The proinflammatory mediator macrophage migration
inhibitory factor induces glucose catabolism in muscle
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Severe infection or tissue invasion can provoke a catabolic response, leading to severe metabolic
derangement, cachexia, and even death. Macrophage migration inhibitory factor (MIF) is an impor-
tant regulator of the host response to infection. Released by various immune cells and by the anteri-
or pituitary gland, MIF plays a critical role in the systemic inflammatory response by counterregu-
lating the inhibitory effect of glucocorticoids on immune-cell activation and proinflammatory
cytokine production. We describe herein an unexpected role for MIF in the regulation of glycolysis.
The addition of MIF to differentiated L6 rat myotubes increased synthesis of fructose 2,6-bisphos-
phate (F2,6BP), a positive allosteric regulator of glycolysis. Increased expression of the enzyme 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase (PFK-2) enhanced F2,6BP production and, conse-
quently, cellular lactate production. The catabolic effect of TNF-0 on myotubes was mediated by MIF,
which served as an autocrine stimulus for F2,6BP production. TNF-0 administered to mice decreased
serum glucose levels and increased muscle F2,6BP levels; pretreatment with a neutralizing anti-MIF
mADb completely inhibited these effects. Anti-MIF also prevented hypoglycemia and increased mus-
cle F2,6BP levels in TNF-0-knockout mice that were administered LPS, supporting the intrinsic con-
tribution of MIF to these inflammation-induced metabolic changes. Taken together with the recent
finding that MIF is a positive, autocrine stimulator of insulin release, these data suggest an impor-

tant role for MIF in the control of host glucose disposal and carbohydrate metabolism.

J. Clin. Invest. 106:1291-1300 (2000).

Introduction
Severe injury, infection, or tissue invasion is often
accompanied by a hypermetabolic response that can
lead to significant derangements in host carbohydrate,
lipid, and protein metabolism. An increase in tissue lac-
tate production together with a transient hyper-
glycemia and a relative state of insulin resistance occur
early in the course of this response. This is followed by
the depletion of hepatic glycogen stores and a persist-
ent hypoglycemic condition. Over time, a refractory
catabolic state develops and evolves into a dominant
feature of the host response. If unresolved, this can lead
to excessive tissue wasting, cachexia, and even death (1).
The evolution of this catabolic state has been linked
both to a derangement of normal hormonal responses
and to the sustained expression of immune cell-derived,
proinflammatory mediators. Among the cytokines that
circulate in high levels during severe inflammation,
TNF-a has been noted to exert important catabolic
effects (1). In peripheral muscle, which is the predomi-
nant site of glucose disposal in the body, TNF-a induces
the synthesis of the powerful, positive allosteric stimu-
lator of glycolysis, fructose 2,6-bisphosphate (F2,6BP),
leading to a depletion of intracellular glycogen and the

increased production of lactic acid (2). Tissue perfusion
studies, however, have suggested that TNF-0 does not
exert a direct effect on muscle glucose metabolism, but
rather that it may act via the induction of additional,
downstream mediators (3, 4). TNF-0 also may con-
tribute to the development of insulin resistance that can
occur as a consequence of a systemic inflammatory
response, and an emerging body of data has implicated
tissue TNF-0 expression in the insulin resistance of dia-
betes mellitus and obesity (1, 5, 6).

The protein known as macrophage migration
inhibitory factor (MIF) has emerged as an important
regulator of inflammation (7, 8), playing a central role
in the control of both innate and antigen-specific
immunity (9-14). Although first described as a T
cell-derived activity, MIF has been shown recently to be
released by a variety of cell types. Within the immune
system, monocytes/macrophages, T lymphocytes, and
eosinophils are a major source of the MIF that is
released after exposure to microbial toxins, antigens, or
cytokines (11-16). MIF activates T cells, is required for
antibody production by B cells, and has the unique
ability to counterregulate the inhibitory effects of glu-
cocorticoids on cytokine production and immune cell
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activation (12, 17). MIF also has been shown to be
released by several endocrine cell types. The anterior
pituitary gland secretes MIF as part of the systemic
response to stress and infection (10, 17, 18), and a
recent study has shown MIF to be colocalized with
insulin in the B-cells of the pancreatic islets, where it
acts to regulate the release of insulin (19).

Given the widespread pattern of MIF expression and
action under both physiological and pathological con-
ditions, we sought to explore the potential role of MIF
in host metabolic responses. We have investigated the
effect of rtMIF and anti-MIF on glycolysis in vitro and
in vivo. Our data implicate MIF in the control of
peripheral glucose metabolism and in mediating cer-
tain of the catabolic effects induced by severe inflam-
matory responses.

Methods

Materials. Reagent grade chemicals were obtained from
Sigma Chemical Co. (St. Louis, Missouri, USA). 2-
Deoxy-[*H]glucose was procured from NEN Life Sci-
ence Products Inc. (Boston, Massachusetts, USA).
Murine recombinant (107 U/g protein) was obtained
from R&D Systems (Minneapolis, Minnesota, USA),
and human TNF-a (10° U/g protein) was prepared from
an Escherichia coli expression system. Recombinant
mouse MIF was expressed, purified, and reconstituted
as described previously (20). Mouse MIF differs from rat
MIF by only a single, nonbiologically significant amino
acid substitution (20, 21). Pure recombinant MIF con-
tained less than 10 pg of endotoxin per microgram
recombinant protein as determined by the chromogenic
Limulus amoebocyte assay (LAL-Test; BioWhittaker
Inc., Walkersville, Maryland, USA). Mouse monoclonal
anti-MIF antibody (clone XIV15.5, IgG; subclass) has
been described previously, neutralizes mouse or rat MIF
bioactivity in vitro and in vivo (12-14, 22, 23) and con-
tained less than 4 pg of endotoxin per microgram
immunoglobulin as prepared for these studies.

Cell culture. L6 rat myoblasts were obtained from Amer-
ican Type Culture Collection (CRL-1458; Rockville,
Maryland, USA). These cells were plated at an initial den-
sity of 2 x 105/ml and maintained in DMEM/10% FBS at
37°C in a 5% CO, atmosphere. Differentiation into
myotubes was induced by treatment with bovine insulin
(0.3 uM; Life Technologies Inc., Grand Island, New York,
USA) in DMEM/1% horse serum. After 3 days of incu-
bation, the cells were washed once and the medium
replaced. Stimulations with rat TNF-0 (R&D Systems)
ot MIF were performed for 24-72 hours.

H-4-II-E rat hepatoma cells (ATCC) were cultured in
MEM with nonessential amino acids and Earle’s BSS
(Life Technologies Inc.) containing 10% heat-inactivated
FBS and 10% calf serum (CS) (HyClone Laboratories,
Logan, Utah, USA) at 37°C in a humidified atmosphere
with 5% CO..

F2,6BP assay. Fully differentiated L6 cells were prein-
cubated with anti-MIF mAD or isotype control anti-
bodies (10-100 pg/ml) for 2 hours. Cells then were

stimulated with 10-100 ng/ml TNF-0 or medium
alone for an additional 24-72 hours. At indicated
times, the cells were washed with serum-free medium
and disrupted by adding 0.8 ml of 50 mM NaOH.
F,2,6BP was extracted and measured according to Van
Schaftingen’s method (24).

Glucose transport assay. Glucose uptake into cells was
measured following an established protocol (25). Briefly,
differentiated L6 cells were pretreated with either anti-
MIF mAD or control isotype (IgG1) and then incubated
for 24 hours with or without rat TNF-t (10 ng/ml). This
was followed by the addition of insulin (0.6 tM) or medi-
um alone for 45 minutes. Cells were washed twice with
transport solution (140 mM NaCl, 20 mM HEPES/Na,
S mM KCL, 2.5 mM MgSOy, and 1 mM CaCl,), and incu-
bated for 10 minutes with 10 mM 2-deoxyglucose con-
taining 0.3 PCi/ml of 2-deoxy-[*H]glucose. After a 10-
minute incubation, the cells were washed three times
with transport solution and lysed with 1 ml of 50 mM
NaOH. The lysates then were collected, and the radioac-
tivity was measured by scintillation counting. Total pro-
tein content was measured by using Bio-Rad Reagent
(Bio-Rad Laboratories Inc., Richmond, California, USA).
Cytocalasin B (10 pM) was used to determine non-car-
rier-mediated deoxyglucose uptake.

Phosphoenolpyruvate  carboxykinase — activity.  Rat
hepatoma H-4-II-E cells were plated at 2 x 106 cells per
well in 3.5-cm tissue culture plates (Flow, McLean, Vir-
ginia, USA). After 6 hours, the nonadherent cells were
removed and then incubated overnight in serum-free
medium. The next day, the cells were incubated with
MIF (0.1-10 ng/ml) or dexamethasone (108 M) given
either alone or in combination. After 6 hours of stimu-
lation, the cells were harvested by gentle scraping and
homogenized in 1 ml of 0.25 M sucrose, 10 mM Tris-
HCl (pH 7.01) buffer with a teflon homogenizer
(26,000 rpm for 15 seconds). Cell cytosol preparations
were obtained after centrifugation and phospho-
enolpyruvate carboxykinase (PEPCK) activity was
measured by the “C radiometric method of Chang and
Lane (26) as described previously (27). Results were
expressed as counts per minute per microgram of
cytosol protein. Protein concentration in cytosol prepa-
rations was determined using the Bio-Rad protein assay
kit (Bio-Rad Laboratories Inc.), and a standard curve
prepared with BSA (Sigma Chemical Co.).

Miscellaneous liver and plasma assays. Liver glycogen
content was measured as described previously (28).
Briefly, aliquots of liver tissue (flash frozen and pre-
served in liquid N,) were homogenized at high speed
together with five parts by weight of ice-cold perchlo-
ric acid (10%). Aliquots (200 pl) were removed for meas-
urement of glycogen hydrolysis into glucose, using the
aminoglucosidase method (28). Blood lactate, glucose,
and total triglyceride determinations were performed
by using commercially available kits obtained from
Sigma Chemical Co. Serum insulin levels were meas-
ured by RIA following the manufacturer’s protocol
(Linco Research, St. Louis, Missouri, USA).
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mRNA expression analyses. Total RNA was extracted
from differentiated L6 cells with an RNAzol B solution
(Tel-Test Inc., Friendswood, Texas, USA). The following
rat cDNA primers were designed and custom synthe-
sized: GAPDH (360 bp), 5'-ACCCCCAATGTATCCGTTGT-
3', §'-CCCTGTTGCTGTAGCCATAT-3'; MIF (430 bp),
S'-CCTATGTTGATCGTGAACAC-3', 5'-AGTTGATGTAGAC-
CCGGTC-3'); and rat muscle isoform PFK2 (780 bp), 5'-
CAGTATGCAGAGGACACTTG-3', S5'-CACACCTCGATC-
TATCTACC-3' (15, 21). cDNA was reverse-transcribed
from 3 pg of RNA in 0.1 ml reaction mixtures contain-
ing 400 U of MMLV RT and 0.25 ng of oligo-(dT) (Life
Technologies Inc.). Aliquots (3 pl) of cDNA then were
amplified by PCR in a Perkin-Elmer model 9600 ther-
mal cycler (Perkin-Elmer, Norwalk, Connecticut, USA)
using the primers listed and the following cycling pro-
gram: denaturation for 30 seconds at 95°C, annealing
for 30 seconds at 53°C, and extension for 30 seconds at
72°C for 27 cycles with a final extension for 7 minutes
at 72°C. Preliminary PCR and densitometric analyses
of gel electrophoresis products were carried out to
ensure that the reaction conditions fell within a linear
range for cDNA amplification.

ELISA and Western blot analysis for MIF. Supernatants
and lysates from L6 cells were diluted 1:5 and assayed
by sandwich ELISA for MIF following a previously
reported procedure (11). Western blotting analysis was
used for the analysis of MIF content in mouse plasma
because the presence of anti-MIF mAb in the blood of
treated mice interfered significantly with the sandwich
ELISA. Briefly, 10 pl aliquots of mouse plasma were
pooled (n = 5 mice per experimental group), diluted 1:2
with ddH,0, and mixed with an equal volume of 2x
Laemmli loading buffer. The samples were boiled for
5 minutes, and the proteins were separated by elec-
trophoreses in polyacrylamide-SDS gels (4-20% gradi-
ent). After transfer to Immobilon-P membranes (Mil-
lipore Corp., Bedford, Massachusetts, USA), the
proteins were incubated with a polyclonal anti-MIF
antibody (1:1,000). Bound antibody was visualized
with horseradish peroxidase-conjugated goat anti-rab-
bit antibody and chemiluminescence using the ECL
system (Amersham, Buckinghamshire, United King-
dom). Single immunoreactive bands corresponding to
MIF were observed and quantified by laser densitom-
etry with reference to simultaneously electrophoresed
rMIF standards (1-20 ng). That this method could dis-
criminate between baseline and elevated plasma MIF
levels was verified by spiking experiments in which
recombinant MIF was added to mouse blood before
Western blotting analysis.

Animal studies. Mice were housed in groups of five to
ten per cage and had free access to food (Purina mouse
chow; Ralston-Purina, St. Louis, Missouri, USA) and
water. After a 5-day acclimitization period, all experi-
ments commenced at the same time of day. Control
mice (18-20 g, male; n = 5 animals per experimental
group) were injected intraperitoneally with 100
Hg/mouse of either anti-MIF mAD (clone XIV15.5) or

control isotype antibody (IgG;) 2 hours before the
administration of recombinant TNF-a (160 pg/kg,
intravenously). The TNF-a~/- (TNF-0-KO) or control
mice were injected intraperitoneally with 16.6 mg LPS
(E. coli 0111:B4) per kilogram mouse. At the indicated
times, blood was collected from the retro-orbital sinus
under light anesthesia, and the mice were sacrificed by
CO; asphyxiation. Liver and muscle were collected and
immediately frozen in liquid N, before tissue analyses.

Results

MIF induces F2,6BP and lactate production in muscle
myotubes. F2,6BP is the most powerful allosteric activa-
tor of the glycolytic pathway, and intracellular F2,6BP
concentrations provide a useful measure of the rate of
glycolytic flux in cells (29). F2,6BP stimulates phos-
phofructokinase-1 activity by increasing its affinity for
fructose-6-phosphate and by diminishing the negative
allosteric effect of ATP (2). In agreement with previous
work (30), we found that TNF-a stimulates the pro-
duction of F2,6BP in differentiated L6 muscle
myotubes (Figure 1a; also see Figure 3a). Exogenously
added recombinant mouse MIF in a dose range of
5-100 ng/ml also increased F2,6BP levels in L6 muscle
myotubes. High intracellular F2,6BP concentrations
were detectable at 24 hours after treatment with MIF,
and stimulation with TNF-a together with MIF did
not produce any additive effect when compared with
stimulation by either mediator alone (data not shown).
L6 cell production of F2,6BP was found to be insensi-
tive to endotoxin (€ 10 pg/ml), negating the remote
possibility that trace endotoxin contamination may
have contributed to the stimulatory effects observed
with MIF or TNF-Q.

F2,6BP is the product of the bifunctional enzyme, 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFK-2), which is expressed in several tissue-specific iso-
forms (2). Proinflammatory stimulation of human
monocyetes, for instance, has been shown to increase
the mRNA levels of a unique PFK-2 isoform that bears
cytokine-like, AU-rich regulatory elements in its 3'-
untranslated region (31). We examined whether the
TNF-0- or MIF-mediated increase in F2,6BP levels also
was associated with an increase in the expression of the
PFK-2 gene. As shown in Figure 1b, both MIF and
TNF-a treatment stimulated an increase in PFK-2
mRNA levels in rat muscle cells. Whether these PFK-2
transcripts represent the murine homolog of this AU-
rich PFK is unknown and must await the molecular
cloning of this isoform from rat.

The metabolic end product of glycolysis is pyruvate,
which may be further consumed by the tricarboxylic acid
cycle to produce CO, and H,O or may be reduced to lac-
tate and released from cells. Enhanced lactate production
accompanies TNF-0 treatment of many cell and tissue
types (32, 33), and we found that like TNF-a, MIF stim-
ulation increased lactate release from L6 myotubes (Fig-
ure 1¢). Cotreatment of muscle cells with TNF-0 and MIF
across a range of concentrations also did not result in any
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further increase in lactate secretion when compared with
stimulation by either mediator alone (data not shown).

TNF-a induces MIF secretion from L6 muscle cells. MIF
exists preformed in several cell types, and prior studies
have shown that endogenously-released MIF can stim-
ulate macrophage, T-cell, and fibroblast activation
responses in an autocrine fashion (11, 12, 23). TNF-a
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(a) Intracellular F2,6BP levels in L6 myotubes. Fully differentiated L6
muscle cells were stimulated with TNF-a (100 ng/ml) or MIF (1-100
ng/ml) for 72 hours at 37°C. Lysates were prepared and analyzed for
F2,6BP content as described in Methods. Data are expressed as mean
+SD (AP < 0.05 versus control medium) of triplicate wells and are rep-
resentative of three independently performed experiments. (b) Induc-
tion of rat muscle PFK-2 expression by TNF-0 or MIF in L6 muscle cells,
as detected by RT-PCR analysis using gene-specific primers. The ampli-
fication cycle number was varied initially in order to establish a linear
amplification response, as assessed by laser densitometric analysis. (c)
Lactate production by L6 myotubes. Differentiated L6 muscle cells (1.4
% 10° cells per well) were stimulated with either TNF-a or MIF (each at
100 ng/ml). Supernatants were collected at 24 and 72 hours after
stimulation, and the lactate levels were measured. Data are expressed
as mean = SD (AP < 0.05 versus control medium) of triplicate wells and
are representative of three independently performed experiments.

also has been shown to induce MIF release from
macrophages (11), and we considered therefore that the
TNF-0-mediated effect on PFK-2 expression and gly-
colytic flux in L6 myotubes might result from the
release of endogenous MIF protein by TNF-a stimula-
tion. Accordingly, we examined MIF levels in the lysates
and the supernatants of L6 cell cultures that had been
incubated with TNF-a. As shown in Figure 2a, TNF-a
treatment significantly increased the concentration of
MIF in medium when compared with unstimulated
control cultures. This release response was accompa-
nied by a depletion of MIF from cell lysates, consistent
with the TNF-0-mediated secretion of MIF from pre-
formed intracellular pools. TNF-a stimulation also
induced a time-dependent increase in MIF mRNA lev-
els, as measured by RT-PCR (Figure 2b).

Anti-MIF antibody inhibits TNF-Q—-mediated F2,6BP pro-
duction and glucose uptake in L6 cells. We next examined
whether the TNF-0-induced release of endogenous
MIF from L6 cells and subsequent autocrine activation
by MIF could account for the observed increase in
F2,6BP production. Differentiated L6 myotubes were
treated with TNF-0 (1-100 ng/ml), together with a
neutralizing monoclonal anti-MIF antibody or isotype
control antibody. As shown in Figure 3a, F2,6BP pro-
duction was inhibited by as much as 70% in cells incu-
bated with anti-MIF mADb. Cells treated with neutraliz-
ing anti-MIF mAb appeared normal morphologically,
and viability testing by MTT showed no increase in cell
death when compared with cells treated with an isotype
control antibody (data not shown). These data strong-
ly support the hypothesis that endogenously released,
autocrine-acting MIF mediates the effect of TNF-a on
intracellular F2,6BP levels.

TNF-a has been reported to increase the rate of basal
glucose uptake in L6 myotubes (30, 32, 34-36); howev-
er, this effect has not been consistently observed in var-
ious muscle cell types (37-40). We next examined
whether endogenous MIF, released by TNF- stimula-
tion, could mediate this action in L6 myotubes. Cells
were treated with TNF-o (10 ng/ml for 24 hours), and
the uptake of 2-deoxy-[*H]glucose was measured after
the addition of either anti-MIF mAb or an isotype con-
trol (Figure 3b). Exposure of L6 cells to TNF-a in the
presence of a control mAb markedly increased 2-deoxy-
[*H]glucose uptake under both basal conditions, and
this upregulation of 2-deoxyglucose uptake was inhib-
ited almost completely by anti-MIF mAb. The addition
of anti-MIF to these cells in the absence of TNF-O stim-
ulation did not affect 2-deoxy-[*H]glucose uptake. In
separate experiments, we stimulated L6 cells with
insulin (0.6 UM) for the final 45 minutes of incubation
time in order to evaluate the contribution of MIF on
insulin-stimulated glucose uptake. L6 cells are known
not to upregulate expression of the hormone-sensitive
GLUT4 transporter, however, and we did not observe a
significant increase in 2-deoxy-[*H]glucose uptake over
baseline in either the anti-MIF and the control anti-
body pretreated cells (data not shown).
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Figure 2

(a) MIF levels in L6 muscle myotube cultures. MIF was measured by
ELISA in culture supernatants (solid lines) and in cell lysates (dashed
lines) after treatment with 10 ng/ml TNF-a (filled circles) versus medi-
um alone (open circles). There were no detectable differences in cell
death as assessed by viability testing with MTT (data not shown). Data
are the mean (+ SD) of three different experiments, each performed with
triplicate cultures. For culture supernatants, P < 0.05 for all TNF-a-treat-
ed points 224 hours versus medium alone. Error bars are absent for
those points in which the width of the error bar is less than the plotted
symbol. (b) Time-dependent increase in steady-state MIF mRNA levels
in L6 cells after treatment with TNF-0 (10 ng/ml) as detected by RT-PCR.

Anti-MIF inhibits TNF-Q—-mediated effects on glycolysis in
vivo. We next investigated whether MIF plays a role in
mediating the effects of TNF-0 on carbohydrate
metabolism in vivo. When administered to experimen-
tal animals, TNF-0 causes an acute hypoglycemic
response that is due largely to an increase in glucose
uptake and enhanced glycolysis by peripheral muscle
(28, 41-44). TNF-0 administration also increases
F2,6BP production and lactate release from muscle and
depletes liver glycogen stores (32). Utilizing a standard
mouse model of TNF-0 toxicity (42), we treated
BALB/c mice with either anti-MIF mAD or isotype con-
trol mAb 2 hours before an intravenous injection of
TNEF-a. In agreement with prior studies (45), TNF-a
induced a significant hypoglycemia and an increase in
the concentration of F2,6BP in muscle (Figure 4,a and
b). Pretreatment with anti-MIF mAb prevented both
the TNF-0-mediated decrease in serum glucose and
significantly inhibited the increase in F2,6BP levels in
muscle. The administration of TNF-a to mice under
these experimental conditions produced a detectable
increase in circulating serum MIF that was blunted by
pretreatment with anti-MIF mAD (Figure 5). The great-
est reduction of circulating MIF was observed at 6
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hours, which most likely reflects a peak in the plasma
level and bioactivity of the intraperitoneally adminis-
tered anti-MIF mADb (14).

Taken together, these data are consistent with the
hypothesis that MIF mediates the enhanced glycolytic
effect of TNF-a on skeletal muscle in vivo. MIF also is
known to be expressed and released by the pancreatic
B-cell, and anti-MIF mAb can inhibit glucose-stimu-
lated insulin release from isolated pancreatic cells in
vitro (19). We measured circulating insulin levels at 2,
6, and 12 hours after TNF-a treatment, and, in agree-
ment with prior studies (37), we did not observe any
detectable changes in plasma insulin concentrations
(data not shown). These data suggest that the TNF-
o-mediated increase in circulating MIF does not con-
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(a) F2,6BP levels in cultured L6 muscle cells (1.4 x 106 cells per well). Cells in triplicate wells were pretreated with medium alone, anti-MIF
mADb, or control mAb, and then stimulated with TNF-a. After 72 hours of incubation, the cells were lysed and the intracellular F2,6BP con-
centrations measured as described in Methods. Data are the mean (+ SD) of three separate experiments. AP < 0.05 versus corresponding
control (TNF-O versus no TNF-Q, or anti-MIF versus control mAb). (b) Deoxyglucose uptake by L6 cells 24 hours after TNF-a (10 ng/ml)
stimulation. Neither anti-MIF or control mAb (100 pig/ml) alone was found to alter basal or insulin-stimulated glucose uptake. Measured
values were obtained in triplicate wells and are expressed as total uptake rate. The data shown (mean + SD) are representative of four inde-
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tribute to hypoglycemia by promoting insulin release.
Interestingly, we did observe at 2 hours a small
decrease in serum insulin levels in control (non-TNF-
o-treated) mice that had been treated with anti-MIF
mADb (2 hours-control: 0.30 + 0.09 ng/ml vs. TNF-a:
0.46 + 0.13 ng/ml, P < 0.05; 6 hours-control: 0.49 +
0.18 ng/ml vs. TNF-0: 0.39 + 0.12 ng/ml, P = NS; 12
hours-control: 0.23 + 0.08 ng/ml vs. TNF-a: 0.37 +
0.19 ng/ml, P = NS). This decrease in circulating
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insulin levels is not likely to be experimentally mean-
ingful, as these animals did not display hyperglycemia
when compared with control Ab-treated mice. Never-
theless, these and prior observations (19) suggest the
possibility that anti-MIF may affect the expression of
insulin under certain circumstances.

Systemic TNF-a administration depletes hepatic
glycogen stores (32), and this effect was significantly
reduced in mice pretreated with anti-MIF mAb (Figure
4c). The preservation of hepatic glycogen stores was
found to be transient under these experimental condi-
tions, and a significant loss of glycogen ensued after 6
hours of TNF-a treatment (data not shown).

Additional abnormalities that are induced acutely by
TNF-a are an elevation in serum triglycerides, which
result from an inhibition of lipoprotein lipase activity,
and an increase in circulating corticosteroid levels (42,
45-47). Glucocorticoid concentrations increase in plas-
ma as a result of a generalized stress response and act
in part to counterregulate acute hypoglycemia. In our
studies, TNF-0 administration to mice increased at 2
hours both serum triglycerides (from 3.8 £+ 0.8 t0 9.2 +
5.5 mmol/L; P < 0.05), and circulating corticosterone
levels (from 186 + 86 to 551 + 70 ng/ml; P < 0.0S). No
significant differences in these responses were observed
in the anti-MIF versus the control antibody-treated
mice, however, suggesting that MIF does not play a
dominant role in these TNF-0-mediated effects in vivo
(data not shown).

To provide a more direct evaluation of the role of MIF
in the catabolic effects of TNF- in vivo, we performed
a similar study in TNF-0-KO mice. Injection of LPS or
gram-negative bacteria induces peak expression of MIF
in plasma at 6-12 hours, and the administration of
anti-MIF mAb or deletion of the MIF gene has been
shown recently to protect fully both wild-type and
TNF-a-deficient mice from lethal endotoxemia and
gram-negative septic shock (14, 15, 51). Anti-MIF mAb
also prevented LPS-induced changes in blood glucose
and muscle F2,6BP levels in a TNF-0-deficient envi-
ronment (Figure 6). These results indicate that MIF
mediates these metabolic effects independently of
TNEF-a. Notably, anti-MIF did not spare the depletion
of liver glycogen in the TNF-a-KO mice, suggesting
that LPS-induced mediators other than TNF-a or MIF
are sufficient for this effect.

Role of MIF in liver gluconeogenesis. An important effect
of glucocorticoids is to increase the activity of PEPCK,
the rate-limiting enzyme for gluconeogenesis (48). MIF
counterregulates many of the anti-inflammatory
effects of glucocorticoids (12, 17, 22, 23), and this
prompted us to examine a potential role for MIF in the
regulation of glucocorticoid-induced PEPCK activity.
To test this idea, we studied the interaction of dexam-
ethasone with MIF on PEPCK activity in the well-
described H-4-II-E rat hepatoma cell line (49). In agree-
ment with previous reports, the stimulation of H-4-II-E
cells with dexamethasone (108 M for 6 hours) pro-
duced an almost twofold increase in PEPCK activity
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Plasma concentrations of MIF in mice pretreated intraperitoneally with
anti-MIF or control mAb 2 hours before the intravenous injection of
TNF-a. Plasma from each animal (n = 5 per group) was collected at 2,
6, and 12 hours after TNF- injection, pooled, and subjected to West-
ern blotting analysis as described in Methods. Note that the presence
of anti-MIF mAb in the serum of treated animals prevented us from
quantifying these samples by sandwich ELISA. A representative West-
ern blot result for the 6-hour time point analysis is displayed in the
inset. Immunoreactive bands were quantified by laser densitometry
and compared with a standard curve of rMIF (1-20 ng). In a separate
group of mice, we established base-line (time 0 hours) plasma MIF lev-
els to be 2-4 ng/ml, in agreement with ref. 14.

(Figure 7). When added alone, recombinant MIF
(0.01-10.0 ng/ml) showed no demonstrable effect on
PEPCK activity in these cells. Notably, MIF potentiat-
ed the level of PEPCK activity induced by glucocorti-
coids. Although this contrasts with the counterregula-
tory action of MIF on glucocorticoid-mediated effects
within the immune and inflammatory systems, the
bell-shaped, dose-dependent response for MIF was
reminiscent of its potentiating effect on cytokine pro-
duction by macrophages (17).

Discussion
Microbial infection or tissue invasion can induce in the
host a systemic inflammatory response that is fre-
quently associated with increased glucose catabolism.
Transient hyperglycemia and insulin resistance typi-
cally occur first, but this is followed by a persistent state
of lactate production and metabolic acidosis, glycogen
depletion, and hypoglycemia. In chronic infections
caused by HIV, mycobacteria, and parasitic infestation,
as well as in states of advanced cancer, the metabolic
effects of the systemic inflammatory response fre-
quently lead to severe tissue wasting and cachexia.
These effects can contribute significantly to the overall
morbidity and mortality of these conditions (1).
Inflammatory cytokines such as IL-1, TNF-a, IL-6,
and IFN-y have been implicated in the expression of
these catabolic effects, and among these mediators,
TNEF-a has been considered to play an important, ini-
tiating role (1, 3,4, 31, 32). The effects of TNF-t on var-
ious parameters of cellular glucose metabolism have

been investigated; however, discrepant results have
been obtained both in vitro and in vivo (3, 4, 30, 32,
34-36). Although TNF-a increases F2,6BP synthesis,
glucose transport, glycogen breakdown, and lactate
production in selected in vitro systems, a number of
studies performed in experimental animals and in
patients undergoing isolated limb perfusion have sug-
gested that the metabolic effects of TNF-0f may occur
via the induction of a secondary mediator (1, 3, 4).

In the present report, we provide evidence that MIF
accounts for many of the previously reported effects of
TNF-a on glucose catabolism. First, the expression of
MIF mRNA and the release of MIF protein by L6
myotubes was found to be induced by TNF-a stimula-
tion. Second, MIF was observed to be an
autocrine/paracrine activator of the expression of PFK-
2. This is reminiscent of the autocrine effect of MIF on
macrophage TNF-O production (11, 17), T lymphocyte
IL-2 expression (12), islet insulin release (19), and
fibroblast (and macrophage) MAP kinase activation
(23). In myotubes, the increase in the expression level
of PFK-2 was associated with an increase in the synthe-
sis of F2,6BP, a powerful, positive allosteric regulator
of glycolysis, and a net increase in glycolytic flux as
assessed by enhanced glucose uptake and lactate
release. Importantly, we found that in vivo, the admin-
istration of TNF-a to wild-type mice increased intra-
cellular F2,6BP levels, decreased serum glucose levels,
and depleted hepatic glycogen stores. Each of these
effects was blocked by neutralization of circulating
MIF with anti-MIF mAb. Anti-MIF did not spare the
loss of hepatic glycogen in TNF-0-KO mice stimulat-
ed with LPS however. This suggests that additional fac-
tors induced by proinflammatory stimulation are suf-
ficient to mediate this effect in liver.

In addition to increasing the steady-state levels of
PFK-2 mRNA, MIF is likely to exert additional regula-
tory effects on molecules that affect the glycolytic path-
way. TNF-a stimulation of muscle or adipocytes has
been reported in some cell types to be associated with
an upregulation of glucose transport and an increase
in the expression of the constitutive glucose trans-
porter GLUT-1 (36, 50). We observed an inhibitory
effect of anti-MIF on the TNF-0-mediated increase in
basal glucose transport of L6 myotubes. Whether this
effect involves changes in the expression or activity of
GLUT-1 or other transporters remains to be elucidat-
ed. Nevertheless, it is important to point out that the
effect of TNF-0 on basal glucose transport remains
controversial, with contrary effects reported in cells of
the same histological subtype (37-40).

In accordance with studies published previously (41),
we did not observe any change in circulating insulin
levels in mice treated with TNF-a. MIF is known to be
secreted by the B-cells of the pancreatic islets of Langer-
hans and to act in an autocrine fashion to stimulate
insulin secretion (19). We did not observe any effect of
anti-MIF on insulin levels in the TNF-O-treated mice,
suggesting that the normoglycemic effect of anti-MIF
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(a) Serum glucose, (b) muscle F2,6BP, and (c) liver glycogen levels in
TNF-0-KO mice 8 hours after LPS treatment. Mice (n = 5 per group)
were injected intraperitoneally with 100 pg of anti-MIF mAb or iso-
type control antibody 2 hours before an intraperitoneal injection of
16.6 Ug LPS/g body weight. Data are expressed are mean + SD. AP <
0.05 versus control mAb.

in these mice was due, in large part, to an enhancement
of glucose uptake by muscle.

Circulating glucocorticoid and fatty acid levels also
increase after acute TNF-0 administration to animals
(42, 46, 47). In contrast to glucose levels, however, we
did not observe any effect of anti-MIF treatment on
these parameters. This suggests that under these exper-
imental conditions, TNF-a affects changes in these
metabolic parameters independently of MIF. Of note,
high levels of circulating glucocorticoids will induce
the subsequent expression of MIF in plasma (17) and
in tissues (52). Anti-MIF administration thus may act
to influence additional, downstream counterregulato-

ry mechanisms that become expressed at later time
points in the inflammatory cascade.

Recent studies have identified MIF to be a pivotal
regulator of the inflammatory and immune response
(51, 53). While first described as a T cell-derived activ-
ity, MIF has been shown to be a peptide released by
pituitary cells in response to infection and stress (10).
Monocytes/macrophages, T lymphocytes, and
eosinophils also have been found to be a major source
of MIF that is released after exposure to bacterial tox-
ins (11, 13, 16). MIF activates T cells and is required
for antibody production by B cells (12). Unlike any
other mediator of the immune system, however, MIF
release is induced by glucocorticoids and MIF has the
unique ability to counterregulate the immunosup-
pressive effects of these steroids on macrophage
cytokine production and T-cell activation (12, 17, 22).
MIF also circulates at concentrations known to exert
immunoregulatory effects in vitro, lending further
support to the concept that MIF and glucocorticoids
function as a physiological counterregulatory dyad
that controls host inflammatory and immune
responses (17). Consistent with this concept, recent
studies have shown that immunoneutralization of
MIF or deletion of the MIF gene protected mice from
lethal endotoxemia (10, 51), staphylococcal toxic
shock (13, 51), or gram-negative sepsis (14) and
reduced inflammation in the context of the adult res-
piratory distress syndrome (22), glomerulonephritis
(54), and arthritis (55, 56).

Although evidence for a counterregulatory action
for MIF in glucocorticoid-mediated suppression of
inflammation and immunity has been described in
several systems (12, 17, 22), the present study has
revealed one metabolic parameter: hepatic induction
of PEPCK activity, in which MIF was found to have a
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Figure 7

PEPCK activity in rat hepatocytes stimulated with MIF, dexamethasone,
or MIF plus dexamethasone. Rat hepatoma H-4-1I-E cells (2 X 106 cells
per assay) were incubated for 6 hours with rMIF (0.1-10.0 ng/ml), or
dexamethasone (10 M) given either alone or in combination, in which
case cells were preincubated for 1 hour with rMIF before the addition
of dexamethasone. Cytosolic PEPCK activity was measured as described
in Methods and expressed as counts per minute per microgram of
cytosolic protein. Data are a mean of two separate experiments.

1298 The Journal of Clinical Investigation |

November 2000

| Volume 106 | Number 10



potentiating role with glucocorticoids. In one
respect, this potentiating effect resembled many dose
studies described previously in which the MIF effect
was found to be bell-shaped and with a peak effect at
0.1 ng/ml of recombinant MIF (13, 17, 20). Elucida-
tion of the intracellular signaling pathways that
mediate this effect and distinguish it from the coun-
terregulatory interaction between MIF and glucocor-
ticoids in immune/inflammatory cells is of para-
mount interest. The recent observation that MIF can
induce the sustained activation of p44/p42 ERK
MAP kinase may provide one avenue for exploring
MIF’s action in hepatocytes (23).

MIF in plasma can arise from a variety of cell sources,
in addition to muscle, under the experimental condi-
tions used in this study. Monocytes/macrophages (11),
T lymphocytes (12), anterior pituitary cells (10), and the
endocrine pancreas (19) may each release MIF as a con-
sequence of systemic inflammatory stimuli. Expression
studies performed either in complete (51) or tissue-spe-
cific MIF knockout mice may prove useful in elucidat-
ing the contribution of different tissues to circulating
MIF under various inflammatory conditions. Moreover,
such studies will be valuable in dissecting potential
interactions between MIF and other cytokines expressed
during the systemic inflammatory response.

Circulating MIF levels are elevated in critically ill
patients with septic shock (14). The present data place
MIF in a central role within host metabolic response to
infection and tissue invasion, and adds to our under-
standing of how inflammatory pathways converge
onto metabolically active tissues. Given present evi-
dence for a pivotal role of MIF in mediating glucose
disposal, hypoglycemia, and glycogen depletion in an
experimental setting, it is likely that intervention in
MIF action or cell signaling may alleviate the deleteri-
ous features of the hypermetabolic stress response in
severely infected individuals. This would add further
support to an evolving paradigm that argues for a role
for anti-MIF therapy in septic shock, a concept that has
arisen from data showing anti-MIF to be far less
immunosuppressive than anti-TNF- in severe bacte-
rial infections (14, 57).
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