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Tumor necrosis factor-� (TNF-�) is elevated in obesity
and in acute inflammatory states, and contributes to
the elevated plasminogen activator inhibitor-1 (PAI-1)
levels associated with these conditions. Mice geneti-
cally deficient in the p55 and p75 TNF-� receptors
were used to study the roles of these receptors in the
expression of PAI-1 in obese (ob/ob) mice, and in
lean mice following acute stimulation with TNF-�. In
ob/ob mice, p55 and p75 tumor necrosis factor-�
receptors (TNFRs) act cooperatively to induce PAI-1
mRNA in most tissues, including the adipose tissue,
kidney, heart, and liver. However, in lean mice, TNF-
�-induced PAI-1 expression is mediated primarily by
the p55 TNFR. Interestingly, PAI-1 mRNA expression
in all tissues of the TNF-�-treated p75-deficient lean
mice was significantly higher than that observed in
TNF-�-treated wild-type mice. These observations sug-
gest that the p75 TNFR may play a role in attenuating
TNF-�-induced PAI-1 mRNA expression in acute in-
flammatory conditions. Our observation that soluble
p75 TNFR was elevated in the plasma of TNF-�-treated
mice in comparison to untreated mice supports this
hypothesis. These studies thus provide insights into
the TNF-� receptors involved in mediating and mod-
ulating the expression of PAI-1 in acute and chronic
(eg, obesity) inflammatory states associated with ele-
vated TNF-�. (Am J Pathol 2003, 162:933–941)

Tumor necrosis factor-� (TNF-�) is a multifunctional cy-
tokine involved in the pathogenesis of multiple disease
states including septic shock, autoimmune disorders, in-
flammation, and insulin-resistance.1–3 TNF-� protein is
initially synthesized as a 26 kd bioactive membrane-
bound protein (mTNF-�),4 which is proteolytically
cleaved to its 17-kd secreted/soluble form (sTNF-�) by
the membrane metalloproteinase TNF-� converting en-
zyme (TACE).5,6 Although sTNF-� appears to elicit most
TNF-�-mediated responses, it is becoming increasingly
evident that mTNF-� also is capable of mediating re-
sponses that are either similar to7–11 or distinct from11,12

its soluble counterpart. The biological activities of TNF-�
are mediated by two structurally related, but functionally
distinct receptors p55 and p75, which are co-expressed
on the surface of most cell types.13–16 Both receptors can
also be proteolytically cleaved and released as soluble
receptors capable of binding TNF-�.17,18 The individual
roles of the two receptors in signaling the different activ-
ities of TNF-� has been extensively investigated using
receptor-specific antibodies which act as agonists or
antagonists,7,19–23 receptor-specific ligands,22,24,25 and
mice or cell lines genetically deficient in either the p55 or
p75 TNF-� receptors.26–31 Using these approaches it
has been shown that the majority of inflammatory re-
sponses classically attributed to TNF-� are mediated by
the p55 TNFR. For example, studies of TNF-� receptor-
deficient mice reveal that p55 plays a critical role in
mediating endotoxic shock,32 LPS- and TNF-�-induced
cytotoxicity,32–34 development of lymphoid tissue,35 and
the pathology of collagen-induced arthritis.36 TNFR p55
also was shown to play a protective role in L. monocyto-
genes-induced infection.32,34 In contrast, p75 TNFR has
been implicated in the suppression of TNF-�-induced
inflammatory response32 and other TNF-�-mediated re-
sponses, including thymocyte proliferation, skin necrosis,
apoptosis of activated mature T lymphocytes, develop-
ment of experimental cerebral malaria, and the up-regu-
lation of NF-�-dependent gene expression.19,37–42

TNF-� is a potent inducer of the anti-fibrinolytic mole-
cule plasminogen activator inhibitor-1 (PAI-1), and in-
duces PAI-1 expression in many cell types in vitro and in
most murine tissues in vivo.43,44 PAI-1 plays an important
role in the regulation of fibrinolysis by binding to and
rapidly inactivating both tissue-type and urokinase-type
plasminogen activators.45 Additionally, PAI-1 influences
neointima formation, cell migration, cell attachment/de-
tachment, wound repair, and angiogenesis.46–49 High
levels of PAI-1 are associated with an increased risk for
thrombotic diseases such as myocardial infarction,
stroke, and venous thromboembolism.50,51 Increased
plasma PAI-1 levels have been detected in patients with
gram-negative sepsis,52 during the second and third tri-
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mesters of pregnancy,53 as well as in obesity and type II
diabetes and in insulin-resistance,54–57 all of which are
associated with an increased risk for thrombotic events.
Interestingly, several of the disease states associated
with elevated PAI-1, such as gram-negative sepsis, in-
flammatory conditions, and obesity, also are associated
with increased TNF-� expression.1–3,36 In fact, using
ob/ob TNFR-deficient mice we demonstrated that TNF-�
is a key component in the obesity-linked elevation of
PAI-1.58 Similarly, TNF-� contributes to the LPS-induced
expression of PAI-1 in lean mice.43

Although TNF-� was shown to induce PAI-1 in a variety
of cells in vitro and in vivo, little is known regarding the role
of TNFRs in mediating PAI-1 expression in various dis-
ease states. In this study, we used mice deficient in either
the p55 or p75 TNFRs to begin to delineate the physio-
logical roles of p55 and p75 in mediating and modulating
PAI-1 gene expression in two different model systems.
These include obese ob/ob mice characterized by chron-
ically increased endogenous TNF-� levels, and lean mice
treated acutely with high doses of TNF-�, a situation
similar to a TNF-�-mediated acute inflammatory re-
sponse. Our results show that in the obese mouse both
TNFRs appear to act cooperatively to induce maximum
PAI-1 mRNA in most tissues examined. However, during
acute treatment with TNF-�, p55 TNFR is the dominant
receptor for inducing PAI-1, while the p75 TNFR appears
to play an antagonistic role in PAI-1 expression in this
model. These data indicate that TNFRs are differentially
engaged in inducing PAI-1 in a tissue and disease-
specific fashion.

Materials and Methods

Animals

Adult male obese mice (C57BL/ob/ob; 20 to 24 weeks of
age) and their lean counterparts (C57BL/6J �/?) were ob-
tained from the Jackson Laboratory (Bar Harbor, ME). Age-
matched male ob/ob mice deficient in either one (p55 or
p75) or both TNFRs (p55 and p75) were generated by
crossing and back-crossing lean mice deficient in these
receptors to ob/ob mice as described26,58 and genotyped
using PCR-based assays.26 In some experiments, lean
mice lacking p55 TNFR, p75 TNFR, or both and wild-type
controls were injected i.p. with recombinant murine TNF-�
(4 �g per mouse in 100 �l of sterile saline; a kind gift of
Richard Ulevitch, The Scripps Research Institute). Control
animals were injected with 100 �l of saline alone. Three
hours later, blood was collected and tissues were removed
and processed for in situ hybridization (below) or the prep-
aration of total RNA.

Determination of PAI-1, p75, and p55 TNFRs in
Plasma

Active PAI-1 antigen in plasma was determined by using
the t-PA binding assay as described.59 The results were
compared with a standard curve constructed by using
recombinant mouse PAI-1. Plasma p75 and p55 TNFR

levels were determined using the Quantikine M mouse
sTNF R11 and Quantikine M mouse sTNF R1 ELISA as-
says, respectively, according to manufacturer’s instruc-
tions. (R & D Systems, Minneapolis, MN).

RNA Analysis

The concentration of PAI-1, TNF-�, and �-actin mRNAs in
tissues was determined by real time RT-PCR using the I
cycler (BioRad). In this method, reactions are character-
ized by the point in time during cycling that amplification
of the PCR product is first detected, rather than by the
amount of PCR product accumulated after a fixed num-
ber of cycles. The higher the starting copy number of the
target nucleic acid, the earlier a significant increase in
fluorescence is observed. An increase in fluorescence
above baseline indicates the presence of accumulated
PCR product. A fixed fluorescence threshold is set above
the baseline. The parameter CT (threshold cycle) is de-
fined as the fractional cycle number at which the fluores-
cence exceeds the fixed threshold. A plot depicting the
log of initial concentration for a set of standards versus
the CT is a straight line (data not shown). Quantification of
the amount of target mRNA in unknown samples is ac-
complished by measuring the CT of the sample and using
the standard curve to determine starting concentration. In
these experiments, a linearized synthetic plasmid con-
taining the upstream and downstream primer sets for
PAI-1 and �-actin was prepared and used to in vitro
transcribe an RNA standard (cRNA) using the riboprobe
Gemini 11 in vitro transcription system (Promega, Madi-
son, WI) as previously described.44,60 Various concen-
trations of the cRNA (in 2.5 �l) were analyzed by real time
PCR using 150 nmol/L of 5[prime] and 3[prime] primers
(for each of the specific genes) and the SYBR green PCR
master mix (Perkin Elmer) in a total volume of 25 �l, under
cycling conditions used previously.44,60 mRNA from tar-
get tissues was reverse transcribed and subjected to
PCR as above using the corresponding primer pairs for
PAI-1 and �-actin, and the concentration of these specific
RNAs was calculated from the respective standard
curves.

In situ hybridization was performed as described by
using 35S-labeled antisense or sense PAI-1 riboprobes.44

Slides were exposed in the dark at 4°C for 4 to 8 weeks.
After developing the slides they were counterstained with
hematoxylin and eosin.

Statistical Analysis

Statistical comparisons of results were performed using
the unpaired Student’s t-test.

Results

Effect of Deletion of TNFRs on PAI-1 Gene
Expression in ob/ob Mice

TNF-� is elevated in the adipose tissue in both human
and murine obesity3,61–64 and may contribute to the ab-
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normal levels of PAI-1 observed in obesity. We previously
demonstrated a significant reduction in adipose tissue
PAI-1 mRNA levels in ob/ob mice deficient in both p55
and p75 TNF-� receptors when compared with wild-type
ob/ob mice.58 These results suggested that TNF-� is a
key component in the obesity-linked elevation of PAI-1 in
adipose tissue. However, PAI-1 expression is known to
be elevated in several other tissues in ob/ob mice, includ-
ing the kidney, heart, liver, and lung.60 To determine
whether TNF-� contributes to the elevated PAI-1 expres-
sion outside the adipose tissue we initially determined
whether TNF-� gene expression itself was elevated in
these tissues in the ob/ob mice. Besides the adipose
tissue, TNF-� mRNA was found to be significantly ele-
vated in the kidney (P � 0.02), heart (P � 0.04), lung (P �
0.02), and to a lesser extent in the liver (P � 0.06) of
ob/ob mice when compared to the lean counterparts
(Figure 1, top panel). To determine whether TNF-� con-
tributes to increased PAI-1 levels observed in these tis-
sues, we next measured PAI-1 mRNA expression in wild-
type and TNFR-deficient ob/ob mice. Obese mice lacking
both TNFRs showed a significant reduction in PAI-1 ex-
pression in the kidney (P � 0.02), heart (P � 0.009), liver
(P � 0.005), and lung (P � 0.01) compared with the
wild-type ob/ob mice (Figure 1, bottom panel). Thus,
TNF-� contributes not only to the elevated expression of
PAI-1 in adipose tissue but also to the increased PAI-1
observed in the kidney, heart, liver, and lung of ob/ob
mice.

Identification of the TNF-� Receptors Involved in
PAI-1 Expression

To investigate the role of p55 and p75 TNFRs, respec-
tively, in mediating the induction of PAI-1 by TNF-� in
obesity, we compared PAI-1 mRNA expression in various
tissues of ob/ob mice and ob/ob mice deficient in each of
the individual TNF-� receptors. PAI-1 mRNA was signifi-
cantly reduced in the adipose tissue (P � 0.001),58 kid-
ney (P � 0.02), heart (P � 0.009), liver (P � 0.005), and
lung (P � 0.004) of ob/ob mice that lacked both TNFRs
when compared to wild-type ob/ob mice (Figure 1, bot-
tom panel; Figure 2, top panels). Interestingly, in the
adipose tissue, kidney, and heart, PAI-1 mRNA expres-
sion also was significantly reduced in ob/ob mice that
lacked either the p55 (adipose, P � 0.0001; kidney, P �
0.005; heart, P � 0.006), or the p75 TNFR (adipose, P �
0.0001; kidney, P � 0.01; heart, P � 0.004) when com-
pared with wild-type ob/ob mice (Figure 2, top panels).
These results suggest that the TNF-�-mediated signals
leading to increased PAI-1 expression in the adipose
tissue, kidney, and heart of ob/ob mice require the par-
ticipation of both p55 and p75 TNFRs. PAI-1 mRNA also
is elevated in the ob/ob liver when compared to its lean
counterpart.60 The absence of p55 in ob/ob mice caused
a significant decrease in PAI-1 mRNA in the liver (P �
0.007), while the absence of p75 alone did not affect
PAI-1 mRNA levels. PAI-1 mRNA expression in mice lack-
ing both p55 and p75 TNFRs was lower than in mice
lacking only the p55 TNFR. These results suggest that

although the p75 TNFR itself does not induce PAI-1
mRNA in the liver, it appears to augment PAI-1 induction
mediated by the p55 TNFR. In the lung, PAI-1 mRNA was
significantly reduced in TNFR-deficient ob/ob mice when
compared to wild-type ob/ob mice (P � 0.004; Figure 1,
bottom panel; Figure 2, top panel: lung). Interestingly,
mice lacking either the p55 or the p75 TNFR appeared to
have levels of PAI-1 mRNA similar to wild-type ob/ob
mice (wild-type versus p55-deficient ob/ob, P � 0.2).
These results suggest that in the obese lung TNF-� can
induce PAI-1 expression independently through either
the p55 or the p75 TNFR.

We next investigated the role of p55 and p75 TNFRs in
mediating the induction of PAI-1 after acute administra-
tion of TNF-� to wild-type lean and TNFR-deficient lean
mice (Figure 2, bottom panels). In this model TNF-�
significantly induced PAI-1 mRNA in all tissues of the
wild-type (adipose tissue, P � 0.009; kidney, P � 0.01;
heart, P � 0.0001; liver, P � 0.002; and lung, P � 0.002)
and p75-deficient (adipose, P � 0.004; kidney, P �

Figure 1. Top panel: Expression of TNF-� mRNA in tissues from obese
(ob/ob) and lean mice. Total RNA was extracted from the adipose tissue,
kidney, heart, liver, and lung of male ob/ob and lean mice. TNF-� mRNA was
determined using quantitative real time RT-PCR analysis. N � 6 for each
group; error bars represent mean � SD. Bottom panel: Expression of PAI-1
mRNA in tissues from ob/ob and TNF-� receptor-deficient ob/ob mice. Total
RNA was extracted from the adipose tissue, kidney, heart, liver, and lung of
male ob/ob mice and ob/ob mice lacking both TNFRs (p55�/�, p75�/�).
PAI-1 mRNA was determined using quantitative real time RT-PCR. N � 6 for
each group, error bars represent � SD.

TNF-� Receptors in the Induction of PAI-1 935
AJP March 2003, Vol. 162, No. 3



0.004; heart, P � 0.0001; liver, P � 0.006; lung, P �
0.004) mice. However, a modest but significant induction
of PAI-1 mRNA also was observed in the adipose tissue
(P � 0.004), heart (P � 0.05), and liver (P � 0.02) of
TNF-�-treated p55-deficient mice. These results suggest
that while p55 TNFR is the dominant receptor for the
TNF-�-induced expression of PAI-1 mRNA in this model,
in some tissues (eg, adipose tissue, heart, and liver)
PAI-1 mRNA also can be induced by the p75 TNFR. It is
interesting that, in all of the tissues studied (Figure 2,
bottom panels), the PAI-1 mRNA response in TNF-�-
treated p75-deficient mice was significantly higher than
the PAI-1 response observed in TNF-�-treated wild-type
mice (eg, adipose, P � 0.02; kidney, P � 0.02; heart, P �
0.03; liver, P � 0.04; and lung, P � 0.03). These data
suggest that, in acute inflammation, p75 may play a key
role in modulating the actions of TNF-�, by acting as an
antagonist of TNF-� in the induction of PAI-1.

We were also interested in knowing the extent of cor-
relation between tissue expression of PAI-1 mRNA and
levels of plasma PAI-1 protein. Figure 3 shows active
PAI-1 antigen in the plasma of wild-type and TNF-� re-
ceptor-deficient ob/ob mice (top panel) as well as wild-
type and TNF-� receptor-deficient lean mice acutely
treated with exogenous TNF-� (bottom panel). As we had
demonstrated previously,58 when compared to wild-type
ob/ob mice, ob/ob mice deficient in both the p55 and p75
TNF-� receptors had significantly reduced levels of PAI-1
antigen in the plasma (52% reduction; P � 0.01; Figure 3,
top panel). PAI-1 antigen levels also were significantly
reduced in ob/ob mice lacking either the p55 (P � 0.04)
or the p75 (P � 0.05) TNF receptors when compared with
the wild-type ob/ob mice. Thus PAI-1 antigen levels ob-
served in the plasma of ob/ob and TNF-� receptor-defi-
cient ob/ob mice most closely reflect PAI-1 mRNA levels

observed for the adipose tissue, kidney, and heart in
these animals (Figure 2, top panel).

In lean mice treated acutely with exogenous TNF-�
(Figure 3, bottom panel), active plasma PAI-1 antigen
was significantly increased in wild-type (P � 0.0002) and
p75-deficient mice (P � 0.0006) in response to stimulus.
Plasma PAI-1 levels in TNF-�-treated p75-deficient mice
was only modestly greater than that observed in TNF-�-
treated wild-type mice, however this increase was highly
significant (P � 0.0005). Although a moderate increase in
PAI-1 mRNA expression had been observed in the adi-
pose tissue, heart, and liver of TNF-�-treated p55-defi-
cient mice, this was not reflected in the plasma PAI-1
levels. The origin of plasma PAI-1 is a complex process.
Variations in the amount of PAI-1 synthesized by multiple
tissues as well from cells in the blood probably contribute
to the final plasma PAI-1 concentrations. Moreover,
changes in the rate of clearance of PAI-1 in the two
models tested also may be involved in the regulation of
plasma PAI-1 levels. Discrepancy between tissue ex-
pression of PAI-1 mRNA and plasma protein levels may
therefore depend on several factors, including tissue-
specific post-transcriptional regulation and overall total
contribution by a particular tissue to systemic circulating
PAI-1. Thus PAI-1 mRNA expression observed locally in
the tissues need not necessarily be reflected in PAI-1
antigen levels observed in the plasma.

Effect of Exogenous TNF-� Treatment on the
Cellular Localization of PAI-1 in Wild-Type and
TNFR-Deficient Lean Mice

Using in situ hybridization analysis we previously demon-
strated that the adipocyte was the primary cell respond-

Figure 2. Top panels: Effect of deletion of TNFRs on PAI-1 expression in tissues from ob/ob mice. Total RNA was extracted from various tissues of wild-type
ob/ob mice, ob/ob mice lacking both TNFRs (p55�/�, p75�/�), ob/ob mice lacking only the p55 TNFR (p55�/�), and from ob/ob mice lacking only the p75 TNFR
(p75�/�). PAI-1 mRNA was determined using quantitative real time RT-PCR. N � 6 for each group; error bars represent � SD. Bottom panels: Effect of exogenous
TNF-� treatment on PAI-1 mRNA expression in tissues of lean wild-type and lean TNFR-deficient mice. Lean wild-type mice, lean mice lacking both TNFRs
(p55�/�, p75�/�), lean mice lacking only the p55 TNFR (p55�/�), and lean mice lacking only the p75 TNFR (p75�/�) were injected i.p. with 4 �g of murine
recombinant TNF-� or saline. Three hours later, tissues were collected and analyzed for PAI-1 mRNA using quantitative real time-RT-PCR as described in Materials
and Methods. N � 6 for each group; error bars represent mean � SD.
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ing with elevated PAI-1 mRNA expression in adipose
tissues of TNF-�-treated wild-type, p55�/�, and p75�/�

mice.58 To examine the cell-specific expression of PAI-1
mRNA in other tissues (eg, kidney, heart, liver, lung),
tissues from saline or TNF-�-treated wild-type or TNFR-
deficient (P55�/� or P75�/�) mice were removed, fixed in
paraformaldehyde, and analyzed by in situ hybridization
using a riboprobe specific for murine PAI-1.44 Represen-
tative sections from these tissues are shown in Figure 4.
In saline-treated wild-type control mice no signals for
PAI-1 mRNA could be detected in any of the tissues
examined (A, kidney; B, heart; C, Liver; D, lung). In TNF-
�-treated wild-type mice, strong hybridization signals
were apparent in the glomeruli of the kidney (panel E), in
cardiomyocytes of the heart (panel F), hepatocytes in the
liver (panel G) and alveolar macrophages in the lung
(panel H). In TNF-�-treated p55-deficient mice, positive
signals for PAI-1 were observed in the heart (panel J) and
the liver (panel K), but not in the kidney (panel I) and lung
(L). The intensity of the hybridization signals observed in
the heart and liver of TNF-treated p55-deficient mice
were markedly less than that observed in TNF-treated
wild-type mice (compare panels J and F; panels K and
G). These observations agree with the data obtained by
real time quantitative PCR (Figure 2, bottom panels:
heart, liver) and suggest that in the presence of high
concentrations of soluble TNF-�, PAI-1 induction in the
heart and liver also can be mediated by the p75 TNFR. In
TNF-�-treated p75-deficient mice, very strong in situ hy-
bridization signals were observed for PAI-1 in the glomer-
uli of the kidney (panel M), in cardiomyocytes of the heart
(panel N), in hepatocytes of the liver (panel O), and in
alveolar macrophages of the lung (panel P). The positive
in situ hybridization signals for PAI-1 in these tissues from
TNF-�-treated p75-deficient mice appear to be much
stronger than the signals observed in TNF-�-treated wild-
type mice (compare panels M, N, O, P and panels E, F,
G, H). These results generally agree with data obtained
by quantitative real time RT-PCR (Figure 2, bottom pan-
els), and suggest that in all tissues, p55 TNFR is the
dominant receptor for the induction of PAI-1 in this model,
while p75 TNFR may play an antagonistic role.

Plasma p75 and p55 Levels in TNF-�-Treated
Lean Mice

In many tissues of TNF-�-treated p75-deficient lean mice,
PAI-1 mRNA expression was found to be increased over
that observed for TNF-�-treated wild-type controls (Fig-
ure 2, bottom panels). These results raise the possibility
that p75 may act as an antagonist of TNF-� signaling for
PAI-1 induction. A variety of inflammatory stimuli are
known to trigger shedding of p55 and p75 TNFRs from
the cell surface into the circulation.17,18 Such a process
could conceivably regulate the effects of TNF-� by bind-
ing to and neutralizing TNF-� bioactivity. We therefore
initially measured soluble p75 and p55 levels in the
plasma of control (saline-treated) and TNF-�-treated
wild-type lean mice. Soluble p75 TNFR was increased in
the plasma after TNF-� treatment of wild-type mice (Fig-

ure 5), while there was no change in plasma levels of p55
after TNF treatment (data not shown). Although a modest,
but significant, increase in soluble p75 also was ob-
served in TNF-�-treated p55-deficient mice, this expres-
sion was significantly lower than what was observed in
TNF-�-treated wild-type mice. These results suggest that
while the increase of plasma p75 TNFR in response to
TNF-� is mediated primarily by the p55 TNFR, the p75
TNFR also can mediate this event to a smaller extent. The
increase in plasma p75 TNFR in response to an acute
inflammatory stimulus such as TNF-� may function as an
antagonist and offer a certain degree of protection in
disease states associated with acute increases in TNF-�.

Discussion

In this study we used mice genetically deficient in the p55
and p75 TNFRs to elucidate the roles of these receptors
in mediating TNF-�-induced PAI-1 mRNA expression in
tissues of ob/ob mice and lean mice treated acutely with

Figure 3. Top panel: Plasma PAI-1 expression in wild-type and TNFR-deficient
ob/ob mice. Plasma was collected from wild-type ob/ob mice, ob/ob mice
lacking both TNFRs (p55�/�, p75�/�), ob/ob mice lacking only the p55 TNFR
(p55�/�), and from ob/ob mice lacking only the p75 TNFR (p75�/�). Plasma
PAI-1 antigen was analyzed as described in Materials and Methods. N � 6 for
each group; error bars represent � SD. Bottom panel: Plasma PAI-1 expression
in TNF-�-treated wild-type and TNFR-deficient lean mice. Lean wild-type mice,
lean mice lacking both TNFRs (p55�/�, p75�/�), lean mice lacking only the p55
TNFR (p55�/�), and lean mice lacking only the p75 TNFR (p75�/�) were
injected i.p. with 4 �g of murine recombinant TNF-� or saline. Three hours later,
plasma was collected and analyzed for PAI-1 antigen expression. N � 6 for each
group; error bars represent mean � SD.
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exogenous TNF-�. While several studies have demon-
strated the involvement of the p55 TNFR in various TNF-
�-mediated responses,13,33,65,66 the role of the p75 TNFR
remains less clear. The data presented here reveal the
importance of both the p55 and p75 TNFRs in the induc-
tion of PAI-1 mRNA in ob/ob mice, a model for elevated
endogenous TNF-� or chronic inflammation. We find con-
vincing evidence for the involvement of p75 in PAI-1
mRNA induction in several tissues which exhibited ele-
vated endogenous TNF-�. These include the adipose
tissue, kidney, liver, heart, and lung of ob/ob mice (Figure
2, top panels). In ob/ob mice, p55 and p75 TNFRs are
both required for PAI-1 gene induction and may act co-
operatively to achieve this. In this respect, it is interesting
to note that a recent study demonstrated that PAI-1 anti-
gen levels in adipose tissues from obese humans were
strongly correlated with both TNFR1 and TNFR11.67 In
studies relating to TNF-�-mediated insulin-resistance in
the same ob/ob model, it was demonstrated that while
p55 deficiency caused a significant improvement of in-
sulin sensitivity and p75 deficiency did not affect insulin
sensitivity, it appeared to potentiate the effect of p55.29

The fast association/dissociation kinetics of soluble
TNF-� with the p75 receptor is thought to create an
increase in the local concentration of the cytokine in the
proximity of the cell membrane, thus potentially augment-
ing soluble TNF-� binding to the p55 receptor.7,13 Such a
mechanism may be expected to be important in physio-

logical and/or pathological situations in which the circu-
lating concentrations of TNF-� are low. Membrane-asso-
ciated TNF-� can bind both receptors, but is reported to
bind more efficiently to the p75 TNFR.7,27,68 In adipo-
cytes, however, p55 appears to be the dominant receptor
for mTNF-�.61 In this regard, a recent study demon-
strated that membrane-bound TNF-� also was increased
in adipose tissues in both human and murine obesity.69

Figure 4. Effect of TNF-� on the cellular localization of PAI-1 mRNA in tissues of wild-type and TNFR-deficient mice. In situ hybridization was performed on
paraffin sections of the kidney, heart, liver, and lung from lean wild-type untreated mice (A,B,C,D) and TNF-�-treated wild-type (E,F,G,H), p55 TNFR-deficient
(I,J,K,L) and p75 TNFR-deficient (M,N,O,P) mice. Slides were exposed for 4 weeks at 4°C and then stained with hematoxylin and eosin. Arrowheads indicate
positive signals for PAI-1 mRNA. Magnification, �400 for all sections.

Figure 5. Expression of TNFR p75 in the plasma of TNF-�-treated lean
wild-type and p55�/� mice. Wild-type or p55�/� lean mice were injected i.p.
with 4 �g of murine recombinant TNF-� or saline. TNFR p75 in the plasma
was determined using an ELISA assay (R & D Systems).
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The scenario therefore exists in obesity in which circulating
TNF-� concentrations are low and TNF-� may be increased
locally at the sites of production to act in an autocrine and/or
paracrine manner. A ligand passing mechanism or a coop-
eration between signals transmitted independently by p55
and p75 may explain the requirement for both these recep-
tors to generate maximum PAI-1 mRNA induction in several
tissues of the obese mouse. In this regard, both TNFRs
were involved in signaling endothelial tissue factor expres-
sion in endothelial cells.68 Similarly, a murine transmem-
brane TNF-� transgene induces arthritis by cooperative
p55/p75 TNFR signaling.70 A functional role for both TNFRs
and mTNF-� also was demonstrated in experimental hep-
atitis.71 Ligand-induced formation of p55 and p75 hetero-
complexes have been reported on intact cells.72 It is not
known yet whether a similar phenomenon occurs in obesity.

In lean mice that we treated acutely with a high dose (4
�g/mouse) of exogenous TNF-�, providing a model for
acute inflammation, the p55 TNFR appeared to be the
major receptor for transmitting the TNF-� signal leading
to the induction of PAI-1 mRNA in all tissues examined. In
these mice TNF-� increased PAI-1 mRNA expression in
the adipose tissue (58 adipocytes), liver (hepatocytes),
lung (alveolar macrophages), heart (cardiomyocytes),
and kidney (glomerular cells). In the adipose tissue, liver,
and heart, p75 also independently induced a modest but
significant increase in PAI-1 mRNA. Although the majority
of biological responses classically attributed to TNF-� are
mediated by the p55 TNFR, it is becoming increasingly
evident that the p75 TNFR is capable of delivering a
TNF-� signal under certain circumstances. For example,
it has been demonstrated that activation-induced apo-
ptosis of T cells is mediated by p75.40 Additionally, p75 is
involved in the development of TNF-�-induced necrosis
of the skin, in the migrations of epidermal Langerhans
cells, initiation of cutaneous immune responses, and in
the development of experimental cerebral malaria.37–41

Interestingly, the induction of PAI-1 mRNA in all tissues
of the TNF-�-treated p75-deficient lean mice was higher
than that observed in TNF-�-treated wild-type mice (Fig-
ure 2, bottom panels). These results suggest an antago-
nistic role for p75 TNFR in TNF-�-induced expression of
PAI-1 mRNA in this acute in vivo model. A variety of
inflammatory stimuli are known to trigger shedding of cell
surface-associated p55 and p75 into the circula-
tion.18,73,74 Soluble p55 and p75 receptors have been
reported to function both as TNF-� agonists by stabilizing
TNF-�,32 as well as effective TNF-� antagonists by neu-
tralizing TNF-�.75–79 An antagonistic role for soluble
TNFRs is supported by the observation that exogenously
administered recombinant soluble p55 or p75 Ig fusion
proteins are effective TNF-� antagonists in several mod-
els of inflammation known to involve TNF-�.75,76,78,79

Also, infusion of a soluble TNFR-IgG chimeric protein to
obese fa/fa rats reduced TNF-�-mediated insulin-
resistance in this model.80 Although inflammatory stimuli
induce proteolytic shedding of both p55 and p75 recep-
tors, levels of soluble p75 greatly exceed those of soluble
p55, suggesting a dominant role for endogenously pro-
duced soluble p75 in the down-regulation of TNF-�
driven responses.18,73,81 In this study we demonstrate

that TNF-�-treatment of wild-type lean mice leads to an
increase in plasma p75 TNFR (Figure 5). This soluble
receptor could conceivably neutralize circulating TNF-�,
thereby attenuating TNF-�-mediated responses. This
phenomenon might help explain the exacerbated PAI-1
mRNA response we observed in TNF-�-treated p75-
deficient mice when compared with TNF-�-treated wild-
type mice. TNFR p75 may be important in attenuating the
harmful effects of TNF-� in such an acute inflammatory
model. Our results are similar to studies by Peschon et
al,82 who used an inflammatory mouse model and dem-
onstrated an exacerbated pulmonary inflammation and
dramatically increased endotoxin-induced serum TNF-�
levels in mice lacking p75, suggesting an important role
for p75 in suppressing TNF-�-mediated inflammatory re-
sponses. It is also possible that p75 signaling dampens
the TNF-� response, thereby explaining the exacerbated
PAI-1 mRNA induction in p75-deficient mice, and provid-
ing an alternative mechanism of p75 antagonism.

Use of p55 and p75 receptors for TNF-�-mediated
PAI-1 mRNA tissue expression may depend on various
factors, including tissue-specific receptor/ligand avail-
ability and the state of inflammation, namely chronic ver-
sus acute. Soluble TNF-� primarily appears to stimulate
p55 TNFR whereas mTNF-�, while able to bind both
receptors, strongly activates TNFR p75.7 Moreover, like
TNF-� itself, both TNF-� receptors were shown to be
cleaved by TACE.17,18 Such mechanisms and the regu-
lation of ligand and receptor expression in the various
tissues may explain the complexity of the transduction of
the TNF-� signal by either both or exclusively one of the
two TNF-� receptor subtypes observed in these studies.

In summary, these data provide insights into the bio-
logical role of the p55 and p75 TNFRs in mediating as
well as modulating TNF-�-induced PAI-1 gene expres-
sion in chronic (obese) and acute (TNF-�-treated) inflam-
matory states. Our studies provide genetic evidence for a
cooperative role for p55 and p75 TNFRs in the obese
model for the induction of PAI-1 by endogenous TNF-�. In
contrast, in lean mice acutely treated with high doses of
TNF-�, TNFR p55 was the dominant mediator of TNF-�
action while TNFR p75 appeared to play an antagonistic
role. These studies additionally suggest that, in vivo,
TNF-� receptor selectivity and the ultimate biological out-
come depend on the tissue/cell type as well as the un-
derlying pathophysiology.
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Althage A, Zinkernagel R, Steinmetz M, Bluethmann H: Mice lacking
the tumour necrosis factor receptor 1 are resistant to TNF-mediated
toxicity but highly susceptible to infection by Listeria monocytogenes.
Nature 1993, 364:798–802

35. Pasparakis M, Alexopoulou L, Grell M, Pfizenmaier K, Bluethmann H,
Kollias G: Peyer’s patch organogenesis is intact yet formation of B
lymphocyte follicles is defective in peripheral lymphoid organs of
mice deficient for tumor necrosis factor and its 55-kDa receptor. Proc
Natl Acad Sci USA 1997, 94:6319–6323

36. Rink L, Kirchner H: Recent progress in the tumor necrosis factor-�
field. Int Arch Allergy Immunol 1996, 111:199–209

37. Erickson SL, De Sauvage F, Kikly K, Carver-Moore K, Pitts-Meek S,
Gillett N, Sheehan KCF, Schreiber RD, Goeddel DV, Moore MW:
Decreased sensitivity to tumour-necrosis factor but normal T-cell
development in TNF receptor-2-deficient mice. Nature 1994, 372:
560–563

38. Wang B, Fujisawa H, Zhuang L, Kondo S, Shivji GM, Kim CS, Mak TW,
Sauder DN: Depressed Langerhans cell migration and reduced con-
tact hypersensitivity response in mice lacking TNF receptor p75.
J Immunol 1997, 159:6148–6155

39. Lucas R, Juillard P, Decoster E, Redard M, Burger D, Donati Y, Giroud
C, Monso-Hinard C, De Kesel T, Buurman WA, Moore MW, Dayer JM,
Fiers W, Bluethmann H, Grau GE: Crucial role of tumor necrsosis
factor (TNF) receptor 2 and membrane-bound TNF in experimental
cerebral malaria. Eur J Immunol 1997, 27:1719–1725

40. Zheng L, Fisher G, Miller RE, Peschon J, Lynch DH, Lenardo MJ:
Induction of apoptosis in mature T cells by tumour necrosis factor.
Nature 1995, 377:348–351

41. Tartaglia LA, Goeddel DV, Reynolds C, Figari IS, Weber RF, Fendly
BM, Palladino Jr MA: Stimulation of human T-cell proliferation by
specific activation of the 75-kDa tumor necrosis factor. J Immunol
1993, 151:4637–4641

42. Rao P, Hsu KC, Chao MV: Up-regulation of NF-� B-dependent gene

940 Pandey et al
AJP March 2003, Vol. 162, No. 3



expression mediated by the p75 tumor necrosis factor receptor.
J Interferon Cytokine Res 1995, 15:171–177

43. Samad F, Yamamoto K, Pandey M, Loskutoff D: Elevated expression
of transforming growth factor-� in adipose tissue from obese mice.
Mol Med 1997, 3:37–48

44. Samad F, Yamamoto K, Loskutoff DJ: Distribution and regulation of
plasminogen activator inhibitor-1 in murine adipose tissue in vivo:
induction by tumor necrosis factor-� and lipopolysaccharide. J Clin
Invest 1996, 97:37–46

45. Fearns C, Samad F, Loskutoff DJ: Synthesis and localization of PAI-1
in the vessel wall. Vascular Control of Hemostasis. Edited by van
Hinsbergh VWM. Amsterdam, The Netherlands, Harwood Academic
Publishers, 1995, pp 207–226
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