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ABSTRACT

ADP-ribosylation may be involved in the process of macrophage activation. Nitric oxide (NO) has emerged
as an important intraceliular and intercellular regulatory molecule with function as diverse as vasodilation,
neural communication or host defense. NO is derived from the oxidation of the terminal guanidino nitrogen
atom of L—arginine by the NADPH-dependent enzyme, nitric oxide synthase (NOS) which is one of the three
different isomers in mammalian tissues. Since NO can exert protective or regulatory functions in the cell at a
low concentration while toxic effects at higher concentrations, its role may be tightly regulated in the cell.
Therefore, this paper was focused on signal transduction pathway of NO synthesis, role of endogenous TGF-f
in NO production, effect of NO on superoxide formation. Costimulation of murine peritoneal macrophages
with interferon—gamma (IFN-y) and phorbol 12~myristate 13-acetate (PMA) increased both NO secretion
and mRNA expression of inducible nitric oxide synthase (iNOS) when PMA abolished costimulation.
Pretreatmnet of the cells with PMA abolished costimuation effects due to the depletion of protein kinase C
(PKC) activities. The involvement of PKC in NO secretion could be further confirmed by PKC inhibitor,
staurosporine, and phorbol ester derivative, phorbol 12, 13-didecanoate. Addition of actinomycine D in IFN -y
plus PMA stimulated cells inhibited both NO secretion and mRNA expression of iNOS indication that PMA
stabilizes mRNA of iNOS. Exogenous TGF-p reduced NO secretion in IFN-y stimulated murine macro-
phages. However addition of antisense oligodeoxynucleotide (ODN) to TGF- to this system recovered the
ability of NO production and inhibited mRNA expression of TGF~f. ACAS interactive laser cytometry
analysis showed that transportation of FITC~labeled antisense ODN complementary to TGF-B mRNA could
be observed within 5 min and reached maximal intensity in 30 min in the murine macrophage cells. NO
released by activated macrophages inhibits superoxide formation in the same cells. This inhibition may be
related on NO-induced auto~adenosine diphosphate (ADP)-ribosylation. In addition, ADP-ribosylation may
be involved in the process of macrophage activation.
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3t NO2| AAde] A3 F71E¢E ¥ 5 3l
At =8 1IFN-y& A28 ¥ 6A]7 & PMAE
et A 2Hge]l HAYE &+ A
(Table 1).

&4 AT Z7}¢} INOS mRNA 7He] #A2
Zm317] $]3le] INOS mRNAE Northern bloto
2 Atk (dFN-yE 22§ A Az
A= ¢Fz7re] iNOS mRNA expressione] 2215 ¢}
i LPSY} PMAE rIFN-y¢} &7 &g #$
iNOS mRNA expressione] #*3] Z713-8 4 4
Q1gich =3 PMAE o5& X2d A9 iNOS
mRNA expressione] *4& =7 ¢igtovt LPSel=
2] PMAe] 2]t (IFN-yE& 23 A=)
nitrite A3 wijek 2ol AAI Frlslr)
Frldle= FA3 e & 5 U= (Fig.
1A). =3} IFN-y9} PMA = 93 NO2| 3§
A& PMA 3= &EHde & 4 AT (Fig.
1B). =3t PMAYX LPSZ $=% NOY & ¥l
E ¥z AS gl FSIAT 6417 Aol
PMAE A3t & IFN-yZ 233511 NO A
o = Agzhge] viehtA ekgk=rl (Fig. 2), °l
= PMAY} PKCe A& TZAZ7] wWEFe=z
A7t



72 KOR. J. ENVIRON. TOXICOL.

~
o

-0~ rFN
-4 riFN + PMA

[+.3
o

(4]
o

H
o

Nitrite concentratiom(V)
w
o

20

10

o T T T T T =T T T

0 €6 12 18 24 30 36 42 48

Time (hours)

Vol. 15, No. 3

=~ a-PDD
-+ PMA

T T T

2 20 200 2000
Phorbol ester (nM)

Q

Fig. 1. NO release by murine peritoneal macrophages stimulated with fTFN-y or rfIFN-y plus PMA. TG-elicited macro-
phages (2 X 10%) were cultured for 6 hrs in medium containing rIFN -y (5 U/ml). The cells were then stimulated with
either medium or derivatives of phorbol ester for 48 hrs, and released~NO was measured by the methkods of Griess.
(A) Time dependent effects of PMA (200 nM) on the sIFN~y treated macrophages. : rIFN-y treated, ®: rfIFN-y
plus PMA treated. (B) Dose dependent effects of a-PDD (A) or PMA (@) for NO release on the rIFN-y treated
macrophages. Results are presented as the means £ SD of 5 independent cell preparations.
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Fig. 2. pretreatment of PMA before the stimulation with
rIFN -y abolished the synergistic cooperation amo-
ung rIFN-y, PMA and LPS. TG-elicited macro-
phages (2 X 10%) were cultured for 6 hrs in the ab-
sense or presence of 200 nM PMA and stimulated
with either 5 U/ml rIFN-y, 5U/ml rTFN—y plus 200
nM PMA or 5 U/ml rIFN-y plus 10 ng/m! LPS. NO
release was measured by the methods of Griess.
Values are the means & SD of three experiments.
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Fig. 3. The effect of PMA on the production of NO by mac-
rophages from BCG-injected (i.p. 2 ml of 1 x 108
BCG/ml) mice. Macrophages from BCG-injected
mice were cultured for 48 hrs in the presence of
either PMA alone or PMA plus rIFN-y. NO release
was measured by the methods of Griess. Values are
the means + SD of three experiments.

Table 2. Effects of STSN or polymyxin B on the produc-
tion of NO by IFN-y or IFN-y plus PMA -sti-
mulated macrophages

NO,~ Inhibition
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2 TG-elicited macrophages were cultured for 6 hrs with either
in medium alone or in medium containing rIFN—y (5 U/ml).

b Either rIFN-y or rIFN-y plus PMA-stimulated cells were
treated with STSN (200 nM) or polymyxin B (100 U/ml) at 6
hrs after incubation.

¢ The amount of NO,~ released by macrophages was measured
after 48 hrs of incubations. Values are means +SD of four
experiments.

4 TG-elicited macrophages were cultured for 6 hrs with rIFN-
v, and then the cells were stimulated with PMA (200 nM).
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Fig. 4. Effect of PMA on the actinomycine D-induced inhi-
bition of NO secrection by rIFN-y-stimulated mac-
rophages. TG—elicited macrophages (2 X 10°) were
cultured for 6 hrs either in medium alone or in me-
dium containing rIFN-y (100 U/ml). The cells were
then treated with either actinomycin D (1 pg/ml) plus
PMA (200 nM) as indicated, cultured for 48 hrs, and
NO release was meansured by the method of Griess.
Values are the means +SD of three experiments.
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Fig. 5. Effects of STSN or polymyxin B on the induction of
NO synthesis induced by rIFN-y- or rfIFN-y plus
TNF-a-stimulated murine peritoneal macrophages.
TG-elicited macrophages were cultured for 6 hrs
with rIFN -y (5 U/ml) in the presence of STSN (20
nM) or polymyxin B (100 U/mi) and then the cells
were treated with or without TNF-a (1,000 U/ml).
The amount of NO,~ released was measured after 48
hrs of incubation. Values are the means +SD of
three experiments.
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Fig. 6. Dose dependent effects of antisense ODNs com-
plementary to TGF-f§ mRNA on NO production on
murine peritoneal macrophages. TG-elicited mac-
rophages (2 X 10%) were cultured with various con-
centration of antisense or sense ODNs complemen-
tary to TGF-f mRNA in the presence or absence of
fIFN -y (5 U/ml). After 48 hrs incubation, NO re-
lease was measured by the methods of Griess. Re-
sults are expressed as the means+SD of 3 inde-
pendent cell preparations.
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Fig. 7. Dose dependent effects of anti-TGF-§ antibodies
on NO production in murine peritoneal macrophages.
TG-elicited macrophages (2 x 10°) were cultured
with various concentration of anti-TGF-f antibod-
ies in the presence or absesce of rIFN-y (5 U/ml).
After 48 hrs incubation, NO release was measured by
the method of Griess. Results are presented as the
means =+ SD of 3 independent cell preparations.
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Fig. 8. Effects of exogenous TGF-f on antisense ODNs-

or anti-TGF-P antibodies-induced NO production
in IFN-y-treated murine peritoneal macrophages.
TG-elicited macrophages (2 X 105) were cultured
with rIFN-y (5 U/ml), antisense ODNs (20 mg/ml)
plus IFN-y, or exogenous TGF~f§ (5 ng/ml). After
48 hrs incubation, NO relese was measured by the
method of Griess. Results are presents as the means
=+ SD of 2 independent cell preparations.
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Fig. 9. Time course of NO and seperoxide productions by murine peritoneal macrophages during activation. The cells (2 X
106 cells/dish) were incubated either in medium alone or in medium containing 5 U/ml rIFN~y and 10 ng/m! LPS at
37°C for 6, 12, 24 and 48 hrs. The supematants were collected for determination of nitrite content (A). The cells were
then washed and harvested for determination of PMA -induced superoxide formation (B). The results are means +SE
for triplicates. Where error bars are not shown, they are fall within the symbol. (A) Time course of NO generation.

(B) Time course of superoxide formation.
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Fig. 10. Effects of NSMMA on the producrtion of NO and superoxide. TG-elicited peritoneal macrophages (2 X 10
cells/dish) were incubated with 5 U/ml rfIFN-y plus 10 ng/ml LPS in the presence or absence of 1 mM N°MMA ¢
37°C for 48 hrs. NO was measured by method by Griess (A) and superoxide formation was determined b
Chemiluminescence assay (B). The results are the means - SE for triplicates. Where error bars are not shown, the

are fall within the symbol.
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Fig. 11. Effect of SNP on the superoxide formation by mu
rine peritoneal macrophages. TG -elicited peri
toneal macrophages (1 X 106 cells/dish) were incu
bated with the various concentrations of SNP and
or TNF-a at 37°C for 6 hrs. The cells were the;
collected and incubated in luminometer for deter
mination of PMA ~induced superoxide formation
Representive results of at least three similar experi
ments are shown.
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Table 3. Effect of 3—-ABA on the production of superoxide
by murine peritoneal macrophages

Photons/60 min ( X 108)

Cells
3-ABA (—) 3-ABA(+)
TG-elicited Macrophages 0721008 0.87%0.10
TG-elicited Macrophages
4SNP (2 mM) 024+£005 035+006
BCG-injected Macropahges 2.50+023 4.424+0.20
BCG-injected Macropahge 4 511010 2.104+031

+SNP (2 mM)

TG-elicited or BCG-injected peritoneal macrophages (1 x 106
cells/dish) were incubated with 2 mM SNP in the presence or
absence of 2.5 mM.

3-ABA at 37°C for 6 hrs. The cells were then collected and
incubated in luminometer for determination of PMA -induced

uperoxide formation.
E‘he results are means + SE of four triplicates.

el MlEe] 3-ABAS) EHE A3 Y8
A2 M ZE 6417 B3 wikEEA 3-ABAE
A& 9 resting A E )} =2 superoxide A
A& ¥oith(Table 3).
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79 WY uhgel F23 9&E = Y
M Z& IFN = LPS9} & BAld) o4 243}
5 ¢] nitric oxide (NO)E A} o] 3 ol
9] 32,417 AL, 8F A Fol B3e, A
E M 3 =R 3 MZ B3 Y
23 71%E 77 dEd Am3HA zA= oo
gt & A7) A= nitric oxide (NO)S] Al A
DAz A=, 2) TGF-B2] 9% 3) superoxidey Al
Al NO9} a8 olr i)

1) CHAL MIZZ9| INOS ed 71X BF NO AliAof
S AT MY MHA

AFHAS Bae] ey rat 7 oj4 M=,
hepatocyte W Raw 264.7 5-2] A Zolx]= PMA o
=02 PKCE A3} Al7lezi INOSE f=
g 4 v maEgdd aeg o8  MEE
< 354 54L& NOE 3A8l7] 93t IFN-
yo} LPS 502 943 A5E 4 ok Ao
oh A Az @43 Az A Bl
&Y 4 Qlvh w29 B g4 Az} 1774
£ LPSTE 2}52 uh-S-Alo] mj$- wom LPSe
IFN-y®] zbFo] ©js]of vlz4 48 A3}
7} eju}7] wFo LPSe) IFN-yel 2lg iNOS
I I o I i R PP o R U o
2 A7 NOSE Zests AZE Atole
o] & 3]y iNOS @ 7]dg oldldr] H3le
C57BL/6AA -2 B7) d4] MZg AMg-3lgle
o o8 7R Az ) Az AR BAE AT
4 e EAL o|&3ld NOSE H=A17]:=M
L7HE 2B #Astq A7E sl

AR, PMAY: @502 NO Al F3A]+=
AT [IFN-y& =02 NO QA Heddic).
= PMAS IFN-v9] = zhgol 23 NO ¢
4 Axs} iINOS mRNAS| Fats 43 9% 27
£ 7IX 2 dem NO QA 7 &34 A7k
< 1IFN-y A2 6417t ¥ PMAE =3l &
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o NO S =¥ 4 U PMAY 5=
+ PKC A4 A3dt s=9¢ & 4 A

E4, PMAE A Xt w3t Aol
A2z PMAE AHE3ste 74 238 A=z
PKCE 1ZA7]7] @& rIFN-ys} PMAS} §
z A 2ol dolviA ¢dste wtd PKCr}
HFN-y2) 3ol ols) Bj4) Azl N TEel
NOSe| f=el A AADH PKC 249 o
Al dFN-yol 93k NO A4l ke Folok
AT PMAS 2 Hes AZE (FN-y9) o5
Azl 5t $£3 NO Aol QP FA
9m whA (AFN-ysh PMAS] §x Asrhgol
e 2o

A, BCGE FARE vhg29) o2 Zo)A
PMA 5oz = NOZL 44RE & 4 st
A Aze 284 A 4 Fdze o
A A& AN FAE T, A S92
Aol B4 AZE St BeRelt YAEES
%4 4 o BCGE FAME vhese) HAAZ
29 BAeIN FAHEe NO A4 Wz 4
5 24 f=8 skl B

WA, STSN o]} polymyxin BE rIFN-y A=l
S FEFE NO AL AAs FaAT, o]
= IFN-y¢} PMAZ 2133l fFE5E NO YA
F Z7tl slelME PMAS] ZAE AR
IFN-y2} PMAY ® A<l 28 NO AN SV
LPSe} w528k FAE g2 uk LPSel= 2] PMA
T e} 271els NOAA =7t =23, 3714
£ NOAA f=7} wizA dojytet. whebr LPS
9} PMAZES] EApA 7| zolAe] Qe e
2 Al

PKC®] #A]x = primary astrocytest} Raw cell
o|A TNF, IFN-q, IFN-8, IL-2 & ot53sl=
mRNA2] A =el A7o] QlFo] B AL
Q7] ool 1919 2 QdFoAM M EZE (IFN-yE
A= & mRNA A dAA ¢l actinomycin DS
D502 XA PMASH @74 Ae]dt A 2o
A ol B2 NOZE A S Heol PKC Ao 9
3 fr=d AET (IFN-yE Az|sle o|n] Ld
% NOS mRNA®| HA=E Folv o=z A7
= ’

AEH oz PMA: (IEN-yo| o3 $=8 o
A M=z 249 modulator24 2434 o4 = 3l
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o1, iNOS mRNAY $xuv} okAlzle] A2
A4 Az B FEol vl T2 ez A
e}

. 2) TGF-po| thst antisense ODNs7| IFN-y0f|
olal FE=Sle NO ol 0|Rl= HE
Antisense ODNs¢] =42 <qldled o=}
mRNAo] AlBR A el antisensed FFA|Z]o =)
HHAE AAZE AL Sol¥d #AA -
HAo] AdHmz B AFdrE oA AE:
#8233} 7125t TGF-B KAz wde] a7} -
A 7)3& 9H3):-)] antisense DNA 7]&-& Ah&+
At 2 A AR, 57} 94 AZAA TGF-
mRNAel} AR 9l antisesne ODN< TGF-p2] *
8L AT IFN-y2 §55E NO A& -
A&A F7HZS. A, Y Axe w4
a3 FgHes B4E e el NO9 -
AA A7t 28 712 k3 gle). AlA, antisen:
ODNs:= wh2 A7k Yol AlZe] F4=3 ph
sphorothiolaton & w) Al A<l GAANE H-A
T emz AR Jela AaH FAozA an
sense X249 A4 7HsAE AlAbER ek
TGF-B 85 7§A] #-$7F &3] H& TGF-

- antisense ODNe¢] 2] M ZA TGF-f mRN

DAE A3 AT AE RAE v, se
se ODN-& IFN-yel| 2J& f=% NO QAo oF:
< vXA okt o) d A= dA] HlxE
738 A % TNF-ot TGF-Bo} 22 Ale| s
Qe o3k} NO NS 2AFo M Axs
NOo| & &4l sl nEstw UeE ¢
4 let |
=3 IFN-y @502 % B4 AlzgE 243 -
Z 4 A% o] IFN—yol| 2sle] YA oA
TGF-p¢] 3l 9 #u] o] NO ) A o]
AF I ¢e o2 antisenseS ©]L3}e] INOS &>
AE EZA3 A)7]= TGF-B H-A-Ae 33 :
Aol 2la A Mz A IFN-yell o8 Fx=5)3
NO A4E WA FAANY 4 Al Eae
o] Az} antisense ODNo} iNOS$} 72 B+
FAA} ARl WE Az A4 5 sl
o SW $04 Buol o QY A= ¢
g& 5 e B4 AV S AANE
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3) NOg| Mdo] oal M= 9 AtEle| &&719f
ROI Mo 0{X|= Hst

F4st AlzoA NOdl s ==+ supero-
xideAj A o] Al L2 2 AYE B9
A2 4 ok AA, PBSZ A X E AAHs NO
& A3 A A superoxidedE FAEIT} &
A, ek Z7lel NO2] §4 o) F71Alo) = supero-
xide?] Aol AAH oz Zoleh= gA4S B
o=} A, superoxide® & A| NMMAE g
Folx IFN-y9} LPSE A28 A7} 2Se] o
£ superoxide®] <ke} el giidt. o]Al-& AA
H oz superoxider} B AP zAME
peroxynitrite® EA %I 9128 & 4 itk

ojAe] AFA WA Mzt HE A&
wkoks W superoxide$} NOS 25 YA sizjqt,
NO9} A2 Fd3t Mzl A superoxide A&
et a gl-8-& R}

E FHT NOE AMHY] #4237 rate] A1 ol
A} 37KD2| AlzA <hilg wirigy e s ADP-
ribosylationA}7) 32 §)&o] R uE el glAlult o
Aol A FoA4E 4EA YA @
B QFgrj= ADP-ribosylation®] &A1 3-
ABA: FA) A9 g4 Alzel T2 Aol o
2 Mz NOE HEsted A% superoxide?]
¥AE FEAozR 3IEAF} 3-ABAE NOE
Aeg A Ax Pt bt FAFIM=E sup-
eroxide®} MAE Z7MA7112 9182 vy wet
A NOE 838 B2 7lE 7 o]9el = supero-
xide®] ¥AE AHAF7] Wi 21 £3E F9)
9 o8& 4 g Aol
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