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Oxygen Radicals as Second Messengers for Expression of the Monocyte
Chemoattractant Protein, JE/MCP-1, and the Monocyte Colony-stimulating
Factor, CSF-1, in Response to Tumor Necrosis Factor-a and Immunoglobulin G
Evidence for Involvement of Reduced Nicotinamide Adenine Dinucleotide Phosphate (NADPH)-
dependent Oxidase

Joseph A. Satriano, Marc Shuldiner, Kazuhiko Hora, Yun Xing, Zihe Shan, and Detlef Schiondorff
Department of Medicine, Albert Einstein College of Medicine, Bronx, New York 10461

Abstract

The potential involvement of reactive oxygen species in the
expression of genes involved in immune response was examined
in mesangial cells. Tumor necrosis factor (TNF-a) and aggre-
gated (aggr.) IgG increased mRNAlevels for the monocyte
chemoattactant protein, JE/MCP-1, and the colony-stimulat-
ing factor, CSF-1. Scavengers for free radicals such as di- and
tetra-methylthiourea (DMTUand TMTU) attenuated the in-
crease in mRNAlevels in response to TNF-a and aggr. IgG.
Generation of superoxide anion by xanthine oxidase and hypo-
xanthine increased mRNAlevels of these genes, but exogenous
H202 did not. Addition of NADPHto activate a membrane-
bound NADPH-oxidase generated superoxide and caused a
dose-dependent increase in mRNAlevels and further enhanced
the stimulation by TNF-a or aggr. IgG. An inhibitor of
NADPH-dependent oxidase 4'-hydroxy-3'-methoxy-aceto-
phenone attenuated the rise in mRNAlevels in response to
TNF-a and aggr. IgG. By nuclear run-on experiments TNF-a,
aggr. IgG and NADPHincreased the transcription rates for
JE/MCP-1 and CSF-1, effects inhibited by TMTU. Wecon-
clude that generation of reactive oxygen species, possibly by
NADPH-dependent oxidase, are involved in the induction of
the JE/MCP-1 and CSF-1 genes by TNF-a and IgG com-
plexes. The concerted expression of leukocyte-directed cyto-
kines represents a general response to tissue injury. (J. Clin.
Invest. 1993. 92:1564-1571.) Key words: gene regulation. kid-
ney. mesangial cell

Introduction

Cytokines play a major role in tissue injury and repair. These
processes also involve the participation of monocyte-macro-
phages. Recently a number of monocyte-specific cytokines
have been described and include the monocyte colony-stimulat-
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ing factor (CSF- 1), 1 and the monocyte chemoattractant pro-
tein (MCP-l1) ( 1-4). MCP-l was identified as the product of a
gene belonging to the small, inducible cytokine family, known
in the murine system as the JE gene (5-9). CSF-l is a cytokine
required for the proliferation, maturation, activation, and sur-
vival of monocytes ( 1, 10). Expression of the JE/MCP-l and
CSF-l genes can be rapidly induced by a number of agents,
including LPS, PDGF, TNF-a, I1-1, and IFN-,y (2, 4, 6, 1 1-
21 ). Werecently described that occupancy of Fc receptors by
IgG aggregates resulted in rapid expression of mRNAfor and
secretion of JE/MCP-I and CSF-l in cultured mouse mesan-
gial cells (22). Mesangial cells (MC) represent modified vascu-
lar smooth muscle cells that fulfill the function of specialized
pericytes within the glomerulus of the kidney (23). MCalso
play a role in glomerular injury, where influx and activation of
monocyte-macrophages is important and local generation of
MCP-l and CSF- I could contribute to this phenomenon (22,
24, 25).

The cellular signaling mechanisms for induction of JE/
MCP-l and CSF-l remain to be fully defined. While we have
described that cAMPsuppresses both basal and stimulated ex-
pression of both CSF-l and JE/MCP-1 (26), the second mes-
senger systems for the upregulation of these genes remain un-
clear. Recently it has been proposed that oxygen radicals may
serve as second messenger system for gene activation, espe-
cially for genes under the regulation of the transcription factor
NF-KB (27-29). The potential for generation of oxygen radi-
cals by membrane-bound NADPH-dependent oxidase systems
may be present in many cell types, among them MC(30, 31).
Both TNF-a and IgG complexes are known stimulators of
reactive oxygen species generation in MC(32-34). Wethere-
fore examined whether generation of free radicals could repre-
sent a second messenger system for induction of JE/MCP- 1
and CSF-1 in mouse MC. Our results show that addition of
scavengers for free radicals can attenuate expression of mRNA
levels for these genes under basal conditions and after stimula-
tion with TNF-a or IgG aggregates. In contrast, exogenous
NADPHenhances basal and stimulated mRNAlevels for JE/

1. Abbreviations used in this paper: aggr., aggregated (IgG); CSF, col-
ony-stimulating factor; DMTU, dimethyl-thiourea; HMAP, 4'-hy-
droxy-3'-methoxy-acetophenone; MC, mesangial cell; MCP, mono-
cyte chemoattractant protein; NAC, N-acetyl-L-cysteine; PDTC,
pyrrolidone-thiocarbamate; TES, N-Tris (hydroxymethyl) methyl-2-
aminoethanesulfonic acid, pH 7.4; TMTU, tetramethylthiourea.
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MCP-1 and CSF-l effects attenuated by inhibition of
NADPH-dependent oxidase. These changes in mRNAlevels
are at least in part due to altered transcriptional rates. Thus
reactive oxygen species generation, in part NADPH-depen-
dent, may represent a second messenger system for induction
of JE/MCP-l and CSF-l expression not only in response to
TNF-a but also to Fc receptor occupancy by IgG. These find-
ings provide further evidence for the hypothesis that free oxy-
gen radicals can serve as second messenger systems, findings
that may be of significance for cytokine induction during tissue
injury.

Methods

Materials. [32p] dCTP, was obtained from NewEngland Nuclear, Bos-
ton, MA. RPMI 1640 medium, penicillin (0.66 mg/ml)/streptomycin
(60 mg/ml) solution, FCS, and Dulbecco's PBSwere purchased from
Flow Laboratories Inc., McLean, VA. Nu-Serum was from Collabora-
tive Research Inc., Bedford, MA. Recombinant mouse TNF-a,
NADPH, NADP, and multiprime DNA labeling systems were pur-
chased from Boehringer Mannheim, Indianapolis, IN. Mouse IgG
(Cappel Organon Teknika Corp., West Chester, PA) was aggregated by
heating to 630C for 30 min. Insoluble aggregates were removed by
centrifugation at 1l,000g for 5 min and the supernate served as ag-
gregated (aggr.) IgG (22). 4'-Hydroxy-3'-methoxy-acetophenone
(HMAP) was purchased from Aldrich Chemical Co., Milwaukee, WI.
All other chemicals were from Sigma Chemical Co., St. Louis, MO,
unless otherwise specified. The cDNAprobe for the murine CSF- I was
kindly provided by Dr. Martha Ladner of Chiron Corp., Emeryville,
CA (35), that for JE/MCP-1 by Dr. J. Stiles (7).

Culture of mouse MC. Mouse MCtransformed with nonreplicat-
ing, non-capsid forming SV-40 virus (strain Rh 91 1 ) were kindly pro-
vided by Dr. E. Neilson, University of Pennsylvania, Philadelphia.
These cells have been characterized (36). In preliminary experiments
we established that the responses of these transformed mouse MCto
TNF-a and IgG in terms of expression of JE/MCP- I and CSF- I were
comparable to primary cultures of mouse MC, used in our previous
experiments (22, 26). The mMCwere maintained in DMEmedium
with 1% Pen-Strep and 2.5% FCSwith twice weekly feedings in a 95%
air, 5% CO2 atmosphere. Cells were passaged at weekly intervals by
harvesting with 0.25% trypsin, I mMEDTAsolution.

Measurement of superoxide generation. For measurement of super-
oxide generation, MCwere cultured in 96-well plates and superoxide
generation was determined as described by Pick and Mizel (37). In
brief, culture media were removed and replaced by Earle's balanced
salt solution (0.1 ml) containing ferrichrome c (50 ;1M) with or with-
out the experimental agents indicated in Results. Parallel wells received
in addition superoxide dismutase (300 U/ml). Appropriate blanks,
i.e., wells without cells but containing the buffer with or without experi-
mental agents, were run for each assay. Absorbance was read at 550-nm
wavelength in a Multiskan reader (Flow Laboratories) after 0, 15, and
30 min of incubation and, after subtraction of the respective blanks,
were converted to superoxide generated as described (37).

Northern blots. Total RNAwas extracted from cultured cells by the
method of Chomczynski and Sacchi (38). Aliquots (20 ug) of total
RNAwere treated with glyoxal/DMSO, electrophoresed in 1.0% aga-
rose gel along with RNAsize standards (GIBCO/BRL, Gaithersburg,
MD), and then transferred to nylon filters (gene screen, NewEngland
Nuclear, Boston, MA)( 39). The cDNAprobes were used for hybridiza-
tion after [32p] dCTP labeling by random oligonucleotide priming
(40). The filters were washed to a final high stringency of 0. Ix SSPE,
1.0% SDS for 2x 30 min at 65°C. Autoradiography was performed
with an intensifying screen at -70°C for appropriate time periods. The
size of the respective RNAwas identified by comparison with the ethi-
dium bromide-stained RNAstandards.

Nuclear runofftranscription assay. Confluent MC(2 X I0' cells per
condition) were incubated with experimental agents at 370C for 1 h.

Cultures were then washed with ice-cold PBSand the nuclei prepared
by lysis in 0.5% NP-40 lysis buffer (41). Nuclei were collected by cen-
trifugation and stored in 50 mMTris, pH 8.3, 40% glycerol, 5 mM
MgCl2, 0.1 mMEDTAat -150'C. Upon thawing, nuclei were resus-
pended and incubated in an equal volume of reaction buffer containing
300 mMKCI, 0.5 mMeach of ATP, GTP, and CTP, and 100 MCi
(a-32P]UTP (760 Ci/mmol, New England Nuclear) at 30C for 30
min. The reaction was terminated by the addition of 600 MlI of RNase
free DNase 1 (200 U/ml), for 5 min at 30'C, followed by 200 Ml SDS/
Tris buffer (5% SDS, 0.5 MTris-Cl, pH 7.4,0.125 MEDTA) and 101
at 20 mg/ml Proteinase K for 30 min at 420C. The samples were then
extracted with phenol/chloroform/isoamyl alcohol (25:24:1 ) and pre-
cipitated on ice in 5% TCA/30 mMsodium pyrophosphate solution.
The precipitates were trapped on a Millipore-type HA(0.45 MUm) filter
and treated with 200 URNase free DNase I (Boehringer Mannheim) at
370C for 30 min. The reaction was quenched with 45 gl of EDTA(0.5
M), and 68 Ml of 20% SDS, eluted from the filters at 65°C and digested
with proteinase K (4.5 Ml; 20 mg/ml) for 30 min. After a final phenol/
chloroform/isoamyl alcohol extraction, the RNAwas denatured by
NaOH(750 Ml, 1 M) on ice for 10 min, then quenched by the addition
of 1.5 ml of 1 MHepes (free acid) and ethanol precipitated (0.53 ml 3
Msodium acetate + 14.5 ml 100% ethanol) overnight at -20°C. The
RNAwas spun down at 10,000g for 30 min and the pellet resuspended
in 1 ml of TES (N-Tris [hydroxymethyl]methyl-2-aminoethanesul-
fonic acid), pH 7.4, solution (10 mMTES, 10 mMEDTA, 0.2% SDS).
5 ,ul of each sample was counted and samples subsequently were diluted
with TES to normalize intersample variations in radioactivity. 1 ml of
TES-NaCI (10 mMTES, 10 mMEDTA, 0.2% SDS, 0.6 MNaCl) was
added to 1 ml of the above RNAsample/TES solution ( I0' cpm) and
placed into a 5-ml plastic scintillation vial containing 5 Mg of dena-
tured, linearized DNAimmobilized on strips of gene-screen (DuPont/
NEN, Wilmington, DE) nylon membrane and allowed to hybridize for
36 h at 65°C (41 ).

After hybridization, the membranes were washed twice in 20 ml of
2x SSC for 1 h at 65°C. Unhybridized RNAwas then digested in 8 ml
of 2x SSCcontaining 8 Ml of 10 mg/ml RNase A for 30 min at 37°C.
Increasingly stringent washes were performed as follows: once 2x SSC
in 0. 1%SDSat 65°C for 30 min, once l X SSCwith 0.1% SDSat 65°C
for 30 min, twice 0.Ix SSC with 0.1% SDS at 65°C for 30 min, twice
0.1 X SSCat room temperature for 30 min. The filters were then blotted
dry on Whatman Inc. (Clifton, NJ) 3 MMpaper, and exposed to X-ray
film at -70°C using intensifying screens.

Results

Radical scavengers decrease mRNAlevels for JE/MCP-I and
CSF-1 after stimulation with TNF-a or IgG. Previously we
have shown that exposure of MCto TNF-a or aggr. IgG results
in increased levels of mRNAfor JE/MCP-l and CSF-1 (22,
26). Both TNF-a and IgG complexes also enhance free oxygen
radical formation by cultured MC( 32-34). Wetherefore exam-
ined whether scavengers for free radicals such as dimethyl and
tetra-methylthiourea (DMTU and TMTU) (42) could influ-
ence mRNAlevels. As shown in Fig. 1, both DMTUand
TMTUdecreased mRNAlevels for CSF- 1 and JE/MCP- 1 in
response to either TNF-a or aggr. IgG. Equimolar urea, used as
a nonscavenger control, had no effect. TMTUalso suppressed
the induction by cycloheximide (Fig. 1). Neither DMTUor
TMTU influenced expression of GAPDH, a housekeeping
gene, indicating that these agents did not suppress mRNAex-
pression nonspecifically.

Reduced gentathione and glutathione peroxidase represent
a major intracellular defense system against oxygen-derived
free radicals (43). Addition of N-acetylcysteine (NAC) to cells
increases intracellular glutathione levels (44). We have re-
ported that NAC(10 mM) increased glutathione content of
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MCby 40% from 89±6 nmol/mg protein to 137±20 (45).
Addition of NACconsistently blunted the increase in mRNA
for JE/MCP- I and CSF-l in response to TNF-a (Fig. 2 A). In
contrast, NACdid not decrease mRNAlevels in response to
aggr. IgG (Fig. 2 A).

Another thiol compound and radical scavenger, pyrroli-
done-dithio-carbamate (PDTC) has been shown to inhibit the
TNF-a-induced activation of the transcription factor NF-KB in
several cell lines (27-29). In MC, addition of PDTC(0.1 mM)
reduced mRNAlevels for JE/MCP-1 in response to TNF-a
and IgG (Fig. 2 B). However at the concentration of 0.1 mM
PDTCdid not decrease mRNAlevels for CSF- 1 in response to

CSF-1

- 4.5 Kb
- 3.8
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either TNF-a or IgG (Fig. 2 B). Even at 1 mMPDTCdid not
influence mRNAlevels for CSF- 1 (results not shown). Thus
regulation of the CSF- 1 gene appears to differ in respect to
susceptibility to PDTCinhibition.

Generation of superoxide does, but H202 does not increase
mRNAlevelsfor JE/MCP-I and CSF-1. Taken together, these
results show that scavengers of free radicals can attenuate the
expression of JE/MCP-l and CSF-1 in response to TNF-a and
aggr. IgG, which could indicate that free radicals are involved
in the intracellular signaling. Wetherefore examined whether
exogenous reactive oxygen species could also enhance mRNA
levels for these genes. Direct addition of 50 or 100 ,uM H202 to

-4.5 Kb
ss - ~~~~3.8

- 2.3

- 1.6

-0.8

!W 1W - 1.4

-0 L ox 0m
L <
z Z Z

z + +
oA y O

z
A I--

JE/MCP-1 :w

GAPDH _. _m*

B

o o o,0 C. C

0 F +

+~~~~~~~~~0

Figure 2. Effects of (A) N-ace-
- 0.8 tylcysteine (NAC; 10 mM)or

(B) pyrrolidone-dithio-carba-
-1.4 mate (PDTC; 0.1 mM)on

mRNAlevels for CSF-l, JE/
MCP-1, or GAPDHin mesan-

gial cells incubated for 4 h with
TNF-a ( 100 U/ml) or aggre-

gated IgG (200 Ag/ml).

1566 Satriano et al.

- 4.5 Kb
- 3.8

- 2.3
- 1.6

- 0.8

- 1.4

CSF-1

JE/MCP-1

JE/MCP-1

GAPDH

"am,
W.W.W. - 0



_,wr _W .,, _l - 4.5 Kb
: 3.8

- 2.3
*! 1

- 1.6

JE/MCP-1

E
E

O o o
z ,

N N
C.) x x

-0.8

GAPDH - 1.4

o o C8i x x 0
z 0 0 0.x +

0
B

Figure 3. Effects of reactive oxygen
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MChad no effect on mRNAlevels (Fig. 3 A). In contrast
generation of superoxide by the addition of xanthine oxidase
and hypoxantine increased mRNAlevels for JE/MCP-l and
CSF- (Fig. 3 B). Heat-inactivation of xanthine oxidase atten-
uated this response. PDTCdecreased the increase in mRNA
for JE/MCP- but not CSF- 1 in response to xanthine-oxidase-
hypoxanthine (Fig. 3 B), comparable to PDTC's effect on the
TNF-a and aggr. IgG response (Fig. 2 B).

NADPHincreases mRNAlevels for JE/MCP-J and CSF-I
effects attenuated by radical scavengers and an inhibitor of
NADPH-dependent oxidase. The generation of oxygen free rad-
icals by MChas been linked to a membrane-bound NADPH-
dependent oxidase system (31 ). This system could be stimu-
lated by addition of NADPHto the extracellular medium (31 ),
findings confirmed by us (Table I). Wetherefore examined the
effect of increasing concentrations of NADPHin the medium
on mRNAlevels. As shown in Fig. 4 A, addition of NADPH
resulted in a dose-dependent increase of mRNAfor JE/MCP-l
and CSF- 1. The effect of NADPHwas maximal at 5 mMand
showed a decline at 10 mM. The reasons for the decline at 10
mMis unclear at present. NADPH(5 mM)not only increased
mRNAlevels under basal conditions, but also after stimulation
with TNF-a or aggr. IgG (Fig. 4 B). Consistent with NADPH
acting via enhancement of free radical formation, the radical
scavengers DMTUand TMTUprevented the rise in mRNA

levels in the presence of NADPH(Fig. 4 C). NADP, which is
not a substrate for the NADPH-dependent oxidase, had no

effect on the mRNAlevels. These results are consistent with
the proposal that free radical generation by a membrane-
bound NADPH-dependent oxidase system contributes as a sec-

ond messenger system to the induction of mRNAfor JE/
MCP-1 and CSF-1. To further examine this hypothesis we

used HMAP, an agent reported to be an inhibitor of the
NADPH-dependent oxidase (46). In order to verify that MC
generated superoxide under our experimental conditions we

determined superoxide production. As shown in Table I,

NADPHincreased superoxide production under basal condi-
tions and after stimulation by TNF-a or aggr. IgG, consistent
with published reports (32-34). HMAPinhibited stimulation
of superoxide generation. HMAPalso decreased mRNAlevels
for JE/ MCP-1 and CSF- I during incubation of MCwith TNF-
a or aggr. IgG (Fig. 4 D), further supporting a mediator role for
superoxide anion generated by NADPH-dependent oxidase in
the activation of these genes.

NADPH, TNF-a, and IgG enhance transcription of JE/
MCP-J and CSF-J, effects blocked by the radical scavenger

TMTU. Levels of mRNAfor both JE/MCP-l and CSF-1 are

regulated by transcriptional and post transcriptional mecha-
nisms (2, 6, 11-20). Weused nuclear run-off assay technique
to examine the transcriptional rates after incubation of MC

Table L Generation of Superoxide by MC

Basal HMAP TNF-a TNF-a + HMAP IgG IgG + HMAP

nmol/J06 cells

-NADPH
30 min incubation 7.3±0.6 6.0±0.4 14.3±1.6* 8.9±1.6 18.4±2.8* 9.2±1.3

+NADPH
15 min incubation 11.1±0.6 6.9±1.2 21.6±2.5* 7.6±0.9 27.9±2.2* 13.0±1.5

MCwere incubated with the experimental agents and superoxide generation was determined as described in Methods. Analysis of variance was
performed using the Fisher PLSDand Scheffe-F test to evaluate differences between groups. Results are means±SEMof six to eight series of
incubations for each condition. Because of the lower rates of 02 generation, incubations were performed for 30 min in the absence of NADPH.
In the presence of NADPH(5 mM)generation of superoxide tended to level off after 20 min and incubations + NADPHwere therefore carried
out for 15 min only. * P < 0.05 as compared to respective basal values by either test.
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with NADPH,TNF-a or aggr. IgG in the presence and absence
of the radical scavenger TMTU. TNF-a and IgG both in-
creased transcription for JE/MCP-l and CSF- 1 (Fig. 5). Pre-
treatment of the cells with 5 mMNADPHalso resulted in
enhanced transcriptional activity for both genes (Fig. 5).
TMTUdecreased basal transcriptional activity for JE/MCP-I
and CSF-l and attenuated the increase in response to NADPH,

TNI

NA

CONTROL _

TMTU

TNF-a

F-a + TMTU 4:

NADPH

,DPH + TMTU

IgG _ _; ,,

IgG + TMTU _

rRNA GAPDHCSF-1 MCP-1 pGEM

Figure 5. Nuclear run-off analysis for transcriptional activity in nuclei
isolated from mesangial cells after 1 h of incubation under the condi-
tions indicated. Labeled transcripts ( I0' cpm) generated by the nuclei
were hybridized with cDNAfor either ribosomal RNA(as a nonspe-

cific, positive control), GAPDH,CSF-l, JE/MCP-l, or the plasmid
vector pGEM-4Z (as a negative control).

TNF-a or aggr. IgG (Fig. 5). These results are consistent with
changes in transcriptional activity contributing to the observed
changes in mRNAlevels. None of the experimental agents had
an affect on transcription for ribosomal RNAor GAPDH.

Discussion

Our results show that scavengers of free radicals can suppress
the expression of the JE/MCP-I and CSF-I genes in response
to TNF-a or aggr. IgG in MC, whereas addition of exogenous
NADPHincreased their expression under basal and stimulated
conditions. The stimulation of the gene expression is also at-
tenuated by radical scavengers. Furthermore, a putative inhibi-
tor of NADPH-dependent oxidase also attenuates the increase
in mRNAfor CSF- and JE/MCP-l in response to aggr. IgG or
TNF-a. Wetherefore conclude that free radicals generated-at
least in part-by an NADPH-dependent oxidase system can
serve as second messengers for activation of the JE/MCP- 1

and CSF- 1 genes in response to TNF-a and aggr. IgG. Thus
generation of reactive oxygen species in response to occupancy
of Fc receptor by aggr. IgG and TNF-a receptor occupancy
does not only result in the oxygen burst, but may also serve as a
signaling system for cytokine generation. The concerted ex-
pression of the leukocyte chemoattractant and activating cyto-
kines MCP-I and CSF-I may regulate leukocyte influx to sites
of tissue injury.

Recently it has been proposed that free radicals may serve
as intracellular signals for gene activation involving specific
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transcription factors such as NF-KB (27-29, 44). This hypothe-
sis is supported by data showing that the activation of NF-KB
by, e.g., TNF-a is blunted by NACand PDTC(27, 28, 44).
NAC increases the intracellular glutathione content which
serves as a major protectant against free radicals (43). The
thiol-containing PDTCalso serves as a radical scavenger (27).
Trans-activation by the phorbol responsive transcription factor
AP-1 could also be induced by oxygen radicals, but was not
blocked by NAC(27). The mechanism(s) of the free radical
generation may involve a membrane-bound NADPH-depen-
dent oxidase that appears to be present in many cell types (30).
Furthermore, a membrane-bound NADPH-oxidase system
was described in MCand addition of exogenous NADPHen-
hanced superoxide generation in response to stimuli (31 ). Gen-
eration of superoxide in response to, e.g., TNF-a and IgG com-
plexes has also been reported for MC(32, 34), results con-
firmed in our present studies with mouse MC. Furthermore,
our studies show that HMAP, a putative inhibitor of the
NADPH-dependent oxidase system (46), also inhibits super-
oxide generation in MCunder basal conditions and after stimu-
lation with NADPH, TNF-a, or aggr. IgG. These changes in
superoxide generation are associated with parallel changes in
mRNAlevels for inducible cytokines. For example, exogenous
NADPH,but not NADP, increases mRNAlevels for JE/MCP-
1 and CSF- 1 under basal conditions and in response to TNF-a
or aggr. IgG. In both our study and that of Radeke et al. ( 31 ),
extracellular addition of NADPHincreased superoxide produc-
tion, especially in the presence of IgG or TNF-a. Thus it has to
be considered that exogenous NADPHmay gain access to the
cell membrane-bound oxidase system. A mediator role for
NADPH-dependent superoxide generation in the altered gene
expression is further supported by the data with HMAP.
HMAPhas been reported to inhibit NADPH-dependent oxi-
dase and to suppress endothelial leukocyte adhesion molecule-
1 (ELAM-1) mRNAexpression in endothelial cells (46). In
our studies suppression of superoxide generation by HMAP
also resulted in an attenuation of the rise in mRNAlevels for
CSF-l and JE/MCP-l in response to NADPHwith TNF-a or
aggr. IgG. Thus generation of oxygen radicals and levels of
mRNAfor these genes change in a concordant manner under
the experimental conditions used. The fact that the NADPH-
dependent responses could be abrogated by addition of cell-
permeable free radical scavengers, such as PDTC, DMTU,and
TMTU, but not by the nonscavenger urea is consistent with the
NADPHeffect being mediated by free radical generation. The
free radical involved may represent superoxide anion, inas-
much as generation of superoxide by addition of xanthine oxi-
dase and hypoxanthine also increased the mRNAlevel, effects
inhibitable by PDTC. In contrast, exogenous H202 had no ef-
fect on mRNAlevels. These results are not necessarily at odds
with those of Schreck et al. (27), who reported activation of
NF-KB by extracellular H202. These authors noted that H202
may not have had a direct effect but probably involved an
additional cellular reaction induced by H202.

Reduced glutathione together with the glutathione peroxi-
dase represent the major intracellular defense system against
oxidant stress (43). Addition of NACcan increase the intracel-
lular glutathione levels and thereby enhance the radical sca-
venging potential of cells (27, 44). Previous studies had re-
ported that NACas well as the radical scavenger PDTCare able
to reduce the activation of NF-KB in response to TNF-a (27,
44). Consistent with these reports and our results with the scav-

engers TMTUand DMTU, addition of NACand PDTCalso
diminished the increase in mRNAfor JE/MCP-l in response
to TNF-a. However, PDTCdid not alter mRNAlevels for
CSF- I, in spite of inhibition by TMTUand DMTU.This may
indicate that CSF- 1 expression is regulated in a different man-
ner than JE/MCP-1. Results with NACwere also divergent.
NACdid not reduce the mRNAresponse of CSF-I to aggr. IgG
but suppressed that in response to TNF-a. This would indicate
that the intracellular signaling in response to TNF-a or to aggr.
IgG involves, at least in part, different pathways. Wespeculate
that the effect of aggr. IgG via Fc receptors on gene activation
may involve several signaling systems and transcription fac-
tors, that are differentially influenced by NAC. For example,
the AP-l transcription factors require reduced glutathione in
order to effectively bind to and initiate DNA transcription
(47), and phorbol ester activation of AP- 1 was not inhibited by
NACin the studies of Schreck et al. (27). IgG receptor occu-
pancy results in both generation of oxygen radicals and activa-
tion of protein kinase C pathway (34, 48), while the effect of
TNF-a on gene activation appears to be kinase C independent
(49). Thus, in response to aggr. IgG, NACwill decrease the free
radical pathway but have no effect or may even increase the
protein kinase C and AP- 1 pathway. This could explain the
absence of an inhibitory effect of NACon mRNAlevels in
response to IgG. In the case of signaling via free radicals with-
out contribution by kinase C, as might apply to TNF-a, NAC
would markedly reduce the mRNAresponse, as was indeed
observed. It is clear that additional experiments will be re-
quired to address these issues.

The mechanism for the increase in mRNAlevels for JE/
MCP-l and CSF-l in response to TNF-a, aggr. IgG, and
NADPHinvolves enhanced transcription as demonstrated by
the nuclear run-on experiments. The run-on experiments also
show that the decreases in mRNAfor JE/ MCP-1 and CSF- 1 in
the presence of the radical scavenger TMTUare primarily due
to lower transcriptional activity. However, both the JE/MCP- 1
and CSF- 1 gene contain AUUUArich sequences in their 3'
untranslated regions that have been associated with instability
of mRNA(50). Thus the possibility of additional post-tran-
scriptional regulation of these mRNAspecies has to be consid-
ered. Our present experiments did not address this possibility.
However the down-regulation of mRNAlevels by radical scav-
engers does not require de novo protein synthesis as it was also
observed in the presence of cycloheximide, which superinduces
both the CSF- I and JE/ MCP-I genes ( 1 1, 16). This finding is
consistent with the observation by Schreck et al. (27), who
noted that NACalso decreased the effect of cycloheximide to
activate NF-KB.

Free radicals could influence transcription by activation of
transcription factors. For example, activation of NF-KB has
been shown to occur in response to a number of stimuli, in-
cluding free radicals, TNF-a, and cycloheximide and results in
the inducible expression of a number of genes ( 51 ). Both the
murine CSF-1 and the human MCP-1 gene contain NF-KB
binding sites ( 18, 52). Furthermore, it has been proposed that
NF-KB may act as a signal for cell distress in response to many
adverse conditions (51 ). Activation of NF-KB would coordi-
nate the generation of numerous products, including cytokines
and intercellular adhesion molecules, that are important for
tissue defense, remodeling, and inflammation (29, 5 1 ). Gener-
ation of MCP-1 would certainly fit into this overall picture.
The fact that cytokines can be regulated by free radical genera-
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tion is of particular interest as hypoxia-reperfusion and inflam-
matory injury are associated with increased generation of free
radicals. Local generation of oxygen radicals could represent a
factor responsible for the expression of JE/MCP-l in ischemic
renal injury, reported by Safirstein et al. (53), and in immune-
mediated in vivo MCglomerulonephritis (25, 54). In the case
of glomerular immune injury, triggers for reactive oxygen spe-
cies generation could include TNF-a (32), immune complexes
(22), and complement (55). While generation of large
amounts of free oxygen radicals may play a major role in tissue
injury, regulated generation of low concentrations of oxygen
radicals, possibly by NADPH-oxidase, may represent a second
messenger system for generation of cytokines involved in tissue
injury and repair in general.
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