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Abstract

Diabetes mellitus is a major risk factor to impair endothelial function and induce cardiovascular diseases
TNF-alpha (TNF)is expressed during a variety oflammatory conditionsWe hypothesized that impairment in
coronary endothelial function in type 2 diabetes is due to the overexpression of TNF and TNF receptors (TNFRs
Endotheliumdependent (acetylcholine, ACh) aiithdependent vasodilation (sodium nprasside, SNP) of
isolated, pressurized (60 crs®) coronary arteries (5000 pun) from lean control and Zucker diabetic fatty
(ZDF, the model of type 2 diabetes) rats were determined. In lean rats, SNP and ACh induaipeindent
vasodilation, but dilatin to only ACh was blocked by the NOS inhibitof-MonomethylL-arginine (LNMMA,

10 UM). In ZDF rats, dilation to ACh was blunted compared to lean rats, but-iGiNRed dilation was
comparable. Neutralizing antibodies to TNF, or blockade of NAD(P)H anthixee oxidase, partially restored
endotheliuradependent, N@nediated vasodilation in isolated coronary arteries in ZDF rats, buTEftidid not

alter endotheliundependent vasodilation in lean rats. The mRNA expression of TNF receptor 1 (TNFR1, but not
TNFR?2) significantly increased in coronary arteries in ZDF rats. Protein expressSidfFaindN-Tyr (ONOQO)

were higher in coronary arteries in ZDF than those in lean rats. ProductiopOgfNAD(P)H oxidase and
xanthine oxidase activity were all higharZDF rats than those in lean controls; aflF reduces the production

of H,O,, N-Tyr expression, NAD(P)H oxidase and xanthine oxidase activity in ZDF Tdiese results
demonstrate the endothelial dysfunction occurring in type 2 diabetes is theofesfidicts of the inflammatory
cytokine TNF that activates NAD(P)H oxidase and xanthine oxidase; and perhaps acts mainly through thi
overexpression of TNFR1
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INTRODUCTION

Diabetes mllitus is associated with a
significant increase incidence in the development
of cardiovascular diseases. Vascular disease,
particularly of the coronary arteries, is the major
cause of morbidity and mortality in type 2 diabetic
subjects (4). Diabetes impaired endothelium
dependent relaxation in rabbit aorta in vi{iil,

22), and the cerebral circulation in vi@0, 11)
Function of vasodilation in intestinal and skeletal
muscle vessels were decreasedype 2 diabetes
(8, 13). However, few investigations into the
dysfunction of heart coronary arteries have been
conducted in diabetes. TNIS one of the key
inflammatory mediairs expressed during a
variety of inflammatory conditions, and takes part
in a variety of physiological and pathological
phenomena. For example, TNF expression was
increased in coronary arteries in
hyperhomocysteinemia, an independent risk factor
for cororary artery diseas€l5, 19) The titer of
TNF in circulation increased in weighggining
rats, but decreased in weigbsing raty6).

TNF initiates inflammatory responses by
binding to two dstinct cell surface receptors of 55
kDa (TNFR1) and 75 kDa (TNFR2)0). The
increase in membrane and soluble receptors
togetherwith an increase in the presence TNF
could increase signaling activity into cells.
However, little information is available regarding
the role of TNF in endothelial dysfunction of
coronary arteries in advanced type 2 diabetes.
Accordingly, we are initiatig exploration of
whether type 2 diabetesduced coronary
endothelial dysfunction is mediated by TNF
and/or TNFRs, the elucidation of the mechanisms
involved in this abnormality, and further
deciphering the expression and cellular sources for
TNF in Zucke diabetic fatty (ZDF, the model of
type 2 diabetesiats. The basal superoxide I )
release was significantly elevated in vessels from
patients with diabeteq5). OE [ can | e
formation of other reactive oxidative species
(ROS) such as hydrogen peroxide @) and
peroxynitrite  (ONOO). We also tested the
mechanisms by which TNF/TNFR-induces
endothelial dysfunction, and the role of ROS

Am. J. Biomed. Sci2010,2(1), 1-12; doi: 10.5099aj100100001 © 2010 by NWPII. All rights reserved.

(O:ET ,,0, HONOQO) in cormary arteries in
advanced type 2 diabetes

MATERIALS AND METHOD S

Animal models of type 2 diabetdsventy six
to thirty two weeks old, 4004550 g lean and
9004100 g ZDF (Charles Rivers) male rats were
used. The ZDF rat was an inbred rat model that
through @netic mutation and a managed diet of
Purina 5008 will closely mimic human adult onset
diabetes (type 2) and related complications.
Additionally, nature and fat content oPurina
5008 diet. When fed a diet of Purina 5008,
homozygous recessive males (fa/fdg¢veloped
obesity, hyperlipidemia, fasting hyperglycemia
and type 2 diabetes. Homozygous dominant (+/+)
and heterozygous (fa/+) lean genotypes remained
normoglycemic. The ZDF rat was an accurate
model for type 2 diabetes based on impaired
glucose tolerare caused by the inherited obesity
gene mutation, which leads to insulin resistance.
Neutralizing  antibody  experiments  were
conducted on both lean Zucker (the control rat is
from the same genetic background as the ZDF)
and ZDF rats. We defined 26 to 32 weeltd ZDF
rats as advanced type 2 diabetic rats in this study.

Treatment with TNF neutralizationThe
neutralizing antibody to TNF (artiNF) (9) used
in these studies is 2E2 monoclonal antibody (2E2
MADb. 94021402, NCI Biological Resources
Branch). At26-32 weeks of age, all rats received
the neutralizing anfiNF (2E2 MAb. 0.625
mg/ml/kg/day,3 days, i.p.)(16). The rationale for
this dose of antibody was based on our estimates
of TNF expression (in the low ng or pg range) and
this dose is able to neutraéi 16100 fold this
amount of TNF.

Functional assessment ofisolated small
coronary arteries. A branch of the septal coronary
artery (407 100 pm in diameter; ~ 0.5 mm in
length) was carefully dissected for in vitro study
asddescrib@d previousl{l6). Vessels were then
cannulated with glass micropipettes, pressurized to
60 cm HO intraluminal pressure, and bathed in
physiological salt solution (PSS). The inner
diameters of coronary artewyere measured using
video microscopic techniques. After developing a
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stable basal tone (i.e., spontaneous constriction to
60-70% of maximal diameter), the experimental
interventions were performed. The concentration
diameter relationships for ACh (0.1 nrfioko 10
pmol/L) and SNP (1 nmol/L to 1 pmol/L) were
then established. The contributions of the NO
pathway in these vasodilations were examined by
treating the vessels with the NOS inhibitof-N
monomethyL-arginine (LNMMA, 10 pmol/L,
30-minute incubation We tested the dose
response curve to flomduced dilation (FID,
range ofDP [that is linearly related to flow] from 4
to 60 cm HO), a response that is endothelial
dependent, but agonist independent.

To determine whether TNF was playing a
role in endothelial injury in the type 2 diabetes,
endothelial dependent and independent dilation
was assessed in coronary arteries from-BNf
treated rats. To determine the role of TNF and
OE I ani on i n type 2
vasodilatory functions were xamined in the
presence of inhibitors of ROS. The contribution of
NAD(P)H oxidase, xanthine oxidase and
mitochondrial respiratory chain in generatingcQd
in type 2 diabetes were assessed by treating the
vessels with an NAD(P)H oxidase inhibitor
apocynin (0 pmol/L), a xanthine oxidase
inhibitor oxypurinol (100 pmol/L) or the
mitochondrial respiratory chain inhibitor rotenone
(2 pmol/L) for 60-minute incubation, separately
(25). All drugs were administered extraluminally
in these functional studies.

RNA extraction and reverse transcription
polymerse chain reaction (RPCR) analysisThe
MRNA expression of TNFR1 and TNFR2 were
estimated by a semiquantitative ffCR assay.
Total RNA was extracted from isolated coaoy
arteries in ZDF and lean rats-@4vessels) using
Trizol reagent (Life Technologs Inc), and was
processed directly to cDNA synthesis using the
Super ScriptE |11
Technologies Inc). The singkrand cDNA was
amplified by PCR with Taq DNA polymerase. The
sequences of sense and antisense primers,
respective BER conditions, and cycle counts were

as follows: TNFR1, sense: accaagtgccacaaaggaac,

antisense: ctggaaatgcgtctcactca, 1min at 94C,
1lmin at 55€C, and 1min at 72€C, 35 cycles;
TNFR2, sense: aaatgcaagcacagatgeagisense:
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cagcagacccagagttgtca, 1 min at ©4°L min at
55€, and 1min at 72€C, 35 cycles.GAPDH
cDNA was amplified as control.

Protein expression of TNF anditrotyrosine
(N-Tyr) bywesternblot analysesForwestern blot
analysis, isolated coronary arteries6(4vessels)
were separately horgenized and sonicated in

|l ysis buffer (CellyticekE
Lysis/Extraction Reagent, Sigma). Protein
concentrations were asse

Protein Assay Kit (Pierce), and equal amounts of
protein (40 1g) were separated by SIPAGE and
transferred to nitrocellulose membranes (Hybond,
Amersham). TNF and Nyr (an indicator for
peroxynitritemediated tissue injury) protein
expression were detected western blot analysis
with use of TNF primary antibodies (Santa Cruz)
and N-Tyr primary antilodies (Abcam) in lean,
ZDF rats, ZDF rats treated with afftNF (0.625
dnp/mlikggdaye3sdays, itp.h @ ZDE adsvtreated
with  TEMPOL (100 mg/kg/day,7 days, i.p.).
Horseradish peroxidasmnjugated antibads
(Abcam) were usedas secondary antibodies.
Signds  were  visualized by enhanced
chemiluminescence (ECL, Amersham), and
guantified by Quantity One (BioRad Versadoc
imaging system).

Electron paramagnetic resonance (EPR)
spectroscopy.Superoxide quantitation from the
EPR spectra was determined in themlogenate
(4-6 isolated coronary arteriesach group as
described previouslyl6) in lean, ZDF rats, ZDF
rats treated with anriiNF (0.625 mg/ml/kg/day3
days, i.p.), or ZDF rats treated with TEMPOL
(100 mg/kg/dayy days, i.p.).

NAD(P)H oxidase activity. NAD(P)H
oxidase activity was assayed in protein isolated
from coronary arteésextracts as initiated by the
addition of 50 pmol/L N, Ndimethyt9, 9-
biacridinium dinitrate (Lucigenin) (Sigma, St.

Re v er deuis, MPaWSAL 0 ]thet ircigbation (mixjure. e

Samples were counted immediately using a table
top luminometer and fluorescence values were
averaged from 2 minutes of stable readings for
that sample. Sampledsom lean, ZDF rats, ZDF
rats treated with anriiNF (0.625 mg/ml/kg/day3
days, i.p.), or ZDF rats treated wilpocynin (100
mg/kg/day,3 days, i.p.)were run in duplicate and
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the NAD(P)H oxidase activity was normalizéal
the lean control rats.

Xanthne oxidase activityXanthine oxidase
activity was measured by Amplex red xanthine
/xanthine oxidase assay kit (A22182) from
Invitrogen according to the kit protocolrd®ein
isolated from coronary artes was usedas the
sample. Absorbance was read &05nm using
spectrophotometeiXanthineoxidase activity was
normalizedo the lean control rats.

Measurement of ¥D,. Production of HO,
was determined by using the Assay Kit (R & D
Systems). Serum was obtained frdean, ZDF,
ZDF rats treated withH,O, inhibitor catalase
(10,000 Uday, 3 days, i.p.) and ZDF rats treated
with antFTNF (0.625 mg/ml/kg/day3 days, i.p.)
The HO, concentration was then determined by
measuring the optical density of the solution in
each well (microplate reader set to 580).

Statistical analysis At the end of each
experiment, the vessel was relaxed with -100
pmol/L SNP to obtain its maximal diameter at 60
cm HO intraluminal pressure.All diameter
changes in response to agonists were normalized
to the vasodilation inesponse to 100 pmol/L SNP

Table 1. TheParameteraitheDifferent Strairs of Rats:

and expressed as a percentage of maximal
dilation. All data are presented as meaniSEM,
except as specifically stated (e.g. as meaniSD for
molecular study). Statistical comparisons of
vasomotor responses under various treatments
were performed with onway or twoeway
ANOVA and intergroup differences were tested
with Bonferonni Inequality. Significance was
accepted at P<0.05.

RESULTS

Plasma concentrations of glucose, blood
pressure, body weights, abdominal girth, lipid
level and insulin resistance.Plasma parameters
(Table 1) were measured at6-32 weeks in
different strains of the rats. Body weight,
abdominal girth, glucose concentration and
cholesterol wee higher in ZDF compared with
lean rats. In ardiNF treated ZDF rats,no
differences were observed in body weight,
abdominal girth, blood glucose or lipid level
compared with lean ratdnsulin level and blood
pressure did not differ among the animals on the
day of surgery.

Groups lean ZDF ZDFMENti
Body Weight, g viigi1)) 90QaLO0* 90060*
Abdominal Girth, cm 16°0.8 22°0.6* 23°0.6*

Lipid Level, (hormalizeunit) 1 4°0.5* 3°0.21*
Blood Glucosegg/mL 14020 53®0* 526°42*
Plasma Insulin, ng/ml 0®01 0.7D.02 0.7D.02
Blood Pressure, mm Hg 120 12% 1263

Metabolic values from learZDF, and ZDF ratstreatedwith antrTNF thanthose inlean ras. Data are

represented asean$ SD.*P<0.05 vs lean rats;#10

Effects oftype 2diabetes on N@nediated
vasodilation to AChlsolated rat coronary arteries
from lean control rats dilated in a conaation
dependent manner to ACh. The NOS inhibitor, L
NMMA (10 pmol/L, 30 min) inhibited
vasodilation to ACh vs control (Figure 1A).
However, AChinduced vasodilation was blunted
in arteries from ZDF rats, andNMMA did not

further affect this response ¢danot shown),
suggesting that NO production or bioavailabilty is
impaired in type 2 diabetes. Figure 1dhows
abrogated FID (flownduced dilation) in ZDF rats
compared to leans. We also studied the role of
TNF in the type 2 diabetasduced vascular
dysfunction. Figure 1 shows that neutralizing
antibodies to TNF restored N@ediated
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contrast, SNREnduced vasodilation was normal

in both lean and ZDF rats (data not shown). These
data indicate the vasodilation to ACh is
endotheliuradepemlent, and N@nediated in rat
coronary arteries.

vasodilation (AChinduced and flownduced) in
ZDF rats; vasodilation in lean rats remained
normal (Figure 1A & 1B). This observation is the
cornerstone of our hypothesis tleaterexpression
of this inflammatory cytokine produces
endothelial dysfunction in type 2 diabetes. In
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Figure 1. Isolated coronary arteries from lean rats dilated in a concentdgjpendent manner to ACh. The NOS
inhibitor, L-NMMA (30 min, n=8) inhibited vasodilation to ACh vs control (Figure 1A). Irrailar manner with k

NMMA, ACh-induced vasodilation was blunted in coronary arteries from ZDF vs lean contrls (n=8, Figure 1A). Anti
TNF restored N@nediated coronary arteriolar dilation in ZDF rats (n=6), but did not affect the vasodilation to ACh in
leanrats (data not shown, n=6). Figure 1B shows that FID was abrogated in ZDF rats (n=5), but similar to the respons
for ACh, antiTNF restored FID to near control levels (n=5). ARNF did not affect the vasodilation of control
vessels. *P<0.05 vs lean sand #P<0.05 vs ZDF rats

chain inhibitor rotenone (1 pmol/L, data not
shown), to determine if vadoation to ACh would

be restored by inhibiting of ROS in ZDF rats
(Figure 3A). Administration of apocynin restored
impaired vasodilation to ACh in ZDF rats;

Protein and mRNAexpression of TNF and
TNFRs. Western blot results show the protein
expression off NF was increasedh isolated small
coronary arteriedn ZDF rat compared tdean
control(Figure2A). RT-PCRanalysis showed tha

the mRNA expression of TNFR1 was increased
significantly in ZDF rat coronary arteries (Figure
2B), but the mRNA expression of TNFR2 was not
different in coronary arteries isolated from ZDF
and lean rats as shown in Fig@@. The levels of
MRNA encodingfor GAPDH were not found to
be significantly different between groupBhese
results corroborate the functional results shown in
Figure 1.

Roles of ROS inype 2 diabetesinduced
vasculardysfunction.To establish the pathway for
OE I
with NAD(P)H oxidase inhibitor apocynin (10
pmol/L), xanthine oxidase inhibitor oxypurinol
(100 pmol/L) or the mitochondrial respiratory
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administration of apocynin+oxypurinol further
restored impaired vasodilation to ACh to the lean
control level in ZDF rats, but rotenone did not
affect the impaired vasodilation (data not shown).
We also examined the roles of®} in the
presence of kD, inhibitor catalase (10,000U/ml)
or ONOO with ONOO scavenger ebselen (10
pimol/L, glutathione geroxidase mimetic) in ZDF
rats (Figure3B). Ebselen or catalase also restored
impaired vasodilation to ACh in ZDF rats, but did
not affect the vasodilation in lean rats (data not

production,EWwesadwmeshpwenj er ed O

Type 2 diabetesinduced production of
superoxideand H,O; in coronary arteries intype
2 diabetes.Figure 4A showed the results from

© 2010 by NWPII. All rights reserved. 5



showed elevation in HO, production in ZDF rats
compared to the lean control rats. Treatment with
ant-TNF or catalaseeduced HO, production in
the ZDF rats.

EPR spectroscopy quantifying the production of
O.E lwasincreasedn ZDF rat compared to lean
and reflect agreement with those obtained by the
functional data discussed above. Figudd
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Figure 2. Western blot analysis @iNF protein level inisolated coronary arteries from lean and ZDF rats. As shown in
Figure 2\, we found that protein expression of TNF (17 kD) was significantly incrdasedlatedcoronary arteries

in ZDF rats compared to lean rats. Data represent rm8&&ngom 3 differeneexperiments*P<0.05 vs. lean rats. As
shown from Figure2B and 2C mRNA expression of TNFR{Figure 2B) was significantly increased in coronary
arteries from ZDF rat, but the mRNA expression of TNFRRBure2C) has no differences between ZDF and lean rats.
The levels of mRNA encoding for GAPDH were not found to be significantly different between the groups. Data

represent meahSD from 3 differenexpeiments.*P<0.05 vs. lean rats

A —O0— Lean B —O0— Lean
—{— ZDF+Apocynin+Oxypurinol —{O— ZDF+Catalase
—i— ZDF+Apocynin —— ZDF+Ebselen
- 601 - 604
il ke)
kS kS
O 404 A 404 .
: i
3 201 3 20 #
= = #
e} e}
X 04 X 0+
-20 -20

-1 10 9 -8 -7 -6

Acetylcholine (log mol/L)

-1 10 -9 -8

-7

-6
Acetylcholine (log mol/L)

-5

Figure 3. Apocynin (Figure3A) partially restored vasodilation in ZDF rats, but administration of apocynin and
oxypurinol (xanthine oxidase inhibitor) improved vasodilation to the control level in ZDF rats. Administudti
ebselen (Figur8B) or catalase (FigurgB) also restored impaired vasodilation to ACh in ZDF rats, but did not affect
the vasodilation in lean rats (data not shown). *P<0.05 vs lean rats and #P<0.05 vs ZDF rats
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Figure 4. Figure 4Ashows the radts from EPR spectroscopy to quantify the production & 0. The pr odu
OEI' was higher in isolated coronary art e-TNFaeucddithe m Z
productonof GEI t o t he | e v e rats FipuseédBrshowsithati KD, produation (ne7a is higher in ZDF

than that in lean rats Anti-TNF reduced the production of,8, in ZDF rats Catalase greatly attenuated.(4
production in ZDF rats without affecting of .8 production in lean rats, and thus showing specificity of the
measurement for the particulag®} production. *p<0.05 vs lean rats and #p<0.05 vs ZDF rats.

Figure 5. NAD(P)H oxidase activity was higher in ZDF th#matin lean control ratsTreatment by apocynin or by
anti TNF significantly decreased NAD(P)H oxidase activity in ZDF (&igure 5A,n=8), separately. Bars represent
the increased NAD(P)H oxidase activity in ZDF rats as a fold change of lean céigrole 5B shows us xanthine
oxidase activity was also higher in ZDF rats than that in lean rat and@iMdRtireatmentould attenuatehe increased
activity in ZDF ratqn=8).

Type 2diabetesincreased NAD(P)Hbxidase in lean and elevated in ZDF rats (Figu®)5The
and xanthine oxidasectvity. NAD(P)H oxidase treatment of airNF (0625 mg/ml/kg/day, 3
activity from isolated coronary arteries is normal days, i.p.) or apocynin (100 mg/kg/day, 3 days,
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