclin
PGI, is a vasodilaigF angdf anffinhibiter-offiBlatelctiBogrégatigh, whereas TXA, is a

\ ) )
a @ORsequence of their opposing

ctio \ as ‘"been implicated in the
T
acid metabolism by cyclooxyge _ e, followe Aetabolism of the COX product, PGHs,

vasoconstrictor and a praffiotefofvpiatelet’ag
roles, an imbalance “in ' BGI,

pathophysiology of cardig¥asc f"j*“F‘ R, are products of arachidonic

by the terminal. nth e enzymes. prostac) pbexane synthase, respectively
(Figure 2.12). ‘Several-different prostai nth Safihel present within the
8/ TXA, produced is

not fixed, but var|e1| cordingte resent atsumoto et al., 1997).

one cell. In mong __t ,
It is considered that Gl is the main prostan0|d syntheS|zed by vascular endothelium and

TXA; is pLo uced . rever, the endgthelium has been
reporte syBthesi > ( %‘997 tﬁal COX-2
can be uwgula ed In vitro by inflammatory stimuli (Bustos et al., ; Camacho et al.,

1998) and shear stress (Okahara et a‘ 1998). The bal between PGI, and

R R INTINHIRY

ontrlbutlon of COX-2 in the regulation of prostanoid biosynthesis by the endothelium, is

<

important.
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20y
e 00 ': ?'<“=_L"'M=z"~-‘“cw
e POHE Qe

A cyclooxyganass H' hau
- PG,

PGHS

- 2 AH

Both the endothelium and #moothdmtistle-ce (ain GOb s, however, endothelial cells

contain up to 20 times fMore -‘fﬁ-'f:-.-“ " si scle'cells (DeWitt et al., 1983).
Interestingly, in bovine aortg,r f_f_-::' cIn synthase and COX-1 were
localized to the nuglea nd enc gweyer, there was a lack of
colocalization Of tHe=COXe2-Wilh=prostacychitsyathase=taiot=tt"at!, 2000). Overall in
vascular patholoQt * de e‘l fient vasoconstrictions
become more predﬂinant. MoreoVer, mra namper of vascula |mp|ications there are

common risk factors, ?JCh as oxidative stress, which are known modulators for COX-

depend upetign lead towimpai vq 0N o | n in vivo
oxidati reut oflel maﬂn eﬁ _ mgﬂﬁictor that

modified¥Rdothelium-dependent vascular response via PGH2/TXA, receptor (Davidge et

AeNTAAM AN
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2.3 Nuclear factor -kB in diabetes melliutus

Another factor that contributes to COX-2 induction tin vascular cells is the nuclear
factor-xB (NF-xB). NF-kB is necessary for transcription of COX-2 (Davidge, 2001). It is

known that NF-«xB is involved in the [ y of genes that control the immune and

nd Karin, 1997). The transcription
where it interacted with the B
=Bt Ee, 1996). It was soon found

scle cells (Yerneni et al.,

site of the « light chain g& han
gENCTenF
to be present in other cells,

NF-kB is sequeste ompose of three 1-xB

protein; 1-xBa, |-k .;o-""-f‘ Many cytokines,

lysophosphatidic acid a s'activaie .\v@; b ating the phosphorylation

o\ 1986) \Ihe 1-<Bs are rapidly

phosphorylated at two gPeci ifie" : s, [0 \ -.l"'-.ll x\ -terminal region (Ser-32

and Ser-36 for |-k d Ser=23 fOrTIaBp - H‘a\' an@ Ser-161 for -xBe) and

then undergo ubiquitin ' ¢ ’ 65 Brote some, resulting in release
[

and translocation of NF-«xB @ the _:.j..f.:'.-?x In't leusSINIE-«B activates transcription of

- i (e e L T
specific target genes (Figure 2. #;{{s;;m» 1N kiftase of molecular mass 85,000

and 87,000 are identified and‘c "!r_,' and KK, respectively) (Zandi et
e T N
al., 1997). Botht 3 are rapidly ies, with kinetics matching

those of I-kBa phosphorylation.and-degradation.-interestingly,tKkgetivity depends on its
it 1S DiP®fato et al., 1997).
- e

I i
AU INENINGINS
ARIANTAUINIINEIAY

phosphorylation,a
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{,,-——— inducer

e

s TE R | N

Figure 2.13. Generalized NF-
«B activation. Following
exposure of a cell to inducer,
IxB (either IkBa or 1kBp)
become phosphorylated
- (stepl). The 1kB form then
“‘%-..., becomes ubiquitinated (step2)
and degraded by the
N . oteasome (step3). NF-«xB
. then translocates to the
Wlicleus where it activates a
variety of genes (step4)
Wicluding IkBo (Baldwin,
6).

Furthermore, NF-xB#S kngtvn s one ar targ \yPekglycemia and oxidative
' L \

stress (Mercurio and inglf 1999;*Te d Fifestdin \2R0NMNF-«B can be activated by

g
Ael

exogenous and endogenousistimulasifictuding prglycemia (Barnes and Karin, 1997).

The effect of hyperglyce fa on .’--{ Ctivity e VSMC was examined and it was

shown that treatment with hig f,,.f ced the DNA-binding activity of
NF-«xB by abou@’ o .5 mM) (Yerneni et
al., 1999). In role—0 K mjafinduced responses,

, @ PKC inhibitor,
i et al., 1999). It is
possible that NF-«xB c tributes to abnormal vascular function in diabetes (Srivastava,

2002). itign, singre Iva lycemia,
oxidize ﬂ trgss I@I ﬁ*j n :ﬁto early
developnqlt of atherosclerosis and its rapld progression (Colllns 1993; Bourcier et al.,
1997).

QW%@?&N@%&%%Q@% Y28

re important contributors to endothelial dysfunction. An understanding of the intervention

previous studies*hdye 0
— | s

completely attenuakﬁe NF-kB activation=py=high=grtcose (Yer@

at the level of endothelial cells may improve the treatment of diabetic vascular

complications.
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Curcumin

In recent years, many herbs have made a cross-cultural penetration and in turn,

have generated scientific curiosity about their biological effects and modes of action. One

: the plant Curcuma longa L. It is a tropical
Turmerlc measures up to 1 meter
erlc was described as C. longa

hyay et al., 2004):

Class W
Subclass i
Orders
Family
Genus

Species

_ ‘ gials (3.5%), carbohydrates
(69.4%) and moisture (13.186). Thedetse l“'. 8%) ©Btained by steam distillation of
| . ), Chneol (1%), borneol (0.5%),
et al., 2004). The parts used are

rhizomes has o—phellandfene

zingiberene (25%) sesquiter |n iy

aiberene (25%6) sesq.terr BRI e S
the rhizome. Per g /e comyf ' ur‘ﬁmln, it comprises 2—
8% of most tun‘kg i preparations (Sharma et al., 2007).

il

-

=
Biological activityﬁﬂurmerl ano

[I__-'Ij‘

Tumeric, Cur@n onga L rhizomes, een widely used for centuries in

a4 amr'm um 1 3 MY 4 o

the curcmﬂnmds which are responsible,for the yellow color of turmeric. Curcuminoids

AN I Y

as shown to be diferuloylmethane (1,7-bis(4-hydroxy-3- methoxyphenyl) 1,6-hepadiene-
3,5 dione) (Figure 2.14. B) in 1910 by Lampe (Chattopadhyay et al., 2004) .
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Curcumin is hydrophobic in nature and it is soluble in ethanol, acetone,
dimethylsulfoxide and oils. It has an absorption maximum around 420 nm and a melting
point at 176-177°C. When it expose to acidic conditions, the color of curcumin turns from

yellow to deep red (Aggarwal et al., 2007

A

Curcurmin |
(TT9%)

Curcumin 1l

Demethoxycurcurmin
(17%)

Curcumin [

Bis-Demethoxycurcumin
13%; less active)

rhizome

Figure 2.14. The planf*Cureys um,qq_ : VRAlich curcumin is derived, and
its structure (panel B) (Agg “"“:‘I:i:‘:h&

‘-} l'gqf]

Pharmacokien@ al £
— —r
The absGeptio _;lircumin in rodents

have been descrlbem |n seve ree de es Collectively, these

studies support that curcumin undergoes a rapld and efficient metabolism that decreased

ility of paret rt a se /kg b.w)
d i |b peared in

ahlstrom and Iennow 1978) In another early study, the pharmacokinetic

the avai

properties of curcumin have been ﬁ/estlgated in miggm(Pan et al., 1999).@Aft

PRIRITEN URTINHIRS

evels of curcumin in the intestine, spleen, liver, and kidneys were 177, 26, 27, and 7.5 g/g
tissue, respectively. Only traces (0.41 g/g tissue) were observed in the brain at 1 hour. To
clarify the nature of the metabolites of curcumin, the plasma was analyzed by reversed-
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phase high performance liquid chromatography (HPLC) and two conjugates were
observed. Further treatment of the plasma with B-glucuronidase resulted in a decrease in
the levels of these two conjugates and the concomitant appearance of the

tetrahydrocurcumin and curcumin, respectiye

(Figure 2.15). To investigate the nature of
| was analyzed by electrospray. The

chemical structures of these “wigtaQoli{es’ ed by mass spectrometry—mass
spectrometry (MS/MS) agal /STE j':" , 19 ____.ﬁ@’imental results showed that
curcumin was first bio; BRSFOTMECLD dih rocur, ahydrocurcumin and these
compounds subsequ wer ed tojmol agluiCutenide tomugates.

These resul Thidkg urcumin—glucuronide,

tetrahydrocurcumin-glug#fon; hoctircOmi “ar 3, Major metabolites  of

curcumin in mice.*The bigéVailébifity'ai .- ' \ eng et al., 2001), so its
pharmacological acti cajf befmgtia oil rt, t"-,1 abolites. Interestingly,
the gastrointestinal trag se 0 o("- psed m ly to unmetabolized
curcumin than any otig€r tisglie, #he re _:_fi Drt _'R* i \@luation of curcumin as a
colorectal cancer chemopgveiii ".-szf.l

QW’]@WNNW]'JVIH’]MJ

Figure 2.15. Major metabolites of curcumin detected inrodents and humans (Sharma, 2007).
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Curcumin and diabetes

Base on oxidative stress as a consequence of hyperglycemia and impairs cellular
function and alters vascular function. Curcumin has been shown to possess wide range of
pharmacological activities including a
exhibits strong antioxidant activif "ol D itgmin C and E (Toda et al., 1985; Ak

)X (i t,and anti-inflammatory effects. Curcumin

in is attributed to its unique

conjugated structure, whit
diketone; the structure, . adical-trappipg=-ability as a chain-breaking

ols and an enol form of B-

antioxidant. Generally, th ¢ antioxidant.prei ;__ the phenolic material is

thought to be medi ing t hattopashyay et al., 2004):

Where S is th : xitlized A is the: Bhenalic antioxidant, A® is the

\

antioxidant radical and X¥s angthetsradical or #j@ same species as A* and X*

In anot tud - owi the ‘a of crcumin by radiation-
induced lipid peroxidation_in_rat_microsomes (Priyadarsini et 2 1.2003). These results
suggested that aF RO ‘. phenolic OH and the
CH group of the bdt diketo str

ose, the phe r OH was essential for

both antioxidant actmt*and free radicals klnetlcs

ﬂ‘LlEJ’JV]ElVI?WEI']ﬂ‘i
ammn'smum'mmaﬂ
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Numerous studies have shown that curcumin acts by enhancing the function of
antioxidant. Antioxidant activities of curcumin might occur synergistically with glucose-
lowering activity (Mahesh et al., 2004; Patumraj et al., 2006; Sharma et al., 2006). The
antidiabetic action of curcumin seems .to
pancreas to produce and secrete f rfgrence with dietary glucose absorption
and 3) antioxidant and anti-i ory JZ curcumin (Menon and Sudheer,
in_also-deere @—@mplicaﬂons (Sajithlal et al.,

1998) and prevent ge@ 1 etic rats (Suryanarayana et
al., 2003) . | 1 o

However,c i envie tar : es at a dose of 300 mg/kg

mediated through 1) stimulation of the

"o pathological, o ; ; Y W Shankar et al., 1980).
Human clinical trials a ) 4 \
of 1-8 g/day (Chai

Wilk Might be summarized the

According tggthe grforgiationghit \
idaea as that chronic hyiber, 'I e in diabetes lead ‘ be overproduction of free
radicals may play n_"'. e ,»‘La. of diabetic vascular
complications. These evi estigate the potential actions of
cucumin on restoration endot {[l_diabetes-induced model through

antioxidant, anyﬂlfla N

AUEANENINEINS
IR TUNNINY 1Y
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The diagram shown in Figure 2.16 indicated the conceptual framework of the present
study. This conceptual framework base on the target cells, diabetic arteriolar endothelial
cells which were considered as an area for studying the molecular mechanisms of

curcumin’s action.

" 1TXA synthase

TXAz

. “' TXB,
\ . - alance afiendothelium-

\ , e , jved P@laxing and
"\ s - S@nstricting factors
\ e -
Endothelial cell \ F }i T

musclecél|

Figure thesis that
curcum et eI tio |t ioxXi | inflammatory
and PK |n ib er y |I calise re ee rad al ) which in

turn they enhance NF- KB PKC and COX-2 actlvatlons The increase in free radlcals inside the
artenolar endothellal ceIIs WI|| consequen reduce vasodllata'

through the reductlon f O
urcumin which is a phenollc compoun acts asa potent ant|OX|dant anti-inf ammatory agen

PKC inhibitor. Therefore, it is proposed that the supplementation of curcumin will decrease the
levels of free radicals, and NF-xB, PKC, COX-2 activities. Therefore, curcumin can restore
arteriolar vasodilatation in diabetic rats. In association with the potential of curcumin in attenuating
PKC and COX-2 activities, it is also able to retain PGI, mediation-dilatation in hyperglycemia.




CHAPTER III

MATERIALS AND METHODS

Animal Preparation

Male Wistar rats weigh: :. ﬂq

Animal Center, Salaya Campus,Mé |doI niversi ' . Animals were allowed to

- edicine, Chulalongkorn
conditions (constant rg@h tefperatlice 25< \

rest for a week after arriva o Afima
University before heif uses / pe oused under optimal
.‘ k cycle). Four animals
were placed per cage (1@%29)7.9' igch, stainle \; hey were fed standard rat

chow and drank tap \lter aéf ligftugh thig) _-_ ' th P '\ nt Period.

i ] i1 -.h.
| N \M o |
The present stufly wés -v.,;;? ANECCOrde A"\ itAgtige guidelines for animal

experimentation establishéd by the MNational Rese s% il Of Thailand, 1999 (The

National Research Coup€il off Thailapd(NREF)41999) 1.\'- A proved by the Institutional
17

Animal Care and Use Comitteg '-——’-—--r---s---'- piversity .

Induction of experlmental d b a?" _,-;_',r

The rats.wete randomly divided into non-diak etic ar Pettesgroups. The diabetic
rats were mduc@i ) oto (55 mg/kg, STZ,
Sigma Chemical, ) S olvmiuln citrate buffer pH 4.5
(Sigma Chemical, A) and immediately injected into the taft”vein after 8 hours of
fasting. ﬁtrol rats rﬁelved citrate buffer 8fshe same volume instead. Within 48

ok - {okl B Lo h AR NA LS '}m;:c;:;

included and retained for the experimghts if their blood cose was greater th

ammmmmm HINY

educed compared to non-diabetic group.
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Experimental design

On the basis of the aforementioned studies prompted us to investigate the
mechanisms underlying the effects of curcumin on restoring endothelial dysfunction in
STZ-induced diabetic rat through '
properties. Therefore, the experi

t4 anti-inflammatory and PKC inhibitory
' % i¢' study was divided into two parts.

Experimental pr ermine

; -;)gwurcumin supplementation on

endothelial dysfunctl s-indced Tt gical characteristics and

functional vascular i imal .0 GUPSTWE ined. These providing
evidences support gtts of) \ourtwMip, oregstoration of endothelial

dysfunction in diabete

Experimental pg ¥ idy.-theumec 1 8 undgglying the beneficial effect
' ' ods for this protocol

were based on the hy i€ al ceptualiftamewlorkiof t present study. Chemical

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂi
QW’]Mﬂ?ﬂJﬂJW]’JVIFJ’]ﬂEJ
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Protocol 1: To determine the effects of curcumin on restoration of endothelial
dysfunction in STZ-induced rat.

Six weeks after the STZ injection, animals were separated into five groups: (1)

diabetes (DM; n=15), (2) DM-treated Jiith ip (Cayman Chemical, USA) 30 mg/kg
(DM+cur30; n=15), (3) DM-redice Wtk mg/kg (DM+cur300; n=15), (4)
control (con; n=15) and (5).Contrpl-trea 2d wi ™300 mg/kg (con+cur300; n=15),

as shown in Figure 3.1 Jhhesdaily-oral feeding o ' started at six weeks after

the STZ injection. Si action in STZ induced-rat

was occurred at Six-w akul a2 006).

Twelve weeks a j€ (@ Ve it (e anesthetized with an
intraperitoneal injectio arbital Js¢ U (5 J 1 Oikg). After tracheostomy,
polyethylene tubes ipSertgd in BrnG .. ei Méd the common carotid

artery for injection of f Nean arterial blood pressure

(mABP), ivelf. MBreg¥er g_.,.r abete u' jelial dysfunction was

o S A 4 W\ | |
evaluated under epi-illmingtion “Huere feosmictoScopy and image-analysis
software for determining refll-timeJastériclan: ter chlges’ after acetylcholine (ACh)

and sodium nitorpusside (SNP) &ppfigations, =

2T

ﬂ‘LlEJ’JV]ElVI?WEI']ﬂ‘i
ammn'smum'mmaﬂ
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Control
(con)
n=15

Control rats
N=30

After 12 wk
Z injection
- Vascular responses

- Superoxide detection
Wistar rats | - Prostanoids measurement
- Immunofluorescent PKC-BII
- Immunohistochemistry COX-2
- Immunohistochemisty NF-xB
- Measurement; meanABP
plasma glucose
] HbA1c
1 EN e
P L = -
, 1 -:g-:'.
Figure 3.1. The experimeRtal desigh-was-cone 0 test the hypothesis based on
the present conceptual frafew@gkiadass

1.1 DeterminatL f

weight (BW) and

measured via a tu

mBP msﬁ blood pressures were
nserted into the carotid artery using a Statham pressure transducer
connected to the Polyﬁmstem (Nihon Koden, @agén). mABP was also calculated from

~HUHINBRINDING

At thﬂnd of each experiment, the blood sample of each rat was collected for further

plasma glucose and glycosylated hem’élobin HbALc) dé®mmination, using enzihetic
IR TR AR
qL tory’C0, Ban , Thafand). ™ = : '

0
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1.2 Arteriolar response to acetylcholine and sodium nitropusside

Experiments were conducted on mesenteric arterioles of rat, as described previously by

Chakraphan, 2002 (Chakraphan, 2002). In this study, the mesenteric microcirculation was

used to observed the endothelial dysfun@tibnyiny diabetic rats due to this tissue model is
b, \ L2 ! L R . R R .

available and easy to observe URCt rgWessel in situ in particular using the

intravital fluorescence micresge ti nal changes in this mesentery

could reflect the genal;z vase 3 Mg‘er tissues under diabetic

condition.

After overnig eritoneal injection of

pentobarbital sodium abili i ze for 20 to 30 minutes

following surgery: I Y W s#ePRNBO Wi a mid|in€ incision. The rat was
- ’-.

placed on its right si i e Sta 03 ;\f‘a_- ofihitestine was exteriorized
(Figure 3.2). The ileoce i \ aIIy spread on a Plexiglass

RifigerBluffer solution (37°C, pH

) in K
7.4, composition in m 3 7+ NaC -_ ' I \ aCly, 1.18 KH,PO,, 1.64

igure 3.2. The mesenter!vascular bed for stﬁg vascular responses

RN TIUHATINETA Y
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To directly visualize the arteriolar response to vasodilators, the second-order
mesenteric arterioles (20 to 30 um in diameter) were selected for study. Arterioles could be
identified by its divergence flow direction. During the experiment, the real time image of

mesenteric microcirculation was recorded by an epi-illumination fluorescence video-

microscopy system (Optiphot 2, NiK ed with a 100 W mercury lamp, CCD

camera (Hamamatsu C2400, 3 ANV r@¥C-S5, Sharp, Japan) with a video
timer (VTG-33, For-A, Jagan and-a 20x obj aBlan Fluor, Nikon, Japan). Un-
branched segments of eTIC arte luorescein isothiocyanate-

- 'I.I O \ "\'\. ) ]
The mesenteric [ : pd te'stabiNze TOE3Q minutes and then topical

application of n / Ly NE)"\ a .: inducing 1-min pre-
constriction. The topi 101 o va et Cf Iine (10”° mol/L, ACh)
which is endotheim f flatc . N fysoditm nitroprusside (107
mol/L, SNP), endoth
endothelium and smooth o \teric €Y ."'Ki tively. Video images of the

studied area were take;' at offe miny NE&nd threehmifltes after ACh application.

H'. -
ed%tOytest the functions of the

At the end of this experingént, Ed’#r_";i' e W@ perfused with Krebs-Ringer
solution until its diameter was retithcto-hasal-giaeter (Figure 3.3). To evaluate diabetes

altered the vascular smooth. i f;'f:f"f;r_-z-"gt;'ng_ i o]

an endotheliurjth

arteriole after th

of microvascular tone. SNP,
n the mesenteric

%)

LIlltll Time (min)

Sﬂ ANERINENS

ARRE TR T o

Figure 3.3. The experimental design for the examinations of ACh- and SNP- vascular responses.
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After challenging by each vasodilator, the changes of mesenteric arteriolar
diameter were off-line analyzed using the digital image software (Image-Pro Plus; Media
Cybernetics, Inc, USA). For each rat, at least three different video frames by using the

same reference point as a marker for measyri g at the same position in each frame were

re 3.4. Changes of arteriolar diameters
onstrlcted with NE by using the
NE)/DNE X100]

713 \\\\\

WJR f M‘F ‘UEI' &\&‘u

Sl .

U8 N9
QRIQT R Teng a8

Figure 3.4. The intravital video-microscopic image showmg change of arteriolar diameter
(A) and the averaged arteriolar diameter was obtained from three diameters measured at
three different consecutive positions on each arteriole in each rat (B).
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Protocol 2: To study the mechanisms underlying the beneficial effects of
curcumin on diabetes-induced endothelial dysfunction.

Based on the above we hypothesized that due to hyperglycemia increased free
: in part by NF-kB, PKC and COX-2

[ / esis in the regulation of mesenteric
)ug!g r superoxide production was
. et swhether NF-xB, PKC and

ions and curcumin could

matory and inhibitory PKC

. ; / -~ R 3 1
Mesenteric ar ; gs 0 int A0, L amedstirement based on the
A W
fluorescence detectiopffof fhe ONA-B JfrP fluoropho 1"\ etRiljum bromide, which is

formed by oxidation of ghya s-?ufr n"l (0 i
(Th

Ay dtoethidine, the sodium

\

borohydride-reduced deffvatilfe of e 1 bror ide and Roques, 1972), which
permeates the cell membraife easiFE=H=is—arr R radi€a|-sensitive fluorescent probe.
The intracellular hydroethidine ’.--:-—-----ﬂ" Zzed to form red fluorescent ehtidium

¥

bromide, which in turn is trap ﬁ:ﬂ""- e e grcalation into DNA (Rothe and

Valet, 1990). e e roxide or hydroxyl
| ) *{h’ ;ﬁ? ydroxy

— |
Under pentobarm | sodiu was ex@ed and prepared for in

situ intravital fluoresce t microscopic observation. Single unbranched mesenteric arteriole

CRUHTRER RS

values.

ammﬂmumqwmaﬂ
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After an initial stabilization period, the mesenteric preparation was perfused with a
37°C Krebs-Ringer buffered solution saturated with a 95% N, and 5% CO, gas mixture to
minimize the production of oxygen free radicals by exposure of the tissues. A background

fluorescence image in the selected arterjole area was recorded. The prepation was then

perfused with a buffer solution cogiig ] idine (5 pmol/L, Polysciences, USA)

for 60 minutes according to_thespodi .l ‘ ed by Suzuki et al. (Suzuki et al.,

1995; Suzuki et al., w__,‘i he shutter for the excitation

light was kept clos;Wc il as monitored at 490 nm
a——— —

excitation and 590 n lISSIQpATaveEle Thomas ang: .

Time (min)

basal |

recorded
initial time |

ﬂLlEJ’JVIEJVITNEﬂﬂ‘i
QW’]Mﬂ’iﬂJﬂJW]'JVImﬂEJ
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The numbers of nuclei labeled with ethidium bromide along arteriole were off-line
analyzed. The EB-stained nuclei in arteriole were considered to have a longitudinally
oriented shape and were positioned on the inner lining of the vascular wall, suggesting that

they were endothelial cells (Suzuki et al,, 1995). These EB-positive nuclei were counted

y edia Cybernetics, Inc, USA).
per 100 pm vessel Iength as

!* i

FigLulJ3 6 Numbers of EB-positive nuclei were counteg@long vascular length.
The whitgslines deplct the length of the vessels that were analyzed in each vessel.
(Bar rep

ﬂUﬂ’JV]EIVI‘ﬁWEI’]ﬂﬁ
ammmmum’mmaﬂ
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2.2 Determination of prostanoid level

To elucidate the role of curcumin in COX-derived prostaglandins which contribute to

impaired vasodilatation in diabetes. The COX activity was probed by the measurement of

the level of PGI; and TXA; from the mes@n erfusate.
% e vascular endothelium and renal

PGlI; is formed from arachi
cortex (Moncada et al., 1 vasodilator and inhibitor of
platelet aggregation. P orm 6-keto-PGF,. It was
chosen as an index Is the hydrolysis product

of TXA, was determige ah ifdl | Vase ptor“pegstaglandin. TXA, is also

(Hamberg et al.,=

circulating hormone. phed’ | Gnse Lo 1064l stimulj ahdhexerts its effects within a

Under pentobarbita i : the: n-aif._ \ exposed and prepared for
the measurement of existing --._".;Egi:.‘:. 2 levelslin mesenteric perfusates. . The
mesenteric perfusates Were coII oM mesi ascular bed as shown in Figure 3.2.

These perfusate were collected-fersthree minut e and after the stimulation with 10
mol/L ACh (1 )}:c

'. hownyin Figure 3.7. These
prostanoids w: 0 EOZyme _Immuno; as3ay. according to the

id8eh
protocols provi oy

I

AU INENINGIns
ARIANTAUUNIINYIAY
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. . Basal state
Time (min)
0 1 2 3 4 5 6
Initial T
stabilization collected Wwash

Wz,

Time (MiN) e ———

!—5;-

s,
i, T

-

0 I 2

Initial
stabilizatio

) :
sates collection.

Figure'3.7. Thefexpgtin rﬂd
. o
2.3 Immunohistochemistd a ’5’% ;ﬁ;

l 'y
The present protocol walf condu@tédto-ver e rolasiaf PKC, COX-2 and NF-«B in

diabetes-induced endothelfal .»“E":“ In we 'also investigated whether the

potential of curcumin on restoration:pr; diabe ed endothelial dysfunction was in

association with-tgose pot. mmunohistochemistry

was used to ide i b,’:;.-‘———--.I:rmllu-“iﬁv'i-----; ----- ;liiiiiiil;;\;lnalfw iCroVaSCuIature
ol Ly

-l
=

2.3.1 Immunoflm rescent sta

Under pentobarbiit adium anesthesia, theﬁ mesentery was exposed. Single

unbran a nierig ' eteer ected for
study. Immhu techemigal staininglofismiall} teficiart asjpdffomegiiaccording

to the pﬂocols provided by the Department of Pathology, Faculty of Medicine,

C orn _Uniersity. The selecte ssel was issected.and cl f
QC tiv ta ﬁ ﬁily nged) i Wﬁqé« kit on, teEJ
paraformaldehyde for

qarteries were then immediately fixed in hour and were

%
embedded in paraffin. These specimens were then deparaffinized in xylene, rehydrated in

graded ethanol and distilled water, and antigen unmasked with sodium citrate (10 mmol/L,
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pH 6.0, Dako, Denmark), followed by microwave heat source for high power 3 minutes
and following low power 10 minutes. After PBS wash, non specific background was
blocked with 3% normal horse serum at room temperature for 20 minutes. Incubation with
anti-PKC-BII (1:100 dilutions; SC-210, Santa,Cruz Biotechnology, CA) was performed at
room temperature for 60 minutesyl / thy muscle actin (1:200 dilutions; Dako,

calize) oth muscle. Sections were then
washed in PBS and incubated ‘,"_-_ |ne anti-rabbit 1gG-TRITC
(1:50 dilution; RO156] F DR
(1:50 dilution; RO261

30 minutes. Arterigsg

it anti mouse IgG-FITC
t room temperature for
overed with mounting
i ‘\_i uclei and antifade and
then cover slipped: 1456 7 n @lone was used as negative
controls. Images wer ified fisi g Atacaliiicroscopy (E800, Nikon,
Japan) to establis v of | \“'-.._1; muscle actin in small

mesenteric arteries

After collection, me ic es wer by #he same protocol. Paraffin-
embedded sections of small mese arteries gesequentially exposed to the following
solutions as preyvigusly d 0 ally detected by incubation
with rabbit antidCOX=2 (1:500 dilutions: RP111. Diagnostic Biosystams) followed by the

appropriate seconddny Xi
=

Activated NF-K.MNas detected by incubation with anti- NFM p65 rabbit polyclonal
antibody (1:150 dilutigyf, '8109 Santa Cruz BloWology, CA), which was recognized

U INHNINY AN

expressems positive signal in vasculat re. The stained sections were examined under a

PRNEIAT I E Y
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Image analysis for COX-2 and NF-xB p65

The intensity of each image of COX-2 and NF-xB p65 was analyzed quantitatively by
image analysis using Global Lab Image/2 (GLI/2) software. GLI/2 is an object-oriented

scientific imaging software pro ‘powerful
contrasting areas, and w&

, expandable, able to definite of
nts, using the histogram tool to

quantitate positive immun own pr X-2 or NF-xB p65. Results
can be exported to Ex S an!expreeeedﬁm'er of pixels for COX-2 or
NF-kB p65. "

An example showed OX-2a by GLI/2.

1. Opened a File ample of one image file

of COX-2 ioh we s ar i2edy 'GL /2N igure 3.8)

P‘.Irl':lﬂ.'.l |.'||||r|hJ|1|'.-' 1 k :_.- alﬂ.ﬂ
NN ST A |

e |1 = | Pk 5 opg 7
0 ujﬂ [

ﬁﬁﬁﬁ@ir

G Uate Lohslation

Flgure 3.8. The image file of COX‘ expression activate@sRO| squares around the

AT ANTEINIINEIa
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Select ROI (region of interest) Menu bar and click Draw in the ROI actions drop-
down list (See Figure 3.8).

Create squares that cover around all positive immunoreactions brown precipitate of
COX-2 or NF-kB p65 in the endothelium layer (inner layer) of small mesenteric

arteries. There were 33 ROl c all positive immunoreactions brown
precipitate of COX-2 en n in Figure 3.8.
A

utton to add a histogram to

the graph. P — ,
Select the Fu Mt A stagstics G@lues are calculated with
regard to the ran . ragc Teagvalue (the average pixels

value in th ' REumaxtmuim threshold limits that

¢ { or NF-«B p65 were added
! &, Then the average
%8, represented as the

‘r“:!’ "‘ 40 I+ Xo+X3+....+X33
' — , 33

N

Figure 3.9. Average of the number of pixels for COX-2 expression was
determined by GLI/2 software.
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Statistical analysis

Data were expressed as mean and standard errors of mean (meantSEM). For
comparison among groups of animals, one-way analysis of variance (one-way ANOVA)
were used and followed by Tuk est. P<0.01 and 0.05 were considered
statistically significant. The d w y} SPSS program (version 16.0) for
Windows. a\ /

 —

AUINENINGINg
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CHAPTERIV

RESULTS

In this section, two major results were described according to our experimental

Part 1. The results )&%teric arterioles to vasodilators,

ACh and SNP, in diabeticC’a i in tn‘a‘ed diabets

Part 2. The-iﬁ_o"/_' o a
arterioles of each ani al / : _
beneficial effects of cur ufhin if agsdcic erfwglhprostanoids, PKC-BII, and
NF-«B. ' =\

design as follow:

ular O,*" in mesenteric

anisms underlying the

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂ?
QW’]Mﬂ'ﬁﬂJﬂJ‘m?ﬂmﬂﬂ



66

Partl
Determination of physiological characteristics
Previously, the single intraveng tign of STZ in to male Wistar rats (200-250
g) caused beta cell of pancrea .\ Iting in hyperglycemia within 48

hours. The criterion to decidesag '_‘;;:':p? Tc rats )ﬂ lucose concentration greater
than 200 mg/dL. Moreqyenstais.pl adiiced #peri i characterized by polyuria,

jmental period.

In the pres elve-week diabetic rats
(285.3+8.8 g) were _ €
(398.7+12.3 g, P<0.01). ¢s gt eurcumiisipplementation 30 mg/kg (292.7+17.8 g,

o hayes y 8tfacts on the body weight

Qage-matched control rats

restoration in diabetic ghts. Fhefsu f' (i ﬁh (300 mg/kg) in controls

’l"\"". 0 %B=NS) as compared to

Mean arterial bloodgpre \BP fT@Ih mean systolic and diastolic
pressure data were calculated foFeach-group #h in Table 4.1. In comparison with
DM group (mABPg, 103.1£3.5
T.

control group, mABP was ;:f”‘, inci

mmHg and mﬁ&% mHg, F

diabetes was sigm

(122.2+8.6 mmHg,ﬁO. ceé':ibetween mABPs in the
|

| rats treated with curcumin supplemerilulon (con+cur300) and

increased MABP in

n supplementation

two groups of co
control+vehicle rats (1*.'&9 and 103.1+£3.5 mmﬁgrespectively).

AU INININGINS
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Table 4.1. Body weight (BW) and mean arterial blood pressure (mABP).

MABP (mmHg)

con _ / 103.143.5
con+cur300 .811*___!)’“5 é 106.1+3.9"
DM 151.6+9.6**
DM+cur30 128.3+3.6"°
DM+cur300 3750 3 W W 12224867

Values are megh+SE
NS, not significan i?’ S

**P<0.01 and *P<0.08 significanty‘diffe paréd to control and control
treated with curcugiin ra 5= : -
f el

t significant difference frof-e

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂ?
QW’]Mﬂ'ﬁﬂJﬂJ‘m?ﬂmﬂﬂ
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Determination of biochemical parameters

Twelve weeks after the injection of STZ, plasma glucose and HbAlc values were
significantly elevated in DM rats compared with control rats (Table 4.2). Supplementation

of curcumin for six weeks in con+c jd not alter the plasma glucose level and

HbAlc compared to control r. dose supplementation of curcumin
in DM+cur300 significantl ffucose and HbAlc as compared
to DM group (P<0.05 @entaﬁon (30 mg/kg) was
slightly lower plasmas rQUpBuitgdichnot reach the statistical

STZ injection.

BbAlc (%)

control ‘ 3.68+0.17

con+cur300 4.08+0.41 "

DM-+cur300 - 310 00+32.73%* " Hp 71

ﬂeu&:mamwm na

ot significant difference as compared to control rats
**P<(0.01 and *P<0.05 S|gn|f|caﬁly difference comydaiied to control and conthol’

q RIRIASAI BT A Y
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Effect of curcumin supplementation on arteriolar responses

The dilatory response of the mesenteric arterioles to ACh (10° mol/L) was
significantly decreased in diabetic group (8.11+0.44%) as compared to control
(12.82+0.2%, P<0.01), (Table 4.3 angyFi

4. ). Both low and high doses of curcumin

supplementation (DM+cur30; 1638 - 300; 11.88+0.52%) significantly
restore the arteriolar dilatatiafate® ' }ared to DM rats (8.11+0.44%,
P<0.01). However, the - c@UBOO did not show any

effects on ACh-induc L soifparedstgeeontrol (12.58+1.07% and

mesenteric arteri appearee nt % the endothelial cells
function not smooth i nce ast e ponse to SNP-activation
was not altered +# ) :
groups (13.54+1.40%

ﬂLlEJ’JVIEJVITNEﬂﬂ‘i
QW’]Mﬂ’iﬂJﬂJW]'JVImﬂEJ



Table 4.3. Percentage changes of mesenteric arteriolar diameter in responses to ACh
and SNP.

control
con+cur300 §,45+1.3"
DM NiL2.55+0.9
DM-+cur30 o 14.71+0.3"
DM+cur300 1354+1.4™

Data are means=SEM (n- foreach gre

NS, not significant diffe Lﬁi:_."j;%-’ﬁf arterioles

** P<0,0Msig rence erigfe

© 7001, significant difference compared to diabetic arteriots-

il

e

ﬂLlEJ’JVIEJVIiWBWﬂi
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0 DM+cur300

Figure 4.1. Acey#ieholip€-iptiufed change I mesentebic aftegielar diameters taken from
control (conjs@abetgs" (D) ahdftreatm jth 'Cureumip dialetic and control rats

(DM+cur30, DM+#0r300 anfl cg

L)

Data are mean 3
NS, not signfficar :
** P<0,01, signjficangifli > comparec \ffol a erioles
1 P<0.01, significag diffot coimp Jiabglie arterioles
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3 8 1 £ \

c st o
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DM+cur300
Figure 4.2.880iumftropfuséide-indue dnge Tk esenterieMaieriolar diameters taken
from control (con)@tiabgtes DM ) 8ated,groups (con+cur300, DM+cur30,
DM-+cur300). o \ '
i

Data are means
i

ﬂﬂﬂ’)ﬂ&lﬂﬁﬂﬂﬁﬂﬁ
QW’]Mﬂ'ﬁﬂJﬂJ‘W’]’JﬂEﬂﬂU



73

Conclusion remark from Part |

The findings are that diabeti own the common characters of increased

plasma glucose, glycosylate BP In addition to these typical
diabetic abnormalities, th 1 vascula also demonstrated by using

ilator acQ/Ich )- As the result, it showed

the endothelium-dependehisvasee
that ACh-induced

when compared to i

- significantly decreased
(reabioil supplement doses of

curcumin (30 mg/kg an nere alle 16 rethes fliabetic impairments.

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂ?
QW’]Mﬂ'ﬁﬂJﬂJ‘m?ﬂmﬂﬂ
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Part Il

Base on our hypothesis which believed that the antioxidant property of curcumin

should be the underlying mechanism of that beneficial effect of curcumin on vascular

activity as shown in Part I. Therefor

1gr examined whether the diabetes-induced
intracellular superoxide (0,°").eV - r/‘ycurcumin treatments or not.

rsu ion production

Effect of curcumin supp n kula
— 1 ' .

e results showed that the
g arteriolar wall of DM
£0:0%)) b, (Table 4.4 and Figure
MOl (+Cg0 and DM+cur300 groups

number of EB-positi
rats (19.6+0.5%) as
4.3). The number of EBgfosijive b
(10.8+1.2% and 11.241.8%f reghegivelygu redued as compared to DM
(19.6:0.5%, P<0.01), b reghaigedhigher-thianGontiols\(4'6%0.5%, P<0.05) (Table 4.4
and Figure 4.3). Thgfe wa 51 Signi fi.;: _ I _ entle EB-positive nuclei in
control and con+cur300 elr"’e%. 5% and 5240 5 , pectively).

r

AUEANENINEINT
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Table 4.4. The ethidium bromide-positive nuclei along the mesenteric arterioles.

EB-positive nuclei/ 100 um vessel length

control

con+cur300

ﬁﬁﬁﬁﬁﬁ

.

Data are means4

NS, not sign" cantghffere

** P<0.01 an % K00 significa q]-r--. fepice co nparedito control arterioles

1+ P<0.01, S|gn|f| -.....'..,.a-f: ' 0 dia Y ic arterioles

- r
r,.:".ﬁ.

F N e o e
i .

= _J‘-]n ‘:
=t ﬂjrt:.l::y E;

ﬂUEJ’JVIEJVITNEI’Wﬂi
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25 4

_—\

15

10

EB-positive nuclei /100 um vessel length

DM+ cur300

Figure 4.3. HisiBgrafh shawing.ithe I bfomide-positive nuclei along the
mesenteric artgffolegfof @b Con)tontrolifteatéd With curcumin (con+cur300)
rats. Diabetes"treatgtl with, low (DM+CUkS dih ighy (DM-+cur300) curcumin and
untreated diabetigffats 0 v .

g A

Data are expressed a§' meg .}-
NS, not S|gn|f|cantd|ffer ed Ol arterioles
**P<0.01 and *P<0.05:signifiea Wbmpared to control arterioles

T P<O'(t}g if Sy ri-iaﬁg
U
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Correlation between intracellular superoxide production and arteriolar vasodilatation

Next we have made further study, in order to examine the correlation between the

intracellular superoxide production and endothelial vascular response. Figure 4.4 showed

Where X i B-positi weleive oy iS“pBEcentage of arteriolar-

18 -~
O con
16 -
@® con+cur300
14 ¢ DM
A DM+cur30
A

[E
N

DM+cur300

[E
o

e}

Changeof arteriolar diameter (%)

25

EB-positive nuclei /100 um vessel length

| ‘o ol

Figure Iaversel a I ; el length
and % -ﬁe a@in H ter (\)ﬂr on)jc@ntfol treated with
300 mg céirc +c8009, di s ), &diabet ed Wi 300 mg

curcumi M-+cur30 and DM+cur300, respectively).

ARIANIUNNINY 1Y
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Effect of curcumin supplementation on prostanoids biosynthesis in mesenteric arterioles

Base on our hypothesis which believed that the anti-inflammatory property of
curcumin should be one of the underlying mechanism of that beneficial effect of curcumin
on vascular activity. Therefore, we fufihél elcigatg the role of curcumin in ACh-induced

"V, I % treated with curcumin rats were
e high dose supplementation
of curcumin (DM-+cur3QQ)=Rue. hIS IQh dosnMe more effective dose of

curcumin supplem

endothelium  dependent
vasodilatory response_ti» BeRlementation (curcumin 30

mg/Kkg).

Table 4.5. The basal

\ . TXB, (pg/mL)

A\

29.41+4.3

ﬁﬁﬁﬁ”ﬂﬂﬂ;ﬁiﬂﬂ N9

05 significant difference c .;npared to control rats

ammnmum'mmaﬂ
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Table 4.5 and Figure 4.5A demonstrated that the un-stimulated (basal) level of 6-
keto-PGF;, (stable metabolite of PGIl,) was significantly reduced in diabetic (DM,
407.6£37.1 pg/mL) compared to control (con) rats (536.9+53.3 pg/mL, *P<0.05) whereas
there was not different between control agd,diabetes treated with curcumin 300 mg/kg
(DM+cur) rats (502.32+27.6 pgl ' A le_other hand, the basal level of TXB;
(stable metabolite of TXAy M_ rats (58.44+5.8 pg/mL) was

significantly elevated a pg/mL, *P<0.05) whereas

those of DM+cur (iw g di : le 4.5 and Figure 4.5B).
Interestingly, DM ; 5 1« and higher of TXB,

-

prostanoids release al

ﬂUEJ’JVIEJVITNEI’Wﬂi
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6-keto-PGF,,- basal level

700
600
500

= T\\\‘%W g

200
100

NS

6-keto-PGF;4(pg/mL)

cur300

NS

-

E

(@)]

=

)

X

g

V) o -
i- M+cur300
y hj

levels of 6-keto-PGFy, nd TXB, (B) measured in the perfusate

Figure 4.5. The‘a
ﬁu’ﬁ ’\a}%oi cin oI co 1abetic ﬂ ﬁj (ﬁetei‘ireated with

Data are expressed as mean+SENf' (n=5 for each gro
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Table 4.6. Basal levels of 6-keto-PGF;, and TXB> ratio in mesenteric arteriolar bed.

6-keto-PGF,

ITXB; ratio
con 18.4
DM 7.0*
DM+cur300 B N iy Ay i, 10.7M
- ——
< Y
el |
NS, not signifftant giffe) r]e :_;;"r-
*P<0.05 significght differénce '-1‘1""i g cdntrole
Table 4.6 showed the Tatio=of <e 5F1, to TXB;, release in mesenteric
arteriolar bed. These ratios.seé ﬂ” De. H _;:-==—-’ kats compare to control rats. (7.0

d18.4, £ TXB, level th
an respe@l : ;@ re 2 Ieve an

6-keto-PGF4, It d} this ratio to 10.7.
Therefore, supple

ﬂLlEJ’JVIEJVITNEﬂﬂ‘i

qmmnmum'mmaﬂ
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Expression of PKC-BII in mesenteric artery

Immunofluorescent staining of small mesenteric arteries displayed a strong signal
for PKC-BII in DM rat (Figure 4.6C). In contrast, the TRITC signals of anti-PKC-plI

with specific antibodies<f@i=RI -—5 ! ,and @smo ) in showed that the diabetic

mesenteric arteries w/ [3

4.7). These results su

[ pth muscle cells (Figure
MeRaghigher levels of PKC-BII
both in endothelium )y, supplementation with
curcumin (300 m omparable to control

rats.

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂi
QW’]Mﬂ?ﬂJﬂJW]’JVIFJ’]ﬂEJ
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Flgu’LJ4 6 Im KC- BI f the mesenteric
arteres of control (B), DM (C) and DM-+cur (D) rate¥ Respective negative

controls‘s Eﬂayed on the left uppe&jxnel (A). Magnification: x400.

ﬂUﬂ’JV]EIVI‘ﬁWEI’]ﬂﬁ
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control DM DM+cur

g
8
.
!
|
=
-
.
e

|
i
ﬁ
i

:
d
"
|

!—F'{_.-T..I'\Lf“- ™

"\ 4 f

Figure }7 Coimmunofluorescent staining for PKC-g11 and ular smooth
musclel DM rat: monstrate PKC-pII
in the meserT&ric arterie oot%scle actin (green
fluorescencg; )and merged image (yellow; C). Magnifi n: x400.
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Histological study

A histological study was performed by hematoxylin and eosin staining in paraffin
sections by the standard method of Department of Pathology, Faculty of Medicine,

Chulalongkorn University. Figun Ws fthe characteristic features in mesenteric
artery. \\ ///

i

tion of arterial
_j) and smooth

ﬂUEJ’mElVﬁWEHﬂ'i
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Expression of COX-2 in mesenteric artery

In control mesenteric arteries, a weak COX-2 immunopositive label was detected

(Figure 4.9- left upper panel). In coptrast, a marked enhancement in COX-2

immunonstaining was observed i vessels from DM rats (Figure 4.9-

right upper panel). As ex ' , i rcumin could reduce COX-2
expression in mesenteri ‘ ur300), as shown in Figure
4.9- lower panels), ;It;@fm Q'QC -~ seem to be not completely

abolishing the COX=2"EXpresston rte se results suggest that

curcumin could inhip*CO in' -FiggendOthBlial cells in treated-DM

rats. W
A quantitative g@Mmpassa $ing-image 2 al ab 1l software) was used
%cmonstrated the mean

to allow for measuf@mentfof tife @G A Riguredd.1

COX-2 expression offfow gndfhi
5.59+2% and DM+cur30Q¥f3.5
DM rats (12.41+.2%). |

ementation (DM+cur30;

décreased as compared to

ﬂLlEJ’JVIEJVITNEﬂﬂ‘i
QW’]Mﬂ’iﬂJﬂJW]'JVImﬂEJ
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>

er inwards. Positive
ate. Magnification: x400.
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=
o
1

Average of No. of pixels for COX-2
expression

8 -
Tt
6 -
4 - I
2 -
0 -
DM+cur300

Figure 4.1Q#ExprgéSiof of =210

( nall mesenteric
C e a I S oD

arteries using i 5LI/2) MeaSuramentiin diabetes (DM) and diabetes
treated with cus€umidl’ 3Qimg/kg: (DM+€lr30) and 300 g (DM+cur300) group.
T ING A W _
Data are expressed'as miean=SEM (n=4 for each goup)
T o ] - / . 'llq k .
T P<0.05 signifiCant @ifferencé.eonpdreite diabe ',H artéries
1 P<0.01 significat di ference compe jabetil§ arteries
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Expression of NF-kB in mesenteric artery

Figure 4.11 showed the expression of inflammation-related factor (NF-«xB) in small
d DM+cur300 rats. NF-kB p65 was more

mesenteric arteries in con, DM, DM+cu3Q

_the | arteries. Both doses of curcumin
supplementation (DM+cur30, aaghDMHcul3 tle_immunoreactivity of these NF-
kB p65 compared with ugth .:.;: T ‘Z' { =sWggested that curcumin could

A quantitative ¢ 08 analy L"""---;_\ ab 11 software) was used

to allow for measureme '{=3 ¢ ; %Eigure 4.12 demonstrated the

mean NF-xB p65 i ' es of JGurctin l oPleffientation (DM+cur300;
7.13+0.4%, P<0.05) §j f/ : ompated YGNDM group (19.07+.4%).
However, the sup 81 glircunini cly 30, (M8 did not difference in

ﬂLlEJ’JVIEJVITNEﬂﬂ‘i
QW’]Mﬂ’iﬂJﬂJW]'JVImﬂEJ
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Figure 4.12#8Exprgésiop of elium Aer install mesenteric

rahenthin diabetes (DM) and diabetes

arteries using imgQe aglaly HE _/2) measurement
[ (DM+clr30) ."Hr 00 g (DM+cur300) group.
o p .

treated with cyg€umifl 3Qimg/kg
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Data are expresse@fas ca+=SEM (h=4 for each 1,\- )
Y SEN

'beti erfes

areo
¥

NS, not significafit difference gompar
 P<0.05 significanitliffgpencercompal betiGlrteries
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CHAPTERV

DISCUSSION

udy are that the effects of curcumin

supplementation on improving,@ S: Uc thelial dysfunction in STZ-induced
diabetic rats. The beneficli 3 }iated with its potential on; 1)
antioxidant property, especia romd‘scavm.nﬂammatory property via

polyphagia and in urine which is

developed by a lar JcOSes, al thenNibereased urinary volume
: 1 \ k) k! - -
(polyuria). Following d ioff & ﬂr‘ @SBl arity 'Qfythe body fluids stimulates
r, i A\ "-__.
the osmoreceptors e timirsiycenter ;(!E: caus pelydigsia (Smith and McFall,
= \ \ _ _
2005). In typel dlabetes ns nﬂa. Cht .-:, promo e ~ atabolism which lead to a
negative energy balanee, an@' in tu 1,;,-.1:-,,. xces g iMtake (polyphagia) (Cotran,

1999). Also weight loss Was rs"’rf-ﬁ'-i DMt Hificitly decreased compared with

control (285.3+8.8 and 398. 7+1 gu 2spec " £<0.01).
sed plasma glucose

W|th rs that treatment with

Role of curcurﬁh’ L

Twelve

l

compared non- dlabm rats.

curcumin in diabetic rats leading to lower plasma glucose Ieve Patumraj et al., 2006;

Sharma I e t i0 i day uld lower
blood etic V% egpe t|v . Thus,
curcumlrﬂ@rte the anti-diabetic effect could be detected at low dose of curcumin (30

mg/kg) for six-week oral daily admlnlsl‘tlon (Table 4. 2)

ﬂW’]ﬂﬁﬂiﬂJﬂJ?ﬂ’mEﬂﬂﬂ

ﬁ
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Moreover, oxidative stress as a consequence of hyperglycemia and changes in
energy metabolism and inflammatory mediators play an important role in the

pathophysiology of diabetes in association with depleted cellular antioxidant defense

indicated that an increased super: djabetic vasculature and these effects
could be attenuated by daily Ore joh (discuss below). In addition, the
antioxidant effect of artially attributed by the

hypoglycemic effect of CBFeaTITasvell. ; [TOTESted that curcumin might act by
sparing or enhancin ' Mahesh et al., 2004). In
line with these findj 1. (R006)sh h“ atsglgonic administration of

curcumin in diabetic ¢ igpiTi reve t\\. ~.~- cr a Salinthe antioxidant enzymes
superoxide dismu a m |o ¢ (GSH) in the kidney.
Antioxidant activiti i ' OIS c s vith glucose-lowering

\
By e ‘.] allm and Hussain, 2002).
_— r A M A aN

These findings are ¢ . Igges e'ahti-digbetic action of curcumin

seems to be mediated ‘stimulatis f : \ as to produce and secrete

(AT

Recently, the me hanichis o -J---- U ate anti-diabetic effects have been

examined. The anti-diabetic ef ____ir?“ ':;; Jp i en shown to be partially attributed
by the reductlonma 3 iies ‘@ iwara et al., 2008).
These results have demenstrated-tl hibited both hepatic luconeogenesis and

glycogenolysis t

:l- s B qs’%& ase (G6Pase) and
a&j PEPCK). e AMP kin@ was involved in the

phosphoenolpyruvatej carboxykinase

activate cascade by curu in. The action of ANWoteln kinase is known to suppress

if”ZSﬂuﬂ?Tiﬂﬂ”TW g

In consistent with increased plaggha glucose level, oBmtlc rats also showed

PRIRNTITU AT NI

nd DM-+cur300 groups significantly lower HbAlc values as compared to DM group.
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It has long been suspected that high glucose is harmful in all complications,
including microvascular and macrovascular. In recent times, glycosylated hemoglobin has
been established as the marker of assessing glycemic control in diabetic subjects. Glycated

hemoglobin is formed by a post-traslational, non-enzymatic, substrate-concentration

a units being produ ¢ (HbAlc) is the most

abundant minor compe :  pdst-trar nal.| igation of HbA, (Bunn et
al., 1978). While high#*Congentétj 0S¢ the en) fikonment, under diabetes
condition, brings about the" regCtigh Joi) aGCOMNING - | groups on sugar forming
Schiff base adduct wjg amifio gfoubs -A n. Thus HbA esents the formation of
a non-enzymatical glycog¥latdtl f iﬁ.pf - ] \\\ 1972). Traditionally,

v, \ \
HbAlc has been thailGht # reBresenfiaiver ja@versthhe past 12 to 16 weeks
: k‘

. b A : :
(Shaklai et al., 1984). Ingact, @lye -.’;.a , Plomin‘oBcurSiover the entire 120-day life
span of the red blood*cell unnﬂ [978). | dee eofetical models and clinical
studies has been suggestef thag @ipatient in St ShtroWill have 50% of their HbAlc
month before that, and the remaining
25% in months two to fq hima, 1995). Thus, one patient

with wildly flugtuating glucose concentrations could have de-HbAlc value as one

vided the evidence that

whose glucose la i€

curcumin was a gifrj anti-

AU ANENTNEIN
ARIANTAUINIINEIAY

ily c@:min supplementation
le 4.2).
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The antioxidant effect of curcumin on diabetes-induced endothelial dysfunction

In the present study, we have shown that the effect of curcumin supplementation on
restoring diabetes-induced endothelial dysfunction is closely associated with its

by the increase in ACh-activated

\ier, these was no significant difference
igh doemﬂgﬁ.g with this increased ACh-
vasorelaxation, the end endent relaxationstastheshO donor, SNP, was not

affected by neither diab in supplemeniatte ure 4.2 and Table 4.3).

Therefore, it implie Ne IVeweck ,SWZsinduced diabetes, the NO-
b

—

between restoring effect.o

h muscle was not a

/as \:“ erved in unconscious rats.

L gy - N\ 9 o

Using direct measur rotid arteria \o\ e@und a significant rise in
mean arterial blood pre Q' , 2 w\_ Gp-diabetic rats (Table 4.1).
These results were in a ith-p 3 inical , ervations of the prevalence of

pzerafin et al., 2006). Mean arterial

blood pressure was significantly @ ased -1 CUmin-treated DM rats compared with

DM rats. Our present datassugfest pad pressure is associated with

reducing high Il ueose and increasing ACh-activated vasodilatation it DM -+cur300 rats.

Q‘_S}r%duction by a series
IC complicationsd!ﬂ[ough oxidative stress

It is well €S]
nlr
of cellular events B further leads

(Brownlee, 2001, Guz“t ‘eaal‘., 2002). The increas&jjjibetes-induced ROS was indirectly
demon y usinoflipi ' rodwet londial level, as
o vofl] S Ehd- V1) V- T EY 9 -
particulaﬂbne type of ROS, superoxide anion (0,*), can be generated by several
e tic or chemical systems, mainly In yascular wall th he_activation of
QOWﬁoaiéaﬂoo cliell e ,Wﬁ!ore el iﬂl@!dﬁgj
qsustained production of O, at high levels wi ‘Iead to oxidatl\)e amage to diabetic bloo

vessels (Inoguchi et al., 2000; Wolin et al., 2002). The increased O, in diabetic
vasculature can inactivate nitric oxide (NO) and lead to the impairment of vasorelaxation
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to endothelium-dependent agonists, since O,* is the precursor of hydrogen peroxide

(H20,), peroxynitrite (ONOQ") and other strong oxidizing species (Mugge et al., 1991).

In order to examine the dynamical process of such diabetes-stimulated ROS
production and its corresponding wi

conducted by hydroethidine-sengitive WascL oxide detection. One of the most
stection” of i M >" production is the detection

method with hydroethidi.n;. ds-an . p@ al., 1994; Bizyukin and

hglial dysfunction, our present study was

Soodaeva, 1995). In th iSerapidly converted to ethidium
bromide, which binds to cence light with minimal
oxidation induced 998). The in situ nuclei
label with ethidiu ed and the amount of
EB-positive nuclei co | g c diteriole as shown in Table
4.4 and Figure 4.3 : \ N\

The results s Iperoxide iom@longythesgiteriolar wall of DM rats

was about 4.4 times hi ’ . 7; / 8§ sS 18eased vascular superoxide

could destroy vascular®€ndo eI|aI I . ca ifthe del \1‘- in ACh response at about

The increase in hyper _r,;j _,ﬂ"* Ce derived free radicals was believed
as a major contrlmtor 'I"E‘ nteraction between
NO and O,* oc‘ ¢~ at-an-extremely-rapid-rate-three-times-faster-ifiat the reaction rate for
0" with SOD (Bet _
quench NO and ca@zthe inefficacy of endothelium-dependent Bgodilatation (Meininger
et al., 2000; Janyapon*k&et al., 2003; Johnston a&j)eMaster 2003).

%Hﬂ ANENTNEA sﬂ‘a';z::;z“ ':

addition, the results also showed that bgh low and high do of curcumin could d

R MYNSIUURIINEG T

uperOX|de production at diabetic vascular wall. Simultaneously, they could increase

I_
»

a induced O,* may

ACh-activated vasodilatation up to 30.22% and 46.47%, respectively. In order to confirm

the effect of curcumin action on O,*" productoon, the correlation between the HE-sensitive
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superoxide production and ACh-induced arteriolar vasodilatation for all five groups was
examined. As the result shown in Figure 4.4 confirmed the strong correlation between both

parameters with the correlation coefficient, 0.78, and P<0.01.

the NO production directly, however, it can
| y)\a jon and implied that curcumin
%ation in diabetic rat. By using

m-ﬂ‘l‘cﬂfg'.ua' nﬁ on protecting NO against

mol/L (Johnston afQl coVe "1\‘ ey, MsBrsuggested that the ability of

curcumin was actu ' bifrty 16, Seqliestén, NOgdbut not NO. Therefore,

\ ) abatie animals with curcumin
vessliess by Farhangkhoee, et al
(2006). Treatment of X (MMECs) exposed to 25x10°®
mol/L glucose to varying g#frcug ‘.g@: entrafi 10%hd 100 x10°mol/L) prevented
both eNOS and iINOS expressior ansCHPHBN.factor activity (Farhangkhoee et al.,
2006). Also, oxidative prg oin & N/
analysis of nittotykosine and 8-hydroxy-2’-deoxyguanosine (8:0 ). These findings
demonstrated tl”ht o iJe stress in a dose-
dependent manner‘m ich atinq@otein-l (AP-1). In line
with these findings; 0ur previous study also suggested that topica

(10°® mol/i) significan‘yﬂeased the dilatory re§iefise to ACh in mesenteric arteriole in
d

RO TRERANE S

Iﬂ‘n though, the molecular mechanisms of how curcumin could decrease O,*" and

promote NO hioavailability still need lored j ) ertheless, our S
Qh arrdht d k$ holl afitioXident ftoperties af clifct reis} n
qre

sessed by immunohistochemical

pplication of curcumin

ated to its potential on improving endothelial-dependent vasSodilatation.
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Curcumin has been reported as a potent scavenger of a variety of ROS (Reddy and
Lokesh, 1994). In several investigations, antioxidant activities of curcumin have been
studied both in vitro and in vivo. Curcumin has a unique conjugated structure including

two methoxylated phenols and an enol f of B—diketone, and the structure shows a

1) radical trappi Qe

2 radical terming | whon Tadieal materials

where S is the su idi \H i$ the phe w A°® is the antioxidant

radical, and X* is an [ igs.or the same SE %A% Non radical materials

’ . ol A % . :
Although th e -_»' hle process ggond stage is irreversible and
must produce stable ré inatien jeempounds. \l ch8mical structure of such a
termination compound Ve jorma in order to elucidate the

!
N

antioxidant mechanism of the ‘ﬁ;:--"*e-":; dant. The antioxidant mechanism
' lon products, Masuda, et al (2001)
. sﬂ‘linoleate to produce

C termination step

based on the chemical structures.ol

e ¥
have demonstratetljtha Y
stable cyclic !f —_—
(Masuda et al., " cu,ﬁiurhin under non-lipidic
conditions gave a tﬁder as an A-A termination compound. Fronﬂﬂpe quantitative data for

the production of thes‘t@aﬁon products, the f&ryation rate of the AOOS termination

CANEINTNINGINT
ARIANTAUINIINEIAY
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Recently, curcumin has attracted much attention due to its significant beneficial
potential. Ak and Gulcin (2008) determined the antioxidant activity of curcumin by
employing various in vitro antioxidant assays including, superoxide anion radical
scavenging when compared to standard anti X|dant compounds such as BHA, BHT, a-
tocopherol, a natural antioxidant_agel tho ulcm 2008). Curcumin was found

to be a marked antioxidant effegi. _' i In addition, curcumin had an

effective ferrous ions (F 3 ', 02" scavenging capacities.

originating by H-at ¢ free hydre ~ These results suggested

that H-atom donatigy i . ' W pensible for the superb

activity. The effects of antigKi ,__-_i_ﬁ y radiGaliare thought to be due to their
hydrogenating ability (Chen etva :r 5=/t : says, AAPH induced linoleic acid
peroxidation and RBC hemo ﬁp ere peroxidation and biomembrane
damage model,')les ?ﬂ‘a‘nstrated the lower

antioxidant acti / of the demethoxy derivatives, suggesting the ortho- methoxyphenolic

groups of curcu ' 13, e other hand, hydrogenated
cﬂ_‘ﬁn showed a remarkably higher activity tldﬂ] curcumin, suggesting

that the hydrogenatlorwt Eg njugated double bondv the central seven carbon chain and

AW "J’?TEFW‘?WEI’T fp]
ammnmumqnmaﬂ

derivatives of cur
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The anti-inflammatory effect of curcumin on diabetes-induced endothelial
dysfunction

In the next experiments, we aimed to elucidate the possible underlying mechanisms
responsible for the impair vasodilatatiop Z?e Recently, a key role for chronic, low-

prostaglandin are imp of §!/eral mechamsms (Higgs et al.,

1984), however, it -ies derivatives have specific

vasoactive properties eomlation of arteriolar diameter

(Koller and Kaley, 199 7 3] : i) Yece ‘.‘*‘«i: , a role for prostanoid-
mediated vascular+ i shown to be "~.,':‘"--' ed"With the development of

vascular complicatio lelmersson .'u\'xn Bagi et al., 2005;

3 \\;- H Synthase (PGHS), also
knonw as prostaglandj (Genasé PGHS is a rate-limiting
enzyme that exhibits ac ) . - ‘ .\H two molecules of oxygen
into arachidonic acid 3, an0-a peflxidaseydctivity catalyzing a 2-electron
reduction of PGG, to PGHE. GetF . lion"@f PGH, produces biologically
) \romboxane (TXA;) (Davidge, 2001).
ere encoded by distinct genes.
| a@dothelial cells, and

_;5. In contrast, under

active endproducts, such as prostacyetn=g
. L

Two isoforms of the cycloexygenase-en

COX-1 is consét

is involved in trﬁ

normal conditions, ;Z'DX- etecﬂ

upregulated by infla@matory, mitogenic and physical stimuli (Pa¥ente and Perretti, 2003).

Early investigations r‘oﬂ enhanced release oﬂonstrlctor prostan0|d from diabetic

diamet f T2 ck®to*co vels "whereas it d affect the
er

vessels from control anlrrls In agreement g ith our previous stu

e levels but it readily

diamet

RLLa &eﬁ ﬂﬁﬂiﬁ%ﬂﬁiﬂ.ﬂnﬁ %

hese findings indicated that endogenous release of constrictor prostanoid, PGH,/TXA,,

might be responsible for the reduced diameter of arterioles from diabetes.
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In our study, the un-stimulated (basal) level of 6-keto-PGFy, (stable metabolite of
PGIl,) in diabetic rats was markedly reduced compared with those of control rats. While
curcumin enhance 6-keto-PGF;,, production up to almost basal level of control rats (Table
4.4 and Figure 4.6A). On the other han
TXA;) in DM rats were signific

basal levels of TXB, (stable metabolite of

co pared with those of control rats.
Compared with untreated DMk | htly increased TXB; level in
ric arterioles of diabetes
ce more TXA; than PGI;
g in mesenteric arteries
(Figure 4.9 and 4.10).

d ibeth diabetic animal model

prostaglandin releW .
level. In addition, 0

of DM animals, which

\ . Bl animals. These data
‘ urred in diabetic rats.
f0\e the ratio of prostanoids
®ftiing to prostanoid levels,

A\

slightly appear immunostaj f‘i'*‘":" =2 ccte@lh arteries of DM supplement

with curcumin (Figure 4. ) Thes,-cureumin t found to be effective in inhibiting
TXA; synthesis in inflammatg 3;5_ ":EE E f' -pathway.

Collectivglys“ourresultsshowed-that curcumin- supplechtation significantly

decreased diabetio#Va OuSly« the suppression of
= | s
COX-2 expressmn W d augmentee eSenteric yessels. In line with our

findings, curcumin inc ased the level of PG, (Srlvastava 1986)

ﬂ’LlEJ'J’ﬂElVI?WEI’]ﬂ‘i
qmmmmummmaﬂ
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Recent studies have demonstrated that the eukaryotic transcription factor nuclear
factor-xB (NF-«kB) was involved in the regulation of COX-2. Surh, et al. (2001) studied

the molecular mechanism underlying the anti-inflammatory activity of curcumin. They

suggested the downregulation of COX-2 through suppression of NF-kB. Repression of the

degradation of the inhibitory unit_Ix rs subsequent nuclear translocation of
the functionally active subuni% d / sible for the inhibition of NF-xB
by curcumin (Surh et.& anji et ur findings showed that
immunohistochemical ZEIYSTS rat evear expression of COX-2 and
NF-kB p65 (Figure i

suppressed by a curgi

ayer, which was markedly
ic rcumin are consistent
with its ability to inhil - of curcumin on
NF-«kB signaling pathwayg preent ghQs : o116 I kINNTOTtIng the 1kB —kinases

(Ixks) (Jobin et al., 1889; P

Another impoggéht miPleg 6 ; vhich%ureliin regulates the COX-2
j of y"-"- # S | e - that COX-mediated
(by "4; ‘;# : requires NO/ONOO" for

9' Viarnett et al It ¥§®possible that curcumin might

I‘_rﬁ

directly act on the arachldomc ACid OXy 1 BF reaction nitrogen species due to its

is through the modulatig

arachidonic acid oxygéhatig

catalysis (Marnett et al.,

F 3 41- ¥
antioxidant property (Rao, 200 #»W

ﬂ‘LlEJ’JV]ElVI?WEI']ﬂ‘i
ammn'smum'mmaﬂ
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The PKC inhibitory effect of curcumin on diabetes-induced endothelial
dysfunction

However, the molecular mechamsms respon3|ble for the up-regulation of COX-2

ose augmented membrane-

e, pll!rbol % acetate (PMA), PKC

cose. These effects of

|n diabetes remain to be clearified. A

expressmn has been previously

hostin C (Cosentino et
r DAG with respect to
and consequently,
N Pioduction in response to
grsion* of DAG. In contrast,

en B al., 1993). In normal blood
*endothelium-dependent relaxation via
release of and vasoconstrictofy I HaS | 8t.al., 1991). The adverse effects
of high qucoseL fiasand.af pial arterioles can
be restored by _\iﬁj Patel, 1995). Also,
in vivo treatment J com%ations in diabetic rats

(Ishii et al., 1996).

B 501 1501031 ok 30V

productlcﬂlTable 4.5 and Figure 4.5B) and decreased of PGI, (Table 4.5 and Figure 4.5A)
and reduced ACh-induced vasodﬂataﬂ& Table 4.3 and &E@ure 4.1). Cosentino @ al.

VRNTIEN I NEIR Y

PMA as well as abolished by calphostin C, PKC inhibitor. In addition, glucose-induced

COX-2 upregulation was associated with a shift in the balance of vasodilatory and
vasoconstricting prostanoids produced by the endothelial cells in favor of the latter. This
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imbalance of prostanoids leads to alter prostanoid-mediated vasodilatation. However,
increased formation of the NO/ O,*" reaction produce ONOO™ was associated with tyrosine
nitration of prostacyclin synthase (PGIS). This nitration is a mechanism of selective
inactivation of PGIS by ONOO’ (Zour et.al,, 1997; Zou and Bachschmid, 1999). Hink, et

expression and vascular superoxide

;‘jﬂ(c inhibitor, reduced vascular

production. In vitro PKC infgi

0,*" in diabetic vessels.oy=ci& ] |7nescenc ; ¢C inhibition did not affect
glucose levels in :‘m:—pm ##°0," production, thereby
restoring vascular ni Xi0e bt ility a

(_.;:.‘;n; tion. In agreement with
Yakubu, et al. (20 S ‘ \u deattenuation of vascular

relaxation involves P tion of aortic ring from

Sprague-Dawley i e, higmglucose level restored

‘
tioRMwvas also restored by

the ACh response
pretreatment with calphgeti E} - E\ et al., 2004). In previous
study, we provided t -“T‘r'fr“f Df Che \\\\‘ PKC inhibitor, improve
ACh-induced vasodilatatj _
et al., 2006). These fin' Ings dlcaﬂ , nden echfanism is the triggering step

by which hyper glycemia ao ig ";*', -_f'.m'r‘ nd

ic rats (Rungseesantivanon

turn endothelial dysfunction.

Experimental ewdence J_‘_;,;?"ﬂ 3 gr Is one of a group of cell-signaling
molecules that ar8ysen a‘lﬁf'shna et al., 1995).

studied. All PKC

|c_d}ma|ns
: |

The structure affolfe

consist of N-ter f

akyes
J
In restlng ce s PKC assume an inactive conformatlon

mtramol inter ct e an autoiphibitoMeSequenc (the seud substrate) in the
regulat a E\J %glo OW %{I’tlc %waﬂon is
trlggeredq receptor-mediated stimulation of phospholipase T, which generates second

messenger DAG. There is evidence th@t other lipids sucﬁ arachidonic acid c

AITES NIMNTINEIRY

embrane association. Several unique structural motifs of PKC make it a direct target for

|s is maintained by an

oxidants as well as antioxidants. Both the regulatory and catalytic domains of PKC contain
cystein-rich regions that are targets for redox regulation (Gopalakrishna et al., 1995).
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Interestingly, the C-terminal catalytic domains are targets for chemopreventive
antioxidants such as selenocompounds and polyphenolic agents such as curcumin (Boone
et al., 1990) to inhibit cellular PKC activity (Gopalakrishna and Jaken, 2000). Curcumin is
a polyphenolic compound. It inhibited h rbal ester-induced expression of c-jun, c-fos,

su ts suggested that the activities of
curcumin are mediated Ul PKC S|gnallng Our findings
demonstrated that mark ly upplementatlon (Figure 4.6
and 4.7). It is consister =it sa C inhibitor (ICso = 3 pM)
(Chen et al., 1996): i S| phenolic antioxidant,

curcumin are conv. Mieact with the catalytic

In conclusion, ipdli licatedthar ¢ function in diabetic rats
was associated wij I 10)" :‘_ ct| \ PKC-BII and NF-kB

activation and COX- ion. f "-, 'n Rgs provided the in vivo

evidence that curcumi ' 3C g 3 08, mg?kg) improved diabetes-

Elgted tolils sotential to O,° scavenging,
COX-2 and NF-kB sup ion—and—PKEC ition Mt is possible that curcumin
supplementation might be beneH yatients by improving microvascular
functions and preventing the_censeque _- ascular complications. Therefore,
curcumin migh'b cQ  pharm: agent used for treatment

diabetes vasculal

ﬂ’LlEJ'J’ﬂElVI?WEI’]ﬂ‘i
qmmmmummmaﬂ
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The proposed mechanisms for the effects of curcumin on diabetes-induced

endothelial dysfunction: role of PKC, COX-2 and NF-kB

2) ' - Bt ough its O,° scavenger.

3) . gtioy n,tedu iiion. Simultaneously, the

PKC.

4) The curcumin ighibit b | wBaefiVietion W ompenied by the inhibition of
p65 translocation t@fthe i and 1« R "

i i \ ‘m, 'I.!ll '
5) The anti-inflanimatigh of curCHmin=de gulated¥EOX-2 through suppression of

COX-2 activity an PNF .f”f 1:‘:._"--'._- activities.

6) Curcumin restored_ag ’#”L?-,r = ila phanced NO bioavailability and

AUEANENINEINT
RINNIUANIINEAY
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Hyperglycemia |—--—— Curcumin

membrane
phospholipid
e m§ | PLa/seic
= | ROS product - )

: (O;) | ——C AR OV O sy.hesl = l": AAA

: _——, |

. ! PGG,

I §

: lmubim " BKG -, : ]

! / f-/, f " : PGH,

g > & '/ Y ! / \

Lantioxisne S o f fa 5 A - I

Endothelial cell -~

\\\

Smooth muscle cell

i

7 B\
| / P / 74 |

activation

inhibition

Figure 5.1. The ‘0 d mechanism for curcuurestore diabetes endothelial
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CHAPTER VI

CONCUSSION

The new findings in this pres age demonstrated that the beneficial effects

of curcumin supplementation \% '/;)e_l-al dysfunction in STZ-induced

diabetic rats. \ ér
— ™

These significant findirgseottdteSimmatized a@
- [
\

X/l igher both plasma glucose
DM-+cur300 rats had

lower plasm - 6, 088; %80and 300 mg/kg on six-

2. The endothelial ! W : the functional responses of
mesenteric arj#fi asog ﬁrﬁi‘"' A\Ch \* S\P“UBing real time intravital

j [ s \ \ N
fluorescence vidgPmi pyseThe c ispPfises to  ACh  significantly

decreased in ' l ONtro “L @les. No difference among

groups when used NP, ;;;,r,;:.psm‘p_ i g | antly improved by both low

and high doses (30 and 300 ....-.*-.: ly) of curcumin supplementation.
L]

3. An oxye:hra' was used to detect

intracellGtar. Os - production-in-endothelial-celi tion was markedly

increased M-BV ed supplementation of
either low 0H| gh doses of curcumim.

4. Basal level, DI‘Wemonstrated higher @B, (stable metabolite of TXA,) and

GUEINANTNUING -

5. The ratio of PGI,/ TXA; prostaglandins decreased ifeBM rats compared to 8éatrol
q balt control rats: i » '
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6. Immunohistochemical analysis comfirmed DM rats showed marked expression of
PKC-BIl, COX-2 and NF-kB. These suggested that PKC-dependent mechanism

was the triggering step by which hyperglycemia also induces oxidative stress and

in turn prostaglandins-mediated dilatation in diabetes.
| [
7. Curcumin inhibited th “ J t the dose of 300 mg/kg on six-
week curcumin sup didbept :

8. Curcumin hf;:%m,_mm i _7 ate COX-2 activity and
suppress NF= <pregsion,ifi diabgtic, rats,atath gs*of 30 and 300 mg/kg on

Six-week curci#
9. Curcumin 8 pdothelial dysfunction
significantly r g, COX-2 and NF-xB

supplementatio  pe " Depefic ahe atients by improving
F Y | 4.‘1’5: \ i
microvascul IQ . }w-_'— nting & ce of cardiovascular
1

ST
K oN

AUEANENINEINT
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