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SUMMARY

Triakontatetraneuropeptide (TTN) is the major processing prod-
uct of the endogenous anxiogenic peptide ligand of the benzo-
diazepine receptor, diazepam binding inhibitor. In the present
study, we demonstrated by Northern blot analysis that the mRNA
levels for tumor necrosis factor-a (TNF-a), interleukin (IL)-18,
granulocyte/macrophage colony-stimulating factor, IL-6, and IL-
8 were significantly increased after 4 hr of incubation of human
monocytes with lipopolysaccharide (LPS) and TTN (107" m),
compared with cells incubated with LPS alone. Exposure of
monocytes for 20 hr to LPS and TTN (10~"" m) also stimulated
TNF-a, IL-18, and granulocyte/macrophage colony-stimulating
factor release by 80%, 110%, and 98%, respectively, relative to
the response elicited by LPS alone. Smaller stimulatory effects
were observed using the prototypic pharmacological peripheral
benzodiazepine R05-4864 (10~"" m) (55%, 72%, and 62%, as-
sessed by means of specific enzyme immunoassays). In contrast,

TTN and Ro5-4864 did not modulate LPS-induced IL-6 and IL-8
production. Treatment with the cyclooxygenase inhibitor indo-
methacin increased IL-18 and TNF-a secretion but not that of
IL-6 or IL-8. The observed stimulatory effects of TTN and indo-
methacin were not additive. Taken together, these findings sug-
gest a common mechanism of action for TTN and indomethacin,
involving PG formation. In this respect, TTN inhibited prostaglan-
din (PG) E2 production by 30%. The fact that the observed
modulatory effects correlated with PG levels suggests the exist-
ence of a second-messenger pathway associated with the pe-
ripheral-type benzodiazepine receptor. These results indicate
that human TTN differentially modulates the LPS-induced
expression of proinflammatory cytokines, and they further sup-
port the concept that this endogenous psychoactive peptide
could be involved in physiological control of the inflammatory
response.

DBI is an 11-kDa peptide with anxiogenic and proconflict
activities. High concentrations of DBI have been detected in
the cerebrospinal fluid of patients suffering from major depres-
sion but not in schizophrenics or Alzheimer patients (1). DBI
was isolated from rat and human brain on the basis of its ability
to displace diazepam from neuronal y-aminobutyric acid-linked
BZD receptors and is thought to be the main endogenous ligand
for the BZD receptor (1, 2). DBI mRNA has also been detected
in glial cells, as well as in adrenal, splenic, and hepatic tissues
known to be rich in PBR (3, 4). The latter was recently cloned
from rat adrenal and human mononuclear cells (5, 6).

TTN (rat DBI 17-50) is one of the two main biologically

active products (also including ODN-DBI, i.e., rat DBI 33-50)
derived from DBI processing in the rat brain. In endocrine
organs, TTN appears to be more potent than ODN-DBI and
as potent as full length DBI in stimulating steroid biosynthesis
(7). Moreover, TTN appears to be the most abundant of the
naturally occurring DBI-derived peptides (8). Rat TTN has
been shown to bind more avidly to PBR than to central recep-
tors (8).

We have previously demonstrated, both in vivo and in vitro,
that PBR is involved in immune reactions, in particular in
murine and human host defense mechanisms involving phago-
cyte-derived oxidative metabolism, as well as in cytokine pro-

ABBREVIATIONS: DBI, diazepam binding inhibitor; TTN, triakontatetraneuropeptide; ODN-DBI, octadecaneuropeptide; GM-CSF, granulocyte/
macrophage colony-stimulating factor; BZD, benzodiazepine; PBR, peripheral-type benzodiazepine receptor; CO, cyclooxygenase; IL, interleukin;
PG, prostaglandin; SDS, sodium dodecyl sulfate; SSC, standard saline citrate; SN, supernatant(s); Kb, kilobase(s); LPS, lipopolysaccharide; PBMC,

peripheral blood mononuclear cell(s); TNF, tumor necrosis factor.
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duction (9-14). In the present study, we examined the in vitro
effects of a synthetic human sequence of TTN (15), with close
homology to rat TTN (DBI 17-50) and corresponding to human
DBI 35-68, on both the secretion and mRNA levels of the main
proinflammatory cytokines produced by LPS-treated human
monocytes, i.e., TNF-a, IL-18, IL-6, IL-8, and GM-CSF. We
further demonstrate that the mechanism of TTN action in-
volves the participation of metabolites of the arachidonic acid
pathway, i.e., PG.

Experimental Procedures

Materials. Human TTN (DBI 35-68) was obtained from Neosystem
Laboratory (Strasbourg, France), dissolved in sterile water (1073 M),
and further diluted in RPMI 1640 medium (GIBCO, Paisley, Scotland).
LPS from Escherichia coli (055:B5) was purchased from Sigma Chem-
ical Co. (St. Louis, MO). Ro5-4864 [7-chloro-1,3-dihydro-1-methyl-5-
( p-chlorophenyl)-2H-1,4-benzodiazepine-2-one] from Fluka (Buchs,
Switzerland) was dissolved in absolute ethanol (102 M) and further
diluted in RPMI 1640 medium.

Preparation and incubation of human monocytes. Human
PBMC were isolated from heparinized blood of healthy donors, who
had not taken benzodiazepines for at least 3 months, by centrifugation
on a Ficoll-Paque density gradient. For cytokine determination, PBMC
(5 x 10*/well) were incubated at 37° for 1 hr in flat-bottomed 96-well
microtiter plates and nonadherent cells were removed as described
previously (13). Adherent cells (approximately 90% monocytes, as
determined by May-Griinwald-Giemsa and nonspecific esterase stain-
ing) were incubated for 20 hr with LPS (1 ug/ml) in RPMI 1640
supplemented with 5% heat-inactivated fetal calf serum (Flow Labo-
ratories, Irvine, Scotland), 100 units/ml penicillin, 100 ug/ml strepto-
mycin, and 2 mM L-glutamine (GIBCO). In some experiments, mono-
cytes were pretreated with indomethacin (0.5 uM; Sigma) for 30 min
before LPS induction.

For the assay of PGE,, PBMC (1 x 10%/well) were incubated for 1
hr in flat-bottomed 24-well microtiter plates. Adherent cells were
stimulated with LPS for 5 hr in RPMI 1640 containing 1% heat-
inactivated AB serum. SN were washed in RPMI 1640 by centrifugation
(400 X g for 10 min) and were stored at —70° until assay.

TNF-a, IL-18, IL-6, IL-8, and GM-CSF assays. Monocytes
culture SN were assayed in duplicate using specific enzyme-linked
immunosorbent assay kits (Cistron Biotechnology, Pine Brook, NJ, for
TNF-a and IL-18; Quantikine, R & D Systems, Minneapolis, MN, for
IL-6, IL-8, and GM-CSF). The lowest detectable concentrations were
15-20 pg/ml for TNF-a, IL-18, and IL-6, 20-50 pg/ml for IL-8, and 3
pg/ml for GM-CSF. In some cases, the biological activity of the cyto-
kines was also assessed as described previously (10, 13).

PGE; assay. Eicosanoid levels were quantified in monocytes culture
SN by means of a radioimmunoassay, using a commercially available
PGE; kit (Du Pont de Nemours/NEN Products, Boston, MA). Test
samples were prepared in culture medium and assayed in duplicate.
The limit of detection of this assay was 5 pg of added PGE,.

Isolation of RNAs and Northern blot analysis. After 1 hr of
adherence in flat-bottomed six-well microtiter plates, monocytes (2 X
10%/well) were incubated in the presence or absence of LPS (1 ug/ml)
and/or TTN (107! M) at 37° for 4 hr. To extract total RNA, cells were
directly lysed in the wells with 400 ul of 4 M guanidinium isothiocyanate
and were processed as described elsewhere (16). For Northern analysis,
equal amounts of total cellular RNA (8-10 ug/lane) were electropho-
resed through 1% agarose-formaldehyde gels and transferred to nylon
membranes (Hybond-N; Amersham, UK). The membranes were preh-
ybridized at 42° for 14 hr in buffer consisting of 50% formamide, 2X
SSC (1% SSC is 0.15 M NaCl, 0.015 M sodium citrate), 0.1% SDS, 5%
Denhardt’s reagent, and 200 ug/ml salmon sperm DNA. Hybridization
was carried out for an additional 16 hr in the same buffer with 2 x 10°
cpm/ml labeled probe. After hybridization, the blots were washed twice
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in 0.1% SDS/2x SSC for 30 min at room temperature and then washed
twice more with 0.1% SDS/0.1x SSC at 55°. The blots were then dried
and exposed to X-ray film for 12-24 hr at —80°, with an intensifying
screen.

The following cDNA fragments were used: the 1.1-kb PstI fragment
of PE4 plasmid containing human TNF-a ¢cDNA (17), the 1.3-kb IL-
18 insert obtained by Pstl digestion of pSP64 vector, the 0.8-kb GM-
CSF Xhol-digested fragment from pMT?2 vector, the 1.2-kb IL-6 frag-
ment obtained by EcoRI digestion of pMT2T vector (kindly provided
by Dr. S. Clark, Genetics Institute, Cambridge, MA), the 0.3-kb Pstl/
EcoRI fragment of IL-8 cDNA (18), and the chicken g-actin cDNA
purified from pA1 plasmid (19). All the probes were labeled with [*?P]
dCTP using the Multiprime DNA labeling system (Amersham, UK),
as described by Feinberg and Vogelstein (20). Quantitative evaluation
of the specific transcripts was carried out by laser densitometric scan-
ning of the autoradiograms (LKB 2202 Ultrascan).

Statistical analysis. Data are expressed as means + standard
errors. Significance was assessed using Student’s paired ¢ test. Differ-
ences were considered significant when p was 0.05 or less.

Results

Effect of the endogenous ligand TTN on cytokine pro-
duction by human monocytes. Monocytes obtained from
several healthy donors were incubated in the presence of LPS
(1 ug/ml) and TTN or the PBR ligand Ro5-4864. A dose-
response curve (107'® to 10~® M) was established for TTN (data
not shown) and revealed optimal stimulatory concentrations of
107! M TTN and Ro5-4864 for LPS-induced cytokine produc-
tion. Stimulation by TTN (10~'' M) was significant at doses of
LPS ranging from 1 ng/ml to 10 ug/ml, with a plateau between
0.1 and 10 ug/ml LPS (data not shown). Therefore, all experi-
ments were performed at the intermediate dose of 1 ug/ml LPS.
Fig. 1 shows the effect of TTN (107! M) on cytokine production
measured in culture SN of LPS-stimulated human monocytes,
relative to that of the pharmacological ligand Ro5-4864. TTN
induced a significant increase in LPS-induced TNF-«, IL-18,
and GM-CSF production, by comparison with LPS alone. TTN
exerted a stimulatory effect as potent as or, for TNF-a and IL-
18, more potent than that of the synthetic peripheral ligand
Ro5-4864. With cells from four different donors, the stimula-
tory effects of TTN and Ro5-4864 varied from 50% to 150%,
with a mean of 80% and 55% for TNF-a, 110% and 72% for
IL-18, and 98% and 62% for GM-CSF, respectively. As shown
in Fig. 1, both TTN and Ro5-4864 failed to enhance the
production of IL-6 and IL-8 by LPS-stimulated monocytes.
Similar results were obtained using biological assays for TNF-
a, IL-18, and IL-6 (data not shown). In the absence of LPS,
neither TTN nor Ro5-4864 induced cytokine production. TTN
showed no interference with immunoreactive or biological as-
says. The survival index in monocytes cultures was unaffected
by TTN.

Effect of TTN on cytokine mRNA expression. We ex-
amined whether TTN affected cytokine transcription by meas-
uring mRNA levels in monocytes (Fig. 2) after 4 hr of culture
in the absence of LPS, in the presence of TTN alone, in the
presence of LPS, or in the presence of both LPS and TTN.
Northern blot analysis showed that, as described previously,
unstimulated adherent cells cultured in the presence of serum
contained low levels of TNF-q, IL-18, IL-6, IL-8, and GM-CSF
mRNAs (21-23). This representative experiment (one of four
donors) also shows that TTN alone had no detectable enhanc-
ing effect on mRNA expression, whereas LPS increased TNF-
a, IL-18, GM-CSF, IL-6, and IL-8 mRNA accumulation ap-
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Fig. 1. Effect of TTN and Ro5-4864 on cytokine production by LPS-
treated human monocytes. Human monocytes were exposed to control
medium, LPS (1 ug/mi), LPS (1 ug/ml) plus Ro5-4864 (10~'" m), or LPS
(1 ug/mi) plus TTN (10~"" m) for 20 hr. TNF-a, IL-18, GM-CSF, IL-6, and
IL-8 productions were assessed by specific enzyme-linked immunosor-
bent assay and results obtained from four different donors are expressed
as pg/ml mean + standard error. Statistical significance was assessed
by paired Student's t test (%, p < 0.05; %%, p < 0.02; ***, p < 0.01)
versus control (response to LPS alone). TTN or Ro5-4864 did not
modulate response to medium alone.

proximately 2-3-fold. TTN (10! M) increased LPS-induced
TNF-a and IL-18 mRNA expression by about 60% and GM-
CSF, IL-6, IL-8 mRNA expression by about 30%. The observed
increase in mRNA levels was not related to differences in RNA
levels, because Northern blot analysis of actin, hybridized under
the same conditions, were unaffected by LPS alone and with
TTN.

Effect of the endogenous (TTN) and synthetic (Ro5-
4864) PBR ligands on cytokine production in the pres-
ence of a CO inhibitor. It has been reported that CO inhibi-
tors, including indomethacin, can increase cytokine synthesis
by inhibiting the autocrine suppressive effect of PG (24, 25).
We therefore examined whether the stimulatory effect of TTN
on LPS-induced cytokine expression might result from the
inhibitory action of TTN on PGE; synthesis. Monocytes were
preincubated for 30 min with indomethacin (0.5 uM) and then
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Fig. 2. Effect of TTN on cytokine mRNA accumulation in LPS-stimulated
human monocytes. Total cellular RNA was extracted from adherent
mononuciear cells after 4 hr of incubation without LPS (control medium),
with TTN alone (107" m), with LPS (1 ug/ml), or with both LPS and TTN
and was hybridized with specific 2P-labeled cDNA probes for TNF-«, IL-
18, IL-6, IL-8, GM-CSF, and S-actin.

treated with LPS (1 ug/ml) and TTN (10~"! M) or with Ro5-
4864 (107" M). Fig. 3 shows that indomethacin increased IL-
18 and TNF-a secretion, relative to LPS-stimulated control
cells. Indomethacin and TTN had identical but noncumulative
stimulatory effects on IL-18 and TNF-a production. Indometh-
acin and TTN, alone or together, did not enhance LPS-induced
production of IL-6 or IL-8. Indomethacin had no effect on
LPS-induced GM-CSF production and did not abrogate the
stimulatory effect of TTN. In the absence of LPS, there was
no significant increase in cytokine production by monocytes
incubated with indomethacin, TTN, or Ro5-4864, either sepa-
rately or together.

Effect of TTN on PGE; formation. To confirm that the
action of TTN interfered with the PG pathway, we investigated
the effect of the endogenous BZD ligand on PGE, production
by LPS-stimulated human monocytes. SN were collected 5 hr
after cell activation, a time reported to correspond to half-
maximal production of PGE; by LPS-stimulated human mono-
cytes (24). As shown in Table 1, TTN and Ro5-4864 exerted a
significant inhibitory effect on PGE; formation (mean of 33%
and 32%, respectively) in cells obtained from four different
blood donors. In the presence of indomethacin, PGE; produc-
tion was almost abolished and neither TTN nor Ro5-4864 had
any effect (data not shown).

Discussion

We have previously found that the PBR is strongly expressed
in macrophages (26). PBR is involved in immune regulation in
vitro and in vivo, given the capacity of BZD ligands to modulate
cytokine production in both murine macrophages and human
monocytes (10, 13, 14).
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TABLE 1

Effect of human TTN and Ro5-4864 on PGE; production by LPS-

stimulated PBMc

The level of PGE; production in the absence of LPS was about 50 pg/1 x 10° celis;
this level remained unchanged after treatment with TTN or Ro5-4864.

PGE; production
LPS LPS + Ro5-4864 LPS + TIN
(1 ug/mi) (107" w) (107" w)
pg/1 x 10° celis
Experiment 1 2947 2079 (30%)* 1973 (33%)
Experiment 2 1351 1019 (25%) 1094 (20%)
Experiment 3 4834 3501 (28%) 3401 (30%)
Experiment 4 1390 755 (46%) 702 (50%
32 + 5%° 33 £ 6%°

* Figures in parentheses express percentage of inhibition of control response

(response to LPS alone).

®p < 0.05. Values are mean + standard error.

DBI, the endogenous ligand of BZD receptors, has been
shown to displace diazepam from central-type receptors and
from PBR (27). TTN is one of the main biologically active and
abundant post-translational processing products of DBI. It is
able to displace the peripheral ligand [*H]Ro5-4864 from its
binding sites in olfactory bulb synaptosomal membranes with
a potency higher than that of ODN-DBI (8). Moreover, TTN
has been shown to stimulate steroid biosynthesis by adrenals
with an efficacy similar to that of DBI and greater than that
of ODN-DBI (7). This prompted us to investigate whether
TTN might be an endogenous regulator of the production of
the main proinflammatory cytokines in human monocytes.

We first showed that TTN enhances by approximately 2-
fold the LPS-induced secretion of TNF-a, IL-18, and GM-CSF
but not that of IL-6 or IL-8. Compared with the prototypic
synthetic PBR ligand Ro5-4864, TTN appeared to be more
potent in enhancing TNF-a and IL-18 production. TTN also

induced a small increase in LPS-induced expression of all the
cytokine mRNAs investigated, including those of IL-6 and IL-
8. This is the first demonstration that a specific endogenous
PBR ligand, at picomolar concentrations, interferes with cy-
tokine production at the level of gene expression. Whether
TTN augments transcription or, rather, increases mRNA sta-
bilization remains to be determined. Endotoxin contamination
of this peptide would be very unlikely to account for the
observed effects, because TTN was totally devoid of activity in
the absence of LPS, whereas monocytes responded to LPS
concentrations as low as 50 pg/ml under the same experimental
conditions (data not shown). Moreover, the finding that TTN
(107" M) still exerted stimulatory effects on the response
triggered by LPS (1 ug/ml, a plateau dose) further demonstrates
that TTN is not acting merely through endotoxin contami-
nants.

Interestingly, TTN modulated the mRNA levels of IL-6 and
IL-8, but not their secretion. It should be noted that these
cytokines are released in larger amounts than are TNF-q, IL-
18, and GM-CSF, but TTN remained ineffective even when
smaller quantities of IL-6 and IL-8 were secreted, using sub-
optimal concentrations of LPS. No modulation of IL-6 produc-
tion was observed in either the biological or immunoreactive
assays. Differential modulatory actions on cytokine gene
expression have been previously reported by Hurme (28), who
found that cAMP inhibited LPS-induced IL-18 synthesis with-
out modifying the corresponding mRNA levels. Likewise, Chan-
try et al. (29) found that TGF-81 stimulated IL-18 and TNF-«a
mRNA expression in monocytes but did not induce IL-18 or
TNF-a protein secretion. The differential effects of TTN on
IL-6 and IL-8 gene transcription and translation that we ob-
served could relate to a similar mechanism. Although TTN
influences only the signal for IL-6 and IL-8 production at the
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transcriptional level, it may modulate both the transcription
and translation of the IL-18, TNF-a, and GM-CSF genes by
exerting a priming effect. Indeed, we previously found that
Ro5-4864 stimulates IL-18 and TNF-a production only when
added at an early phase of activation (13).

It is noteworthy that the expression of some cytokines is
regulated by arachidonic acid metabolites (24, 25, 30, 31). The
second messenger pathways involved in signal transduction
after PBR activation have not yet been elucidated. In the
second part of this study, we showed that the effect of TTN
and Ro5-4864 on the cytokine response is controlled, at least
in part, by CO-derived metabolites. Pretreatment with indo-
methacin increased TNF-a and IL-18 synthesis to levels that
could not be further modulated by TTN, thus suggesting that
TTN acts as a CO inhibitor. In agreement with previous studies,
indomethacin had no effect on IL-6 or IL-8 production (22, 32).
Likewise, TTN did not modulate IL-6 or IL-8 production.
These observations suggest that the effect of TTN may be
controlled in part by PG at the post-transcriptional level. In
keeping with this interpretation, our results demonstrate that
TTN affects PG synthesis.

Our data further indicated that TTN modulates both mRNA
levels and GM-CSF secretion, whereas the PG inhibitor indo-
methacin had no effect, in contrast to the case for IL-18 and
TNF-a. Moreover, relative to IL-13 and TNF-a, GM-CSF
production is very low and delayed in LPS-stimulated human
monocytes (32). The observed stimulatory effect of TTN on
GM-CSF expression may, therefore, proceed through an addi-
tional mechanism distinct from the PG pathway. In particular,
whether mitochondrial steroidogenesis, which has been shown
to be affected by TTN (7), has any direct or indirect influence
on cytokine gene expression and/or secretion would be inter-
esting to investigate.

All these cytokines have been shown to play a role in me-
diating the inflammatory responses of phagocytic cells stimu-
lated by endotoxin. Moreover, they have a mutually stimulatory
effect and act in synergy to develop a proinflammatory reaction.
Indeed, IL-18 and TNF-a have been reported to induce GM-
CSF, IL-6, and IL-8 production by human monocytes (21, 33,
34), whereas GM-CSF itself is able to increase IL-18 expression
(35). GM-CSF and IL-8 display high activation potentials for
neutrophils at inflammatory sites (33). The modulatory action
exerted by the human endogenous anxiogenic peptide described
here could, therefore, contribute to the recruitment and acti-
vation of blood-derived monocytes and neutrophils during in-
flammation.

In a previous in vitro study, we demonstrated that rat ODN-
DBI (rat DBI 33-50) at picomolar concentrations significantly
enhanced LPS-induced secretion of IL-18 and TNF-a by hu-
man monocytes (13). Like ODN-DBI, TTN displays anxiogenic
and proconflict activities but, in contrast, these effects are
blocked by PK11195, a PBR ligand with both antagonistic and
agonistic actions on PBR (8). Moreover, TTN has been shown
to bind to the Ro5-4864 subsite of the BZD receptor expressed
in human monocytes. The fact that TTN exerted cytokine
modulation at picomolar concentrations correlates well with its
binding affinity for the Ro5-4864 site (8). Whether the mito-
chondrial PBR or a receptor localized at the monocyte plasma
membrane (36, 37) is implicated in the observed effects of TTN
remains to be ascertained.

The endogenous BZD receptor ligand DBI has been suggested

to play a role in the pathogenesis of both severe depression and
hepatic encephalopathy, based on its levels in cerebrospinal
fluid (1, 38). We now provide evidence that its bioactive proc-
essing product, TTN, modulates the expression in vitro of the
main proinflammatory cytokines by human monocytes. Al-
though experimental in vitro systems similar to ours, in which
TTN displayed modulatory capacities at a wide range of LPS
doses, were used to demonstrate the regulatory properties of
endogenous modulators of cytokine production (29, 35, 39),
caution is needed for extrapolation from in vitro results to
cytokine regulation in vivo. In particular, levels of circulating
DBI (or its processing products) in healthy, anxious, or im-
munologically challenged subjects and their possible variations
remain unknown at the present time. The possibility that DBI
or TTN could be involved in the physiological regulation of the
inflammatory response appears, nevertheless, an interesting
hypothesis to investigate.
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