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Abstract

Expression of interleukin-6 (IL-6) upon acute inflammatory stress is significantly augmented by aging 
in adipose tissue, a major source of this cytokine. In the present study, we examined the mechanism 
of age-dependent IL-6 overproduction using visceral white adipose tissue from C57BL/6 mice. Upon 
treatment with lipopolysaccharide (LPS) in vitro, IL-6 was produced by adipose tissue explants, and 
secreted levels were significantly higher in cultures from aged (24 months) mice compared to young 
(4 months). Interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNFα), two inducers of IL-6, 
were mainly produced by the lungs and spleen rather than adipose tissue in mice after LPS injection. 
Treatment of adipose explants with physiological levels of IL-1β induced significant age-dependent 
secretion of IL-6, while treatment with TNFα had little effect, demonstrating an augmented response of 
adipose tissues to IL-1β in the aged. In vitro experiments utilizing a neutralizing antibody against IL-1β 
and in vivo experiments utilizing IL-1-receptor-1 deficient mice, confirmed that IL-6 overproduction in 
the aged is regulated by autocrine/paracrine action of IL-1β which specifically occurs in aged adipose 
tissues. These findings indicate an elevated inflammatory potential of adipose tissue in the aged 
and a unique IL-1β-mediated mechanism for IL-6 overproduction, which may impact age-associated 
vulnerability to acute inflammatory diseases such as sepsis.
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Aging is associated with increased basal levels of interleukin-6 (IL-6), 
an inflammatory cytokine which is usually very low under normal 
conditions (1–5). Gene expression, as well as tissue and circulating 
levels of IL-6, are also dramatically increased by inflammatory stimuli 
and these induced levels are significantly augmented by aging (6–10). 
This is of particular clinical importance during sepsis, an acute sys-
temic inflammatory condition caused by infection. Sepsis is the 10th 
leading cause of death in patients aged 65 and over, and both incidence 
and mortality increase progressively with advancing age (10). Sepsis is 

also a frequent complication in patients with pneumonia, appendicitis, 
acute pancreatitis, urinary tract infection, and severe burn (10).

We have previously shown that augmented production of IL-6 in 
the aged is associated with high mortality during experimental ani-
mal models of sepsis, acute pancreatitis, and endotoxemia (6,8–10). 
We also demonstrated that of all the major tissues in the body, vis-
ceral white adipose tissue expresses the highest level of IL-6 mRNA in 
both young and aged mice during systemic inflammation induced by 
injection with gram-negative bacterial endotoxin lipopolysaccharide 
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(LPS), with the level of expression being more than double in the 
aged (11,12). We and others have also shown that aged IL-6−/− mice 
are more resistant to LPS compared to age-matched control mice, 
demonstrating that overproduction of IL-6 is detrimental in the aged 
(11,13). While IL-6 is a heavily studied cytokine, the mechanism for 
this age-associated increase in production of IL-6 from adipose tis-
sue under acute inflammatory stress is not clear. Specifically, it is 
unclear whether augmented IL-6 expression in adipose tissue is due 
to a physiological change in the adipose tissue itself or rather a result 
of increased systemic inflammation in the aged environment.

Furthermore, whether age-associated IL-6 upregulation in adipose 
tissue is due to a direct action of LPS or mediated by such early inflam-
matory cytokines as interleukin 1 beta (IL-1β) or tumor necrosis factor 
alpha (TNFα) remains unknown. Direct action of LPS on adipose tis-
sue is likely as multiple adipose tissue cell types including both adipo-
cytes and preadipocytes, in addition to inflammatory cells, are known 
to constitutively express toll-like receptor 4 [TLR4 (14–16)], the main 
receptor which recognizes LPS and mediates its signal transduction 
including downstream activation of NFκB (17,18). IL-1β and TNFα 
are cytokines, released early in the inflammatory response, which share 
a wide range of biological activities including neutrophil activation 
and bacterial clearance (19). IL-1β and/or TNFα have been shown to 
induce the expression of IL-6 in various tissues and cell types includ-
ing cardiac myocytes and vascular cells (20), osteoblasts (21), airway 
smooth muscle cells (22), lung epithelial cells (23), and subcutaneous 
adipocytes (24). TNFα has also been shown to compensate for IL-1β 
during bacterial infection (25) or after LPS administration (26).

In this study, an in vitro explant culture system was used to study 
the mechanism of IL-6 overexpression in visceral white adipose 
tissue after inflammatory stimulation with LPS, used to mimic the 
effects of gram-negative bacterial sepsis. The key feature of using this 
explant culture system, as opposed to traditional isolated cell cul-
ture, is that the integrity of the tissue is maintained which preserves 
autocrine and paracrine interactions among the different cell types.

Methods

Animals
Young (4-month old) and aged (24-month old) male C57BL/6 mice 
were obtained from a colony at the National Institute on Aging. Male 
IL-1 receptor 1 knockout mice (IL-1r1−/−, B6.129S7-Il1r1tm1Imx/J) and 
wild-type control mice were obtained from The Jackson Laboratory 
(Bar Harbor, ME). All mice were maintained for at least 7  days in 
an environment under controlled temperature (21–23°C), humidity 
(30%–70%), and lighting (14 hours light/10 hours dark) with free 
access to water and chow (Rodent Diet No. 2500, LabDiet, St. Louis, 
MO). All animal procedures were approved by the Institutional Animal 
Care and Use Committee at the University of Kentucky.

Explant Culture of Adipose Tissues
Mice were anesthetized with 2% isoflurane in air, the inferior vena 
cava cut, and the entire vasculature perfused with sterile physiologi-
cal saline through the cardiac ventricles. Epididymal adipose tissues 
were harvested from mice after perfusion, weighed, and divided into 
50 mg pieces. Each 50 mg piece was then further cut into approxi-
mately 5–10 mg pieces and the pieces (50 mg total) were placed in 
a single well of a six-well tissue culture plate with 5 mL Dulbecco’s 
Modified Eagle medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS, Atlanta Biologicals), penicillin (100 units/mL), 
streptomycin (100 μg/mL; Life Technologies, Grand Island, NY), and 

insulin (10  μg/mL; Sigma–Aldrich, St. Louis, MO). Cultures were 
incubated at 37°C in an atmosphere of 5% CO2/air. Thirty minutes 
after the start of culture, adipose tissues were treated with either bac-
terial endotoxin LPS derived from Pseudomonas aeruginosa (Sigma–
Aldrich, St. Louis, MO), recombinant TNFα, or recombinant IL-1β 
(R&D Systems, Minneapolis, MN) and the medium was sampled at 
the designated time points after treatment. In selected experiments, a 
neutralizing polyclonal antibody against IL-1β (R&D Systems) was 
added to the cultures. All treatments and samplings were performed 
on a slide warmer set to 37°C to maintain cultures at a constant 
temperature. Medium samples were stored at −80°C for later analy-
sis. After the final sampling, adipose tissue pieces were collected and 
stored at −80°C for later analysis of DNA content.

DNA Content Analysis
DNA was extracted from the adipose tissue fragments by overnight 
digestion at 42°C with proteinase K (100 μg/mL) in buffer contain-
ing 10 mM Tris-HCl, 10 mM EDTA, 0.005% SDS. DNA concentra-
tion of each sample was determined using Quant-iT™ PicoGreen® 
dsDNA Reagent and Kit (Life Technologies) using the protocol rec-
ommended by the manufacturer.

In Vivo LPS Model of Systemic Inflammation
Acute systemic inflammation was induced by intraperitoneal injec-
tion with the same LPS used for above explant cultures. LPS was dis-
solved in physiologic saline and administered intraperitoneally with 
a dose of 2.5 mg/kg. For time-course analysis of plasma cytokines, 
30 μL of blood was drawn sequentially from the tail vein of mice 0, 
1.5, 3, and 6 hours after LPS injection. For analysis of mRNA expres-
sion, mice were anesthetized with 2% isoflurane in air 1.5 hours 
after LPS injection, the entire vasculature perfused as described ear-
lier, and whole tissues harvested and flash frozen in liquid nitrogen.

Plasma and Culture Medium Cytokine Analysis
Plasma samples were obtained by centrifugation of blood at 2,000g 
for 10 minutes. Plasma and medium were analyzed by enzyme-linked 
immunosorbent assay (ELISA, Thermo Scientific, Rockford, IL) for 
quantification of TNFα, IL-1β, and IL-6 levels using the protocol 
recommended by the manufacturer. According to the manufacturer, 
the detection limits of these assays are 9, 3, and 7 pg/mL for TNFα, 
IL-1β, and IL-6, respectively.

RNA Isolation and Northern Blot Analysis
Total RNA was isolated from tissues by a method similar to our previ-
ously described protocols (11,20). Twenty micrograms of RNA from 
each tissue was electrophoretically fractionated through 1.2% agarose 
gels containing 3% formaldehyde buffered in 20 mM MOPS and 1 mM 
EDTA at pH 7.4. The RNA was transferred to Zeta-Probe GT nylon 
membranes (Bio-Rad Laboratories, Hercules, CA) overnight and fixed 
by ultraviolet cross-linking. Radiolabeled IL-1β, TNFα, and 18S probes 
were prepared from mouse cDNA using DECAprime II Random Primed 
DNA Labeling Kit and NucAway Spin Columns (Ambion, Austin, TX). 
Hybridization and washing were performed at 65°C. Membranes were 
exposed to Blue Lite Autorad Film (ISC Bio Express, Kaysville, UT) in 
the presence of an intensifying screen at −80°C.

Statistical Analysis
Data were analyzed by one- or two-way analysis of variance when 
appropriate using SigmaPlot Statistical Software, Version 11.0 
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(Systat Software, Chicago, IL). Tukey test or Holm-Sidak method 
were used for multiple comparisons. A  p value less than .05 was 
considered statistically significant.

Results

Adipose Tissues From Aged Mice Produce More IL-6 
Than Adipose Tissues From Young Mice After LPS 
Stimulation, In Vitro
To examine whether adipose tissues from aged mice produce more IL-6 
than adipose tissues from young mice, equal sized pieces of epididymal 
adipose tissues were harvested from young (4-month old, average body 
weight 31.1 ± 2.05 g) and aged (24-month old, average body weight 
34.9 ± 1.42 g) mice and treated with LPS (10 μg/mL) in vitro. Control 
cultures received the same volume of vehicle (PBS) which did not stim-
ulate cytokine secretion. A clear difference in response to LPS was vis-
ible between adipose tissues from young and aged mice (Figure 1). IL-6 
secretion was detectable as early as 3 hours after LPS treatment in adi-
pose tissues from both young and aged mice and reached statistically 
significant induction 12 and 24 hours later. A significant age-associated 
difference in the level of IL-6 was observed 24 hours after LPS treat-
ment (p < .001). Approximately 50 ng of IL-6 per μg of adipose tis-
sue DNA was secreted into the medium by LPS-treated adipose tissues 
from aged mice over a 24-hour period, while approximately 25 ng of 
IL-6 per μg of DNA was secreted into the medium by LPS-treated adi-
pose tissues from young mice. When given a lower dose of LPS (1 μg/
mL), a similar trend was observed, approximately 25 ng of IL-6 per 
μg of adipose tissue DNA was secreted by adipose tissues from aged 
mice, while less than half that amount (10 ng IL-6 per μg of adipose 
tissue DNA) was secreted by adipose tissue from young mice (data 
not shown). A higher dose of LPS (100 μg/mL) produced a saturating 

effect that was similar to results using the 10 μg/mL dose. These data 
clearly indicate that adipose-derived IL-6 production occurs independ-
ent of systemic inflammation and that, given the same dose of LPS, 
adipose tissues from aged mice produce and secrete significantly more 
IL-6 than an equal amount of adipose tissues from young mice. These 
results suggest that aging alters the nature of the adipose tissue causing 
it to be more responsive to LPS.

IL-1β and TNFα Are Early Cytokines Produced During 
the Inflammatory Response, In Vivo
IL-1β and TNFα are pro-inflammatory cytokines produced in the 
early phase of systemic inflammation and in turn induce a variety 
of other inflammatory mediators including IL-6 (20). To determine 
the circulating levels and kinetics of IL-6, IL-1β, and TNFα, young 
and aged mice (n = 5 each) were injected with LPS (2.5 mg/kg, i.p.) 
and blood was collected consecutively from the tail vein at the given 
timepoints for plasma analysis by ELISA. As shown in Figure 2, both 
IL-1β and TNFα levels in the plasma peaked 1.5 hours after LPS 
injection, while IL-6 levels in the plasma of both young and aged 
mice peaked 3 hours after LPS injection. A significant age-associated 
difference in the concentration of these cytokines was observed for 
TNFα at 1.5 (p < .001) and 3 hours (p < .001) after LPS injection 
and for IL-6 at 3 and 6 hours after LPS injection (p < .001 and p < 
.001, respectively). The concentration of IL-1β in the plasma was 
not significantly different in the two age groups although the average 
concentration was higher in the aged. These data confirm that IL-1β 
and TNFα are systemically induced earlier than IL-6 and are induced 
to a higher degree in aged mice suggesting that increased induction 
of these early cytokines may be responsible for age-associated over-
production of IL-6.

IL-1β and TNFα Are Produced Mostly by the Lungs 
and Spleen During Inflammatory Stress
To determine which organs produce IL-1β and TNFα during 
the early phase of systemic inflammation, mRNA levels of these 
cytokines were examined in multiple tissues that were harvested 
from young and aged mice 1.5 hours after LPS injection. IL-1β and 
TNFα were strongly expressed in the lungs and modestly in the 
spleen of both young and aged mice with higher levels observed in 
the aged (Figure 3). Minimal levels of IL-1β and TNFα were detected 
in other tissues including adipose tissue (fat). This data indicates that 
adipose tissue is not a major source of IL-1β or TNFα during LPS-
mediated inflammation and suggests an important role for the lung 
and/or spleen as major producers of these cytokines during the early 
phase of systemic inflammation.

IL-1β, But Not TNFα, Significantly Mediates IL-6 
Production From Adipose Tissue, In Vitro
To test whether IL-1β and TNFα induce IL-6 production by adi-
pose tissue, explant cultures of adipose tissue from young mice were 
treated with IL-1β or TNFα (1 or 10 ng/mL) and the media sampled 
0, 1, 3, 6, and 12 hours later for analysis by ELISA (Figure 4A). IL-1β 
induced significantly higher levels of IL-6 from adipose tissue com-
pared to TNFα. A dose of 1 ng/mL IL-1β resulted in the production 
of approximately 16 ng of IL-6 per μg of adipose tissue DNA over 
a 12-hour period. The same dose of TNFα (1 ng/mL) did not induce 
any detectable levels of IL-6. When a higher dose of TNFα (10 ng/
mL) was applied to adipose tissues in culture, a modest amount of 
IL-6 (approximately 4 ng per μg of adipose tissue DNA) was pro-
duced (data not shown). A high dose of IL-1β (10 ng/mL) produced 

Figure 1.  Age-associated increase in interleukin-6 (IL-6) release from mouse 
white adipose tissues after LPS treatment, in vitro. Explant cultures of adipose 
tissue from young and aged mice were treated with lipopolysaccharide (LPS; 
10 μg/mL) in vitro and the media sampled at multiple timepoints for analysis 
of IL-6 by ELISA. IL-6 levels were adjusted for adipose tissue DNA content. Data 
are expressed as the mean ± standard deviation, n = 3 per age and timepoint. 
This experiment was reproduced three additional times with different 
mice, and similar results were obtained in each experiment. * indicates a 
statistically significant change as compared to the 0 hour timepoint of the 
same age group. † indicates a statistically significant difference between 
young and aged at the same timepoint. Two or three symbols signify p < .01, 
or .001, respectively.
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IL-6 levels similar to those produced when given 1 ng/mL IL-1β (data 
not shown) indicating a saturating effect. Combined treatment with 

TNFα and IL-1β did not induce IL-6 at higher levels than for treat-
ment with IL-1β alone, eliminating a possible synergistic effect by 
the two cytokines (data not shown). These results suggest that the 
early cytokine, IL-1β, rather than TNFα, is likely to play an impor-
tant role in IL-6 production and secretion from the adipose tissue.

IL-1β-Induced IL-6 Production Is Higher in Adipose 
Tissues From Aged Mice Compared to Young Mice
Subsequently, adipose tissues from young and aged mice were com-
pared for their responsiveness to IL-1β; adipose tissues from aged mice 
produced significantly more IL-6 than adipose tissues from young mice 
after stimulation with IL-1β (Figure 4B). Six hours after the addition of 
IL-1β (1 ng/mL), 25–30 ng IL-6 per μg adipose tissue DNA was present 
in the medium of adipose tissue cultures from aged mice, while only 
10–15 ng IL-6 per μg adipose tissue DNA was present in the medium 
of adipose tissue cultures from young mice. Additionally, in response 
to a 10 times lower dose of IL-1β (0.1 ng/mL), adipose tissues from 
aged mice still produced significant amounts of IL-6 (approximately 
20–25 ng IL-6 per μg adipose tissue DNA); this amount still far exceeds 
the IL-6 levels produced by the addition of 100-times more TNFα 
(data not shown). These results suggest an important role for IL-1β in 
the age-associated overproduction of IL-6 from adipose tissue.

LPS-Induced IL-6 Production Is Mediated by 
Paracrine/Autocrine Action of IL-1β in Adipose 
Tissues From Aged, But Not Young Mice
To further investigate the role of IL-1β on LPS-induced overproduc-
tion of IL-6 in adipose tissues from the aged, the effects of an anti-IL-
1β neutralizing antibody on IL-6 production was examined. Explant 
cultures of adipose tissue harvested from young and aged mice were 
treated with LPS alone (10 μg/mL) or LPS plus a neutralizing anti-
body against IL-1β (10 ng/mL), and the medium collected 1, 3, and 
6 hours later for analysis of IL-6 by ELISA (Figure  4C). Control 
cultures received the same volume of vehicle (PBS). In response to 
LPS, as shown previously in Figure 1, adipose tissues from aged mice 
secreted more IL-6 than adipose tissues from young mice (22 ng vs 
13 ng per μg DNA at 6 hours, respectively). When the neutralizing 
antibody against IL-1β was added to the explant cultures in com-
bination with LPS, the amount of IL-6 secreted by aged adipose 
tissues was significantly reduced. IL-6 levels in the medium from 
young adipose tissues did not change by addition of the neutralizing 
antibody. This data indicates that adipose-derived IL-1β mediates 
age-associated overproduction of IL-6 in the adipose tissue; however 
such IL-1β does not seem to play a role in IL-6 production from 
young adipose tissues. To eliminate the possibility that an insufficient 
amount of neutralizing antibody was added, adipose tissues from 
aged mice were subsequently treated with LPS plus a 10-times higher 
dose of neutralizing antibody against IL-1β (100 ng/mL), which did 
not reduce IL-6 levels any further than was shown for 10 ng/mL 
(data not shown).

To further support the suggestion that autocrine/paracrine IL-1β 
is not involved in the upregulation of IL-6 from adipose tissues of 
young mice, LPS-induced IL-6 production was compared in adipose 
tissues from young IL-1 receptor 1 null mutant mice (IL-1r1(−/−)) 
and age and sex-matched wild-type control mice. These mice dis-
play a normal acute phase response to systemic LPS challenge, but 
fail to respond to IL-1 because the IL-1 signaling receptor has been 
knocked out (27). Explant cultures of adipose tissue harvested from 
young wild-type and young IL-1r1(−/−) mice were treated with LPS 

Figure 2.  Interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNFα) are 
early cytokines released during lipopolysaccharide (LPS)-induced systemic 
inflammation, in vivo. Plasma samples were obtained from the tail vein of young 
and aged mice 0, 1.5, 3, and 6 hours after LPS (2.5 mg/kg) injection. Plasma 
levels of (A) IL-1β, (B) TNFα, and (C) interleukin-6 (IL-6). Data are expressed 
as the mean ± standard deviation, n = 5 per age and timepoint. * indicates a 
statistically significant change as compared to the 0 hour timepoint of the same 
age group. † indicates a statistically significant difference between young and 
aged at the same timepoint. One, two, or three symbols signify p<.05, .01, or 
.001, respectively.
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(10 μg/mL) and the medium sampled 3, 6, 12, and 24 hours later and 
analyzed for IL-6 expression by ELISA. Both wild-type and knock-
out mice responded to LPS similarly; no significant difference in the 
levels of IL-6 following LPS treatment was observed (Figure 5). This 
data indicates that the absence of IL-1β signaling did not impact the 
ability of young adipose tissues to produce IL-6; thus IL-1β is not 
involved in IL-6 upregulation in adipose tissue of young mice.

Discussion

The major findings of this study include: (a) IL-6 is secreted from 
visceral white adipose tissue directly in response to LPS and adipose 
tissues from aged mice secrete significantly more IL-6 than adipose 
tissues from young mice; (b) unlike IL-6, expression of IL-1β and 
TNFα in adipose tissue is relatively low compared to other organs, 
and exogenous IL-1β, rather than TNFα, is responsible for produc-
tion and secretion of IL-6 from adipose tissue; and (c) despite low 
endogenous levels in adipose tissue, autocrine/paracrine action of 
IL-1β mediates age-associated overproduction of IL-6 which does 
not occur in the young. Collectively, these findings indicate that the 
mechanism of IL-6 production in adipose tissue differs by aging and 
that the pro-inflammatory nature of aged adipose tissue is not sim-
ply a result of increased adiposity or increased inflammatory signals 
from the aged environment.

From these findings, we propose three mechanisms for the 
LPS-mediated expression of IL-6 from adipose tissue (Figure  6). 
Mechanism 1: LPS directly stimulates adipose tissue to secrete IL-6; 
the amount of IL-6 secreted by this mechanism does not differ by 
aging. Although a direct effect of LPS on IL-6 production is likely as 
many cells within adipose tissue express TLR4, other cytokines may 
play intermediate roles in this mechanism. Nevertheless, regardless 
of the factors involved, it appears that they do not influence age-
associated overproduction of IL-6. Mechanism 2: LPS stimulates adi-
pose tissue to produce IL-1β, which then acts in an autocrine and/

or paracrine fashion to induce the production and secretion of IL-6 
from adipose tissue; this mechanism is unique to adipose tissue in 
aged mice and absent in young mice. IL-1β secretion from adipose 
tissue was not confirmed by our in vitro studies; however, we recently 
reported that adipose tissues from aged mice expresses significantly 
more IL-1β than adipose tissues from young mice in response to LPS 
treatment in vivo (12), suggesting that IL-1β produced by adipose 
tissues acts within the tissue without being secreted. Mechanism 3: 
IL-1β is synthesized largely by the lungs and spleen and such secre-
tion of this protein acts as an endocrine signal to adipose tissue 
resulting in the production and secretion of IL-6 which occurs in 
significantly higher amounts from aged adipose tissue. During LPS-
mediated inflammation in vivo, IL-1β is produced more highly in the 
lungs from aged compared to young mice (28,29) and higher levels 
of IL-1β are known to be circulating in aged mice (9,28). However, 
when adipose tissues from young and aged mice were treated with the 
same concentration of IL-1β, in vitro, adipose tissue from the aged 
still produced more IL-6 than that from young, indicating that aging 
increases the sensitivity of adipose tissue to IL-1β. We previously 
reported that the microvasculature from the aged is more sensitive 
to inflammatory mediators present in the circulation of patients with 
sepsis (30). Our current findings extend this notion to adipose tissue.

Presumed changes in adiposity with age may be deemed 
accountable for increased adipose derived cytokines; however, 
despite increased body weight of aged mice in this study, the weight 
of the epididymal fat pads were not significantly different between 
young and aged mice. Furthermore, although aged mice are signifi-
cantly heavier than young mice, imaging studies have shown that 
percentage of total body fat, and abdominal fat volume are not 
significantly different (31). Unpublished data from our laboratory 
also show that average adipocyte size is not significantly differ-
ent between the ages of mice used in this study, although size is 
more variable among aged mice. While this study did not examine 
the effects of adipose aging in obese animals, other studies have 

Figure 3.  Lung and spleen are the major tissue sources of lipopolysaccharide (LPS)-mediated interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNFα) 
expression. Systemic inflammation was induced in young (4 months old) and aged (24 months old) C57BL/6 male mice by LPS injection (2.5 mg/kg, i.p.), and 
mice were sacrificed 1.5 hours later. RNA was isolated from various tissues and analyzed by Northern blotting. Each lane represents pooled mRNA samples 
(20 µg per lane) from three mice.
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reported that aging exacerbates obesity induced chronic systemic 
inflammation (5,32).

Another cytokine of interest with respect to systemic inflamma-
tion and adipose tissue is TNFα. Despite many reports that TNFα 
is produced and secreted by adipocytes in vitro (33), the extent 
to which it is actually secreted by adipocytes into the circulation 
remains a matter of debate (34). We were not able to detect TNFα in 
the medium after treatment of mouse visceral adipose tissue explants 
with LPS; however, we previously reported induction of TNFα 
mRNA in adipose tissue in vivo after LPS injection (12). These 
results are supported by other studies which show that human sub-
cutaneous adipose tissue from normal weight subjects expresses but 
does not release TNFα, in vivo (35) or in vitro (36). One study did 
find an extremely low amount of TNFα (0.098 pg/mL/mg) released 
into the medium of human adipose tissue explant cultures from mor-
bidly obese patients after stimulation with 1 μg/mL LPS (37). Studies 
reporting TNFα expression in adipose tissue indicate that it is the 
stromal vascular cells which are responsible for secretion of TNFα 
and these studies are mainly performed on adipose tissue from obese 
subjects (38,39). As recent research has indicated that varied mech-
anisms exist to govern age-related versus obesity-induced adipose 
tissue inflammation (11,40–42), it is plausible that TNFα plays an 
important role in inflammatory and metabolic processes of adipose 
tissue in the obese state but plays a rather insignificant role in adi-
pose tissue of healthy weight individuals.

Sepsis can be caused by either gram-positive bacteria or gram-
negative bacteria. Gram-negative bacteria-induced sepsis is known 
to stimulate a significantly greater inflammatory response as com-
pared to that caused by gram-positive bacteria (43). Thus, the use of 
LPS, a major cell wall component of gram-negative bacteria, for sep-
sis research may not be relevant to address inflammatory responses 
caused by gram-positive bacteria, but is useful to study excessive 
inflammatory mechanisms. We previously reported that the inflam-
matory response induced by LPS in adipose tissue in vivo is signifi-
cantly greater in aged animals as compared to young (11,12); thus 
in the present study, we used LPS in vitro to study this mechanism.

An obvious limitation of this study is that we did not identify 
which cell types within the adipose tissue produce and/or secrete 
IL-6, IL-1β, or TNFα. Although this may have been possible using 
traditional cell separation techniques, evidence suggests that the 
standard procedure for isolation of primary adipose cells induces the 
transcription and secretion of multiple inflammatory mediators and 
generates changes in global gene expression which are indicative of 
an inflammatory insult (44). This complication was avoided in the 
current study by using explant culture; however, the downside is that 
only limited conclusions can be drawn regarding specific cell regu-
lation. Multiple other studies have reported that cytokine release 
from adipose tissue is primarily due to nonfat cells (12,42,45–48). 
Nevertheless, studying adipose tissues in explant culture is an essen-
tial step in understanding the biology and pathophysiology of this 
organ as the technique preserves the autocrine and paracrine signals 
within the tissue, maintains the existing cross-talk among various 
cell types and avoids artificial activation (49). Regardless of the cell 
type, the adipose tissue as a whole is a major inflammatory organ 
which contributes to the systemic response during an inflammatory 
insult (11). The issue of which cell type contributes most towards the 
inflammatory nature of adipose tissue is still unclear and has only 
recently begun to be investigated. Future studies in this area must 
be addressed to completely understand the inflammatory nature of 
adipose tissue and how it reflects systemically. Another limitation of 
this study is that we cannot determine whether IL-1β is an autocrine 
or paracrine mediator of IL-6. Identifying specific cell types within 

Figure 4.  Interleukin 1 beta (IL-1β), but not tumor necrosis factor alpha (TNFα), 
mediates interleukin-6 (IL-6) overproduction from adipose tissue of aged mice. 
(A) Explant cultures of adipose tissue from young mice were treated with TNFα 
or IL-1β (1 ng/mL) in vitro and the media sampled at indicated time points for 
analysis of IL-6 by ELISA. (B) Explant cultures of adipose tissue from young and 
aged mice were treated with IL-1β (1 ng/mL) in vitro and the media sampled 
for analysis of IL-6 by ELISA. (C) Explant cultures of adipose tissue from young 
and aged mice were treated with lipopolysaccharide (LPS; 10  µg/mL) and a 
neutralizing antibody against IL-1β in vitro and the media sampled for analysis 
of IL-6 by ELISA. IL-6 levels were adjusted for adipose tissue DNA content. Data 
are expressed as the mean ± standard deviation, n = 3 per age and timepoint. * 
indicates a statistically significant change as compared to the 0 hour timepoint of 
the same group. † indicates a statistically significant difference between young 
and aged at the same timepoint. One, two, or three symbols signify p < .05, .01, 
or .001, respectively.
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the adipose tissue which express these cytokines would be the neces-
sary next step to further answer these questions.

In conclusion, our results demonstrate that the inflammatory poten-
tial of adipose tissue is exaggerated by aging and that this phenom-
enon occurs independent of fat mass. Our previous studies have shown 
adipose tissue to be a major source of IL-6 during acute inflammatory 
stress which contributes to increased age-dependent mortality. The pre-
sent results provide evidence that overproduction of IL-6 in adipose 

tissue of the aged is mediated by a combination of increased sensitivity 
to IL-1β derived within the adipose tissue and from the lungs/spleen. 
These results support the notion that alterations in adipose tissue physi-
ology contribute to exaggerated inflammation with age. This may be of 
particular clinical importance in diseases of acute systemic inflamma-

tion, such as sepsis, where elderly patients tend to be more vulnerable.
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