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A Therapeutic Target for Endothelium-derived Hyperpolarizing Factor Signaling
in Diabetic Vascular Complication
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Vascular tone is tightly regulated by endothelium-derived factors. These include relaxing factors (EDRFs) such as
nitric oxide (NO), hyperpolarizing factors (EDHFs), and contracting factors (EDCFs). Although EDHF is a promi-
nent vasodilator, particularly in smaller arteries, little attention has been paid to the potential role of EDHF responses in
diabetes. EDHF signaling may involve various factors, including several diffusible factors and non-diffusible factors
(e.g., gap junctions) . It has been demonstrated that the alterations in EDHF relaxation seen in mesenteric arteries from
diabetic rats may be attributable to an increase in phosphodiesterase 3 (PDE3) activity, leading to a reduction in the ac-
tion of adenosine 3”,5"-cyclic monophosphate (cAMP), and consequently the activity of protein kinase A (PKA) is
decreased in such arteries. Moreover, it has been suggested that the imbalance between EDRFs and EDCFs is present in
mesenteric arteries from type 2 diabetic rats and the EDHF relaxation can be partly reversed by suppression of EDCF
signaling. Indeed, chronic treatment with metformin, eicosapentaenoic acid, or thromboxane synthase inhibitor can
reduce EDCF signaling and normalize EDHF signaling in mesenteric arteries from type 2 diabetic rats. Although the im-
provement or restoration of EDHF responses has not been the direct subject of any pharmaceutical effort, increasing
cAMP/PKA signaling (e.g., by inhibiting PDE3 activity) or reducing EDCFs signaling has potential as an interesting
therapeutic target in diabetic vasculopathy.

Key words——endothelium-derived hyperpolarizing factor; endothelial dysfunction; diabetes; adenosine 3",5 -cyclic
monophosphate; endothelium-derived contracting factor; prostanoids
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Fig. 1. Alterations in EDHF-type Relaxation and PDE Ex-
pression in Mesenteric Arteries from Control Wistar Rats
and STZ-induced Diabetic Rats

(A) ACh-induced EDHF-type relaxations (in the presence of 100 um L-

NNA and 10 um indomethacin) in mesenteric arteries from control (Wistar)
and STZ-induced (Diabetic) rats. (B, C) Effects of the gap junction inhibi-
tor 18a-glycyrrhetinic acid (18c-GA, 100 um) and the PDE inhibitor IBMX
(20 um) on the EDHF-type relaxations in mesenteric arteries from control
(B) and diabetic (C) rats. (D) Effects of specific PDE inhibitors on EDHF-
type relaxations in mesenteric arteries from diabetic rats. EDHF-type relaxa-
tions were enhanced by the selective PDE3 inhibitor (1 um cilostamide) but
not by the selective PDE4 inhibitor (10 um Ro 20-1724). (A-D) Data are
means+S.E. of 6-13 experiments. (E) RT-PCR assay of expressions of the
mRNAs for PDEs in mesenteric arteries. Values are mean+S.E. of 3 deter-
minations. *p<0.05, **p<0.01, ***p<0.001. Modified from Matsumoto et
al.lo)
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Fig. 2. Cilostazol Improves EDHF-type Relaxation in Mesen-
teric Arteries from STZ-induced Diabetic Rats via an In-
crease in cCAMP and PKA Signaling

(A) EDHF-type relaxation in mesenteric arteries from control, STZ,
and cilostazol-treated STZ rats (n=12-14). Data are means+S.E. ***p<_

0.001. (B) Effects of a PKA inhibitor on EDHF-type relaxation. Data are

means +S.E. of 8 experiments. *p<0.05, **p<{0.01. (C) cAMP derivative

(DBcAMP; 30 um) -induced relaxation in the presence of IBMX. Data are

means +S.E. of 6 experiments. *p<0.05, **p<{0.01. (D) Measurement of

PKA activity in mesenteric arteries. Data are means+S.E. of 5 experiments.

*p<0.05. (E) Analysis of protein expression for PKA catalytic (Cat) and

regulatory (R) subunits in mesenteric arteries. Data are means+S.E. of 6 ex-

periments. *p<(0.05, **p<0.01. Modified from Matsumoto ef al.!¥
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Potential New Therapeutic Targets for EDHF Signaling in the Diabetic States

ACh-induced muscarinic receptor stimulation leads to G protein activation and elevations in cytosolic Ca2*. Then, activated G protein (including By-subunits)
and/or Ca* may also elevate cCAMP levels via AC activation (although it is currently unknown which isozyme of AC is activated) , thereby enhancing the electrical
conductance of myoendothelial gap junctions. In the holoenzyme state, PKA exists in an inactive form. After an increase in cAMP, the regulatory subunits bind to
cAMP, resulting in the dissociation of the holoenzyme into a regulatory dimmer and two catalytic monomers. The free C subunits can then phosphorylate various
substrates. EDHF signaling may be enhanced by PKA-induced phosphorylation of gap junction component connexin or K* channels. The reduced EDHF-type
relaxation present in the diabetic state may be attributable to an increase in PDE3 activity, leading to a reduction in the action of cAMP, and the reduced PKA activ-
ity may be due to an imbalance between the expressions of PKA catalytic and regulatory subunits. Cilostazol (PDE3 inhibitor) improves EDHF-type relaxations in
diabetic rats via an increase in cAMP/PKA signaling. AC, adenylyl cyclase; e, electrical charge; G, G protein; M, muscarinic receptor; PKA, protein kinase A;
SK¢./IK,, small-/intermediate-conductance Ca2*-activated K* channel. Modified from Matsumoto et al.”
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Fig. 4. Imbalance between Endothelium-derived Relaxing
and Contracting Factors in Mesenteric Arteries from Aged
Type 2 Diabetic OLETF Rats

(A-D) ACh-induced relaxation in mesenteric arteries from Long-Evans

Tokushima Otsuka (LETO) and Otsuka Long-Evans Tokushima Fatty

(OLETF) rats. Data were obtained in the absence (A) or presence (B-D) of

the following drugs: 10 um indomethacin (B) or 10 um indomethacin in com-

bination either with 100 nm apamin+ 10 um TRAM34 (C) or with 100 um L-

NNA (D). Data are means +S.E. of 5-11 experiments. *p<{0.05, **p<0.01,

*#%p<0.001 vs. LETO. (E) ACh-induced contractions of rings of isolated

mesenteric arteries with or without (-EC) endothelial cells (in the presence

of 100 um L-NNA) . Data are means+S.E. of 3-10 experiments. *p<0.05,

*4%p<0.001 vs. LETO. #p<0.01, #¢p<0.001 vs. OLETF. (F) Release of

TXB, (stable metabolite of TXA,) evoked by 10 um ACh in mesenteric ar-

tery rings, together with the effect of indomethacin (indo; 10 um) on ACh-in-

duced TXB, release in mesenteric arteries from OLETF rats. Data are means
+8S.E. of 3-6 experiments. *p<0.05, **p<0.01, ***p<0.001. (G, H) Anal-
ysis of COX1 (G) and COX2 (H) protein expression in mesenteric arteries.

Data are means+S.E. of 7 experiments. **p<(0.01. Modified from Mat-

sumoto et al.!y
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%, PiRERBLUN OB RIIENRESN TN S,

Fig. 5. EDHF Signaling and cAMP/PKA Pathway in Mesen-
teric Arteries from Type 2 Diabetic OLETF Rats

(A—C) Effects of the gap-junction inhibitor 18a-GA (A), a PKA inhibi-
tor (B), and the PDE inhibitor IBMX (C) on the EDHF-type relaxations.
(D-F) cAMP-mediated relaxation and PKA activity in mesenteric arteries.
(D) Concentration-response curves for the relaxations induced by
cilostamide. Decreases in cAMP derivative-induced relaxation (E) and PKA
activity (F) in OLETF mesenteric arteries. (A-F) Data are means+S.E. of 4
—6 experiments. *p<0.05, **p<{0.01, ***p<0.001. (G) EDHF-type relaxa-
tions in mesenteric arteries obtained from cilostazol (100 mg/kg/d for 4
weeks) -treated and -untreated OLETF rats. Data are means+S.E. of 8 ex-
periments. **p<{0.01, #*P<0.001 vs. OLETF group. Modified from Mat-
sumoto et al.1617

OLETF Z v ~ (36-42 jf#) 1% L T metformin
Z 4 JAREESR S L T (OLETF+met #) ML
7z& A, LETO # & ki L C OLETF # TiX

ACh 1T K 2 N R K 7 Pt 4% )i D855, EDHF £k
st % S s DI 55, EDCF K DR 2380 5 /-
7%, OLETF+met BEICHB W T, NE ARV HE
Jiv [Fig. 6 (A)], EDHF tkith#% [ it [Fig. 6 (B) ]
D ENED SN, EDCF KB T L [Fig. 6
(C)], ACh #i#%iz &% TXA, (data not shown),
PGE, £ [Fig. 6(D)] K TFL . 51T,
OLETF #IZB W TIEMEEIRIC BT % superoxide
EANERL TWED, ZHE OLETF +met #12
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Fig. 6. Metformin (Met) Normalizes Endothelial Function
and Reduces Prostanoid Release and Superoxide Generation
in Type 2 Diabetic Mesenteric Arteries

(A-C) Concentration response curves for ACh-induced relaxation (A,

B) and contraction (C). Data were obtained in the absence (A), presence of

10 um indomethacin +100 um L-NNA (B), or 100 um L-NNA (C). Data are

means +S.E. of 8 experiments. *»p<0.05, **p<{0.01, ***p<{0.001, LETO

group vs. OLETF group; *p<0.05, #*p< 0.01, untreated OLETF group vs.

Met-treated OLETF group; *p<<0.05, **p<0.01, untreated LETO group vs.

Met-treated LETO group. (D) Release of PGE, evoked by 10 um ACh in

mesenteric artery. (E) Mesenteric superoxide production by measurement of

amount of nitro blue tetrazolium (NBT). Data are means+S.E. of 6 (D) or

4 (E) experiments. *p<{0.05 vs. LETO group. #{p<0.05, #p<0.01 vs.

OLETF group. Modified from Matsumoto ef al.'¥

BLwTHflanTWe [Fig. 6(B)]. IhoDl &
M5, metformin [ZMEICEZEMICERL T, Mm%
&M prostanoids %> oxidative stress 2 HIf 9% &
EIE > THEEREZUET S Z LB M LT
7z. Metformin DfEf R EEZ 5N TS AMP-
activated protein kinase (AMPK) D& (L3 Al-
CAR ZAQLiEd % Z & T prostanoid fE4 < EDCF I
KB RDHIEI S N5 Z & (data not shown) 7 5,
AMPK DiEHAL I —EEI 5 L TH D, metformin
7S AMPK ZIEMALT 5 2 LTk - TR HRERE
R U2 rJREME S RIB X 417- 73, metformin O Ifil
BN T 2 ERERICE L TIE SR OMm
AETH 5.0

£ n-3 JIENfE TH S eicosapentaenoic acid (EPA)
i, DMEREEORE - EROWIEICERATH S Z

EMEFERBINTWS, OLETF 7 v kb (46-50
TR 126 LT EPA % 4 ARIEMHRE L THRETL
=& A, fid L7 OLETF v RISk T/
HINERYE, T/bb, ACh FERHNEKKEM
#% [ Jts, EDHF #oth#% iz, EDCF D4 -+ I
KRS EPA #: 58 Tiki# L /= (data not shown).
EPA & G REICHBWTIX, BREEHIRICH T S
COX2 HHIK T, ERK{EHDEK T Z5/ =K Z
U, E7=MEBRENRIC B W T NFkappa B &% & (%
TLAZZEMS (data not shown), T 5 DEIE
7Y, NERERELEIC OIS L T REMEAVRIZ &
iz,

ff % DIMEICHWNWT, EDRFs & EDCF 737 O X
=27 L TWSZENHESINTNDS, NEHKH
TONT > AREN I > TW5 2 B RIERRE
12BN T metformin % EPA A B/ 5 U /=48 5,
BIEOE A, #Mlian T AN X LICBEL TR
ATz EB8 53 &% Wiy, EDCEF signal 23l S5 &
EDHF signal N ik#ET % & W o 7 Hl /2 57z, 2020
% 2T, EKIZ EDCF Z#l#fild % Z &7 EDHF
signal D 2 IEIZDRMN BN ZEMRFT 5728, EDCF
DEERT TH D TXA, & LB FEHZEH ozagrel 2
B G U CHEREEIIRIC 31) 5 EDHF g X
JRIZDWTHA L7z & 2%, EDHF #alfE KR A
HomicekET S Z ENHS M ETR o /= (data not
shown). 2 L7=2>T, I —BHOMmENS, 2
RUBE R 2 REIMICREB L2 KD BREFICBNT
%, EDRFs & EDCF O 7 O A h—7 QREMNEZ
STWB ZENHSMNERD, EDCF signaling @
i 7% EDHF signal Z & S 8 2 JREMENH 5 Z
EMHENETRS .

6. HHYIC

RWFEDFERN S, FERWRERFIZ 1T 5 EDHF
PEEDOHETFO NS hElro iz, MEITBITS
O ETEEAETH 2 I - iR OSICBE L T, I
BRNNE <IN 5FE, EDHF OF 5N K E
<72%H, HERFKFERIZHBWTIZ, EDHF sig-
naling DEENE > TH D, ZHiT cAMP ([T X
% EDHF 29 5 i /R @ E N REL TS
WIZEZ D EWD ZENHS N ETRo T2, £, 2
RUBE R = RIRICEE L 2T IIVITB W T,
EDHF Di#55 & & 12 EDCF OJLi#ENRK Z > TH
D, IN6GNIZOXA—7FTHIET, BRLHERH
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REEAUCIETCWAHEMENHS N LS. Ih
£ T, EDHF 253 L TWH W DM DIFREET
R LT, 20WERKESY —7 v F & LziRE
FK75 £ )Y EDHF signaling 2 & X5 2 E0VHE
ENTIEWED, 20D, FMlEs THEF
WL TIEE<AHTH- 7=, AHFEICE->T, M
BT LT cAMP/PKA Rz TGS 2 K D 7a gk
Y, i Z1Z, PDE3 [HZ# (cilostazol), & % Wi,
EDCF Z#lifil 9 % & 5 723 (prostanoid & i
FHZE# > TP 2 &K antagonist), & % )13 metfor-
min > EPA W5 /= H DM EDHF 24 —4~ v b &
U7z L WREHIK I/ D G5 EBbns. Ll
IRING, TS OHIED, BERIEE WD EHEIERE
WKBWTHEBEBOHRRKTH 2 DONIIHEETIZHS »
Tld7e <, BERMEIY TD EDHF OEEELL>Z
DOIFAEMFICEL TIX, BFRO2BRHANDLETHA
D, FERRIE LR/ M B E 9 B IR RIS IR WV
72, ERICHSIINTB ST, BERBIEM /N
EORIE - #EZHIET S ENTEIUL, BERF
BFD QOL IFBIMICHEIND DT, RN
PR VA /DN 78 B 2 12 5k 3 % TR R R G O — B I 7e
EENWTH 5.

B AWIEEETTS5ICHAD, OLETF K
UNLETO T v b Zft5 L TIHW 2 KR (k) ff
BZEANCL K DEGHEL £9. AWFZRIE, 2R
RFHEBETLRENI 7R R TITb N TH O, A
DEITIT Y 72 O AKIATHTE S TE X £ U 7= S I s 1k 2082
WOKDEHH LU BT ET. £, AWFFRETOIC
W7 DR, M TEE E U /N R,
WO AL D BRI < B L £ 7.
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