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Synergistic Roles of Interleukin-6, Interleukin- 1, and
Tumor Necrosis Factor in the Adrenocorticotropin
Response to Bacterial Lipopolysaccharide in Vivo*

ROBERT S. PERLSTEIN, MARK H. WHITNALL, JOHN S. ABRAMS, EDWARI) H, MOUG(dY,
AND RUTH NETA

Department of Experimental Hematology (R.S.P., R.N.) and the Department of Physiology (M.H. W.1, Armed
Forces Radiobiology Research Institute, Bethesda, Maryland 20889-5145; Neuroendocrinologv' and
Neurochemistry Branch, Department of Medical Neurosciences (E.H.M.), Walter Reed Arm)' Institute of
Research, Washington, D.C. 20307-5100; and the Department of Immunology, DNAX Research Instiltut
U.S.A.), Palo Alto, California 94304

ABSTRACT release, we used blocking antibodies to IL-6. TNF. and the IL-i
Administration of lipopolysaccharide (LPS) results in activation of receptor. Our results demonstrate that anti-IL-6 antibody abrogated

the hypothalamic-pituitary-adrenal axis. LPS induces the release of a ACTH induction throughout the course of the response both 2 and 4 h
number of proinflammatory cytokines, i.e. interleukin-1 (IL-I), lL-6, after LPS challenge. In contrast, .nd-lL-1 receptor and anti-TNF

antibody, given individually, blocked ACTH production at 4 h, but notand tumor necrosis factor ITNF), which activate the hypothalamic- at 2 ihen in ed ATi ofts two atibodies no-at 2 h. Only combined administration of these two antibodies, dimin-
pituitary-adrenal axis as well and may mediate the effects of LPS. ished, but did not eliminate, AcTH release at 2 h. This is the first
Variations in the kinetics of appearance of IL-I, TNF, and IL-6 after demonstration that all three inflammatory cytokines are obligatory for
LPS challenge suggested that these cytokines may play diiterent roles LPS-induced elevation of plasma ACTH. in addition, these results
at different times. To elucidate the mutual dependence and contribu- suggest that IL-I. IL.6. and TNF play different roles in LPS-induced
tion of individual cvtokines in the course of LPS-induced ACTH ACTH release. (Endocrinology 132: 946-952. 199:0

NFLAMMATION and/or infection lead to activation of suggested that IL-1 may need to interact with the IL-6 it
the hypothalamic-pituitary-adrenal (H-P-A) axis (1, 2). induces endogenously in stimulating ACTH release. This

For many years, this phenomenon was studied in models hypothesis was further supported by our finding that pre-
employing lipopolysaccharide (LPS), a component of bacte- treatment with murine monoclonal anti-IL-6 antibody
rial cell walls of gram-negative bacteria (3-6). More recently, blocked the IL-I -induced ACTH response (11).
a number of proinflammatory cytokines, i.e. interleukin-1 LPS induces tne release of IL-I, 'TNF, and IL-6 (14), which
(IL-1), IL-6, and tumor necrosis factor (TNF), were shown to may mediate its stimulatory effect on the H-P-A axis. There-
similarly activate the H-P-A axis both in vivo and in vitro (7- fore, the use of cytokine blocking antibodies to modulate the
9). The finding that these biochemically distinct cytokines LPS-induced ACTH response should aid in elucidating the
had similar effects suggested redundancy. Our previous mutual dependence and contribution of endogenously pro-
work, however, indicated that interaction of these cytokines duced individual cytokines. Indeed, Rivier et al. (5) reported
was required for ACTH induction (10, 11). that monoclonal anti-IL-I receptor antibody partially blocks

More specifically, we demonstrated in C3H/HeN mice the H-P-A response to LPS in mice (5). In addition, depletion
that within 2 h of ip administration, IL-1 is a potent inducer of cytokines, in particular IL-I, by destruction of macro-
of ACTH, whereas pharmacological amounts (up to 10 gg) phages using liposome-encapsulated dichloromethylene di-
of IL-6 induced only a negligible response (10). However, phosphonate blocks the H-P-A respon3e to subpyrogenic
the combination of IL-1 and IL-6 produced a synergistic amounts of LPS in rats (6).
response within 30 min of injection (10), and IL-1 induces Moreover, variations in the kinetics of appearance of IL-
IL-6 within 2 h of injection (11-13). Together, these results 1, TNF, and IL-6 after LPS challenge have been observed

(13, 15-21), suggesting that these cytokines may play differ-
Received July 28, 1992. ent roles at different times. TNF levels were consistently
Address all correspondence and requests for reprints to: Dr. Robert found to peak approximately 1 h after LPS administration

S. Perlstein, USAF MC, EXH, AFRRI, Bethesda, Maryland 20889-5145 and then rapidly declined (13, 15-20), in part probably
* This work was supported by the Armed Forces Radiobiology Re-

search Institute, Defense Nuclear Agency, under work units 00129 and because TNF release is especially sensitive to negative feed-
00105. The views presented in this paper are those of the authors; no back by the glucocorticoid end product of H-P-A activation
endorsement by the Defense Nuclear Agency or the Department of (18, 19). In contrast, IL-I and IL-6 levels were found to peak
Defense has been given or should be inferred. Research was conducted somewhat later (within 2-4 h) and were sustained longer
atcording to the principles enunciated in the Guide for the Care and
Use of Laboratory Animals prepared by the lnstitito ,-f Laboratory (15, 17-19, 21). It was, therefore, postulated that TNF initi-
Animal Resour- ,, National lJ.scarch Council. ates, while IL-I and IL-6 sustain, H-P-A activation after LPS
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exposure (8). The AC Iit antibody used in this assay is derived from rabbits immu-

In this report, we present results which indicate that IL-I, nized against ACTVI-(1-24), a region that is identical in human and
for LPS-induced ACTH induc- murine ACTHs. The threshold sensitivity of this assav was 8 pgl/ml

IL-6, and TNF are requiredfo P-nueACHidc
tion, and their relative contributions depend on the time
interval after LPS challenge. Statistical anakysLs

In Figs. I and 3, evaluation of the results was camed out using
analysis of variance, followed by the Scheffe F test. In Figs 2 and 4,

Materials and Methods comparison of the response to each cytokine treatment at each time
point with the response to simultaneously injected vehicle was made

Experimental animals using Student's t tet. Comparison of the response to combined cotokine
treatment with the sum of the responses to each cytokine treatment

Female C3H!HeN mice were purchased from the Animal Genetics given separately at each time point was made as a I degree of freedom
and Production Branch, NCI (Frederick, MD). Mice were handled as contrast. For each time point, each P value stated reflects a Bonlerroni
previously described (10). correction for the number of tests run.

In the first set of experiments, groups of four to six mice were injected
ip with vehicle (0.5 ml pyrogen-free normal saline), control antibody, or
antibodies directed against the IL-I receptor, IL-6, or TNF at 1630 h on
day 1. At 0800 h the next morning (day 2), LPS was administered ip to Results
all of the pretreated groups as well as a group that had not received any
pretreatment. Either 2 or 4 h later, unanesthetized mice were decapitated LPS-induced ACTH release
(model 130 Rodent Decapitator, Harvard Apparatus, South Natick, MA)
with minimal stress to obtain plasma samples for ACTH. The ACTH levels in the plasma of mice receiving various

In the second set of experiments, groups of four to six mice were amounts of LPS at 2, 4, and 6 h are presented in Table 1.
injected ip with vehicle, recombinant human IL-Ia (rhiL-la), rhlL-6, The administration of all doses of LPS resulted in a maximal
recombinant human TNFa (rhTNFa), or combinations of these cytokines ACTH response at 2 h, which progressively diminished at 4
and decapitated 30-180 min later. In a final set of experiments, groups and 6 h. All maximal ACTH responses at 2 h were similar.
of four to six mice were pretreated with vehicle and antibodies on day
1, as described in the preceding paragraph, injected with a combination Therefore, we chose 1 ug LPS to study the modulation of the
of rhIL-la and rhTNFa at 0800 h on day 2, and decapitated 120 min 2 h ACTH response to LPS. The 4 h ACTH response was
later. similar after 5-50 gag LPS. Therefore, we chose 5 jig LPS to

In addition, 5-10 noninjected control mice were killed on the day of study the modulation of the 4 h ACI H response to LPS. The
each experiment. 6 h ACTH response after all doses of LPS injected vias not

substantial enough to allow further study. Thus, the magni-
Cytokines and LPS tude of the ACTH response to LPS in C3H/HeN mice is less

rhiL-1a (117-271 Ro 24-5008, lot IL-I 2/88; SA, 3 x 108 U/mg) was than that observed in BALB/c mice by Rivier et a!. (5). This
generously provided by Dr. Peter Lomedico, Hoffman LaRoche, Inc. probably is related to genetic differences between these two
(Nutley, NJ). rhIL-6 (SDZ 280-969, batch PPG 9001; SA, 5.2 X 10' U/ strains.
mg) was a gift from Dr. E. Liehl, Sandoz, Vienna, Austria). rhTNFa (lot
CP4026P08; SA, 9.6 X 106 U/mg) was provided by Biogen (Cambridge,
MA). LPS (protein free; prepared from Escherichia coli K235 by the Effect of antibody pretreatment on the plasma level of A CTH 2
phenol-water extraction method) was kindly provided by Dr. Stefanie h after challenge with LPS
Vogel, Uniformed Services University of the Health Sciences (Bethesda,
MD). The recombinant cytokines were diluted in 0.5 ml pyrogen-free Figure IA demonstrates the effect of pretreatment with
saline on the day of injection. anti-lL-6 antibody, anti-ILLR antibody, anti-TNF antibody,

the combination of anti-IL-IR antibody and anti-TNF anti-
Antibodies body, or antigalactosidase antib(idy on the 2 h ACTIH re-

Rat monoclonal antibody to mouse rlL-6 (MP5 20F3) was prepared sponse to I Mg LPS. Pretreatment with anti-IL-6 antibody
using semipurified Cos-7 mouse IL-6 as an immunogen, as previously completely blocked the response to LPS, while the combi-
described (22). Rat monoclonal antibody to f0-galactosidase (GL 113) nation of anti-TNF antibody and anti-IL-IR antibody only
was used as an isotype control. Rat monoclonal immunoglobulin GI, partially blocked the response. In contrast, pretreatment with
antimurine IL-I receptor (anti-IL-IR) antibody (35F5) (23) was gener-
ously provided by Dr. R. Chizzonite, Hoffman LaRoche. Hamster mono- TABLE 1. Plasma ACTH levels after ip injection of LPS
clonal antibody to murine TNFa (TN3.19.12) (24) was a kind gift from
Dr. R. Schreiber, Washington University (St. Louis, MO). The antibodies LPS dose 2 h 4 h 6 h
were diluted in 0.5 ml pyrogen-frce saline on the day of injection. The (Ag2
nm --nt of antibody injected (anti-IL-6, anti-IL-IR, and anti-TNF) was
approximately the same as the quantity we used in earlier work to block Vehicle 69.2 ± 8.8 66.3 t 8.51 68.6 :t 3.86
LPS-, IL-I-, and TNF-induced radioprotection ,1l, 25). Moreover, the 1 185.7 ± 6.0 109.8 ± 8.4 65.6 ± 6.3
amount of anti-IL- 1 R antibody used (250,ug) was similar to the quantity 2 211.0 ± 18.7 102.0 ± 5.8 65.0 ± 3.0
of the same antibody (200 jug) found to be effective by Rivier et al. (5) 5 lbt).8 ± 15.8 142.9 L 7.6 69.4 ± 5.3

in partially blocking LPS-induced ACTH release and reducing by 90% 10 170.8 7.3 130.4 ± 4.3 61.0 2.9
IL-1 -induced leucocytosis. None of the antibodies injected by themselves 25 178.2 + 12.2 135.6 ± 8.7 102.0 ± 17.9
had an effect on ACTH release. 50 170.0 ± 15.0 145.0 ± 11. 101 - 4

"values are expressed as picograms per ml. Female C3H/HeN mice
Measurement of ACTH in plasma received various amounts of LPS ip and then were decapitated to

obtain plasma for ACTH measurements 2, 4, or 6 h later. Each value
ACTH was assayed in plasma from decapitated mice using an "1I shown is the mean ± SEM for 5 animals, except for the vehicle values,

RIA kit (INCSTAR Corp,, Stillwater, MN), as previously described (10). which represent. 10 animals each.
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200 Aadministration of 10 ng rhlt- In, and I mg rhTNFtt resultud
A r in a significant increase in circulating AC]]I iat 30, 60, 120,

and 180 mmi compared with the response to simultanevously

E iso injected vehicle (Fig. 2). The responses to simultaneously,
injected vehicle were inconsequential (Fg2) Whnthe

abresponses to the rh IL- Il/rhTNF combination were compared

with those achieved with 10 rig rhIL-ik or I mg rhiNFo
b given separately, the responses to the combined injection

were significantly greater than the sumn of the responses to
each cytokine injected alone at 120 anti 180 min (Fig 2),

s0

Effect of antibodY pretreatment on pimmra ACTH 2 h after thc
combined injection of rhIL- In and rh TA'bF0

Vehicle U.PS aii-6. aIl.-IR- .IA al-.a~f ~ Figure 3 demonstrates the effect of pretreatment with anti-
LPS aTNF, LPS LPS LPS IL-6 antibody,, anti-IL-IR antibody, or an tigalactosidase an-

LIPS
tibodv on the 2 h ACTH response to the combined injection

16016 of 10'ng rhIL-Int and I og rhTFNFnt Pretreatment with anti-
0 IL-6 antibody was as effective as anti-IL-IR antibodyv in

:z blocking the ACTI! response to the combined rhlL-1/rhTNF
120. injection. Pretreatment with either of these antibodies pro-

0b
CL b ~duced a significant decline compared to pretreatmenuNt

b control antibody.

Release of ACTH after the inject ion of a combination of
40, rhTINFa and rhIL-6

t i l I We previously observed that suboptimal amounts of rhIL--
0ý In rl and rhlL-6 synergistically stimulate the release of ACTH

Vehicle LIPS (ALA' ail-IR ctTNF. aGd. (12). To determine whether a similar interaction occurs be-LPS UPS LPS LPS tween rhTNFos and rhIL-6, we evaluated the effect of the
Fmo. 1. C3H/HeN mice received ip injections of antibody [600 pg anti- combined injection of rhTNFa and rhlL-6. After the com-
IL-6 (olL-61, 60)0 ug a-galactosidiase (aGal). 250 ug ILl- IR. 100 Mg bieadnsttonfI grT nad1.5grh-6a
ekTNF, or 2,51) g alL-11R and 100 Ag aTNF combined) 16 h before ip iead nsttonfIMgrT aad1,5grhL6a
challenge with I gg LPS (A) or 5 ug LPS (B). Other rike w~ere significant increase in circulating ACTH was observed at 30,
administered vehicle, I mg LPS (A), or, mpg LPS (B) without antibody 60, 120, and 180 min compared with the response to simul-
pretreatment. Blood samples were obtained 2 h (A) or 4 h (B) afte r taneously injected vehicle (Fig. 4). The responses ito simul-
LPS or vehicle alone. Each bar represents the mean ± SEM far 8-34 tneslijced ehle er coeunta(ig4)
an. mals. a, 11 < 0.05 us. vehicle alone; b. P <0.05 u's, aGal plus LPS. tnosyijce eil eeicneunil(i.4

Igo a.,t
anti-TINF, anti-IL-IR, or control antibody did not attenuate -o-uavwqu

the ACTH response.16
-*-IugTNF

Effect of antibody pretreatment on the plasma level of ACTH 4 E i40

h after challenge with LPS
120ý

Figure lB demonstrates the effect of pretreatment with X
anti-IL-6 antibody, anti-IL-IR antibody. anti-TNF antibody, U 100.
or antigalactosidase antibody on the 4 h ACTH response to a-~

5 ug LPS. Pretreatment with any of the three anticytokine-
antibodies alone substantially blocked the ACTH response -------- - --------

to LPS, while pretreatment with control antibody had no 60. 0
effect. All of the anticytokine antibodies were equally effec-
tive. 0.

20 40 60 80 100 120 i40 160 180 200

Rele'ase oi,/ -."H'2 after the injection of a combination of rhIL-Tie(in
I a and rhTNFis Fic,. 2. Comparison of the time coi'-ocof irrreae sc pla-virn ACTii in

~;~I iIe~ iicda~xr "p injeciion of 10) ng Thl.- t combined with 1 pg
Preliminary experiments, indicated that rhTNFay adminis- rhTNFo., 10 ng rhill- Ii. or I mg rhTNFo. The mean vehicle responses

tere ipto mce y iselfindceda miima ACIT rspose, at each t ime point are also shown. Each time point reoresents the mean
tere ipto ice y isel inuceda mniml ACH rspose. ± SFM of hormone determinations for 6-218 animals, a, P < (1.M) us the

Therefore, we examined tfxe effect of the combined injection response to simultaneously injected vehicle; h), P1 < (1.05 is, the sum of
of suboptimal amounts of rhIL-lav and rhTNFnY. Combined the responses to rhIL' Iny and rhTNFo injected separately.
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160 35). Our results demonstrate that IL-6 plays a fundamental

I4O - role in LPS-induced ACTH release, but the participation and
interaction of IL-1 and TNF are also required. In addition,

E 120 the relative importance of these three cytokines varies at
0 - different times affor LPS challenge.

100 Pretreatment with anti-IL-6 antibody completely abro-
so gated the ACTH response to LPS 2 and 4 h after injection.

< Furthermore, the synergistic induction of ACTHI after the
60 com bined injection of rhTN F t and rhIL - 1,, ,vas bl,- ked ,,
40 anti-IL-6 antibody.

Inexplicably, although we were able to eliminate LPS-
20 induced ACTH responses by pretreatment with anti-IL-6

antibody, ip administration of large doses (10 mg) of IL-6 to

V-hIcle"-- a l-I R, m ice elicited only a m inim al response (10). This suggests that
T÷I r.I rTO IL-6 in the circulation may require an additional factor(s) to

FIG. 3. C3H/HeN mice received ip injection of antibody [600 pg anti- induce ACTH release. Alternatively, it is possible that svs-
IL-6 (alL-6), 600 jg a-galactosidase (aGal), or 250 gg alL-1R] 16 h temic IL-6 does not reach the necessary local site(s) in the
before ip injection of 10 ng rhIL-lo• combined with 1 pg rhTNFaY (T+I). brain, whereas the anti-lL-6 antibody neut-alizes LPS- or IL-
Other mice were administered vehicle without antibody pretreatment. - I
Blood samples were obtained 2 h after T+I or vehicle alone. Each bar 1-stimulated IL-6 produced in the hypothalamus and/or
represents the mean ± SEM for 13-15 animals. a, P < 0.05 vs. vehicle pituitary gland (36-39). If a cofactor(s) is required for IL-6 to
alone; b, P < 0.05 us. aGal plus T+l. stimulate ACTH release, it is not clear at what level the

interaction takes place, e.g. at the target cell level or due to
G50 facilitated transport across the blood-brain bamer.

140 •Our results suggest that both IL-1 and TNF play important
-- 1u +.2.ugk-6 roles as 1L-6 cofactors. The ACTH response 2 h after LPS

10 - -- challenge w as not blocked by pretreatm ent w ith anti-IL- 1R
120. -or anti-TNF antibody given separately, but was diminished"" 110. by the combination of these antibodies; moreover, pretreat-

:: •m ent w ith either anti-IL- lR or anti-TN F antibody alone
10o totally blocked the 4 h ACTH response. Our previous obser-

90 .vations that IL-1 and IL-6 synergize in inducing ACTH
t release (10) and that the 2 h ACTH response to lL-I may be

-0. -- .-------- - dependent upon an obligatory interaction between IL-I and
0 -"" .. 4 the IL-6 it induces endogenously (11) further suggest that
6 IL-I is an important cosecretagogue for IL-6 in stimulating

20 40 60 so 100 120 140 160 180 200 the H-P-A axis. The coinjection of rhTNFa and rhIL-6 re-

Time (min) suited in a greatly augmented (but not synergistic) ACTH

FIG. 4. Comparison of the time course of increase in plasma ACTH in response, suggesting a lesser role for TNF-IL-6 interaction in
C3H/HeN mice after ip injection of I pg rhTNFa combined with 1.25 ACTH induction.
pg rhIL-6, 1 pg rhTNFa, or 1.25 pg rhIL-6. The mean vehicle responses Since anti-IL-6 antibody totally abrogated ACTH release,
at each time point are also shown. Each time point represents the mean while the combination of anti-IL-I R and anti-TNF antibodies
± SEM of hormone determinations for 7-28 animals, a, P < 0.05 vs. the only partially blocked the ACTH response 2 h after LPS
response to simultaneously injected vehicle; b, P < 0.05 vs. the re-
sponses to rhTNFa or rhIL-6 injected separately. administration, it is possible that in addition to IL-I and TNF,

other factors cooperate with IL-b. Among these, the arachi-
When the early responses to the rhTNF/rhlL-6 combination donic acid cascade metabolites, i.e. prostaglandins, leuko-
were compared with those to I jug rhTNFa or 1.25 Mg rhIL- trienes, and epoxygenase products, which have been shown
6 given separately, the responses to the combined injection to modulate CRH release from the hypothalamus (40) and
were significantly greater than the responses to each cytokine ACTH release from the pituitary (41) in vitro, seem likely
injected alone (but not significantly greater than the sum of candidates. Other possible factors are histamine (3) and IL-2
the responses to each cytokine injected alone; Fig. 4). (8, 9, 42).

In addition to directly stimulating the hypothalamus and
pituitary in conjunction with IL-6, LPIS-induced IL-1 and

Discussion TNF also contribute to stimulation of the H-P-A axis by
Previous studies demonstrate that IL-1, IL-6, and TNF inducing IL-6 production. In contrast to observations with

each stimulate the II-1-t axis in vivo via a CRH-dependent anti-IL-6 antibody, pretreatment with either anti-IL-IR or
mechanism (7-9, 26-32) and in vitro at the level of the anti-TNF antibody blocked the 4 h, but not the 2 h, ACTH
hypothalamus and pituitary (7-9, 27, 33, 34). On a molar response to LPS. The greater efficacy of these antibodies at
basis, IL-1 is a more potent stimulator than TNF or IL-6 (31, 4 h may be due in part to their ability to interfere with TNF/
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IL-1 induction of IL-6. There is ample evidenCL that LPS- addition, may play an interactive role with IL-6 at both time
induced elevation of IL-6 depends upon IL-A and TNF in- points. The definitive explanation of how these cvtokines
duced by LPS. LPS stimulates the release of IL-1 and TNF mediate the activation of the H-P-A axis by LPS will have
in vitro (43, 44), including the production of IL-I in the to take into account the contribution of cytokines produced
hypothalamus and pituitary (45, 46) and TNF in central in the hypothalamus and pituitary gland, and how and if
nervous system microglial cells (47). In vivo, serum levels of they are induced by circulating cytokines originating in the
TNF peak before IL-I and IL-6 after LPS administration (13, periphery.
15-21). TNF and IL-I, in turn, both stimulate the release of
IL-6 (11-13, 43, 44, 48-50). TNF is a much less potent
inducer of !L-6 thep IL-L in mice (11). This may help to Acknowledgments
explain why ip injection of TNF stimulated only a minimal We thank Drs. T.;- .lac%",ttie and G. D). Ledney for criticallv reviewing
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