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ABSTRACT Macrophage migration inhibitory factor
(MIF), originally identified as a cytokine secreted by T
lymphocytes, was found recently to be both a pituitary hor-
mone and a mediator released by immune cells in response to
glucocorticoid stimulation. We report here that the insulin-
secreting b cell of the islets of Langerhans expresses MIF and
that its production is regulated by glucose in a time- and
concentration-dependent manner. MIF and insulin colocalize
by immunocytochemistry within the secretory granules of the
pancreatic islet b cells, and once released, MIF appears to
regulate insulin release in an autocrine fashion. In perifusion
studies performed with isolated rat islets, immunoneutraliza-
tion of MIF reduced the first and second phase of the
glucose-induced insulin secretion response by 39% and 31%,
respectively. Conversely, exogenously added recombinantMIF
was found to potentiate insulin release. Constitutive expres-
sion of MIF antisense RNA in the insulin-secreting INS-1 cell
line inhibited MIF protein synthesis and decreased signifi-
cantly glucose-induced insulin release. MIF is therefore a
glucose-dependent, islet cell product that regulates insulin
secretion in a positive manner and may play an important role
in carbohydrate metabolism.

The protein originally called macrophage migration inhibitory
factor (MIF) was described 30 years ago as one of the first
soluble mediators, or lymphokines, to be released by activated
T lymphocytes (1, 2). A much broader role for MIF has
recently emerged from studies that have identified this protein
to be an abundant preformed constituent of the anterior
pituitary gland and of monocytesymacrophages (3, 4). MIF is
colocalized with corticotropin (ACTH) and thyroid stimu-
lating hormone (TSH) in the secretory granules of corticotro-
phic and thyrotrophic cells of the pituitary gland and is
released into the bloodstream in response to various proin-
flammatory stimuli (5). MIF plays a pivotal role in the host
response to endotoxic shock, and the administration of neu-
tralizing anti-MIF antibodies fully protects animals from lethal
endotoxemia (3). A unique property of MIF is its release from
immune cells after stimulation with glucocorticoid hormones
(6). Once secreted, MIF acts to ‘‘override’’ or counter-regulate
the suppressive effects of glucocorticoid on inflammatory
cytokine production (6).
The identification of significant quantities of preformed

MIF within the anterior pituitary gland and its release from
immune cells upon stimulation with steroids suggested that

MIF could function in other contexts as a protein mediator
within the endocrine system. We performed immunohisto-
chemical studies in rat tissues to examine the localization of
MIF within endocrine tissues. In this report, we show that
abundant quantities of MIF mRNA and protein are detected
in primary rat islets of Langerhans. MIF is highly expressed in
several insulin-secreting cell lines, colocalizes with insulin-
containing secretory granules, and is secreted in response to
glucose stimulation in a time- and concentration-dependent
manner. Immunoneutralization of MIF in perifusion studies or
the constitutive expression of MIF antisense RNA in an
insulin-secreting cell line reduced significantly the first and
second phase of glucose-induced insulin secretion. Taken
together, these data suggest that pancreatic b cell MIF is an
important, autocrine regulator of insulin secretion.

METHODS

Cell Lines. The transplantable x-ray induced rat insulinoma
INS-1 cell line was kindly provided by Asfari et al. and cultured
as described (7). The mouse insulin-producing bTC-3 cell line,
the rat insulin- and somatostatin-producing RIN-1027 B2 cell
line, the hamster glucagon-producing InR1-G9 cell line, the
human choriocarcinoma JEG-3 cell line, and the monkey
kidney-derived COS-1 cell line were cultured in RPMI 1640
medium containing 10% fetal calf serum, 2 mM L-glutamine,
100 unitsyml penicillin, and 100 mgyml streptomycin (8).
RNA and Northern Blot Analysis. Total cellular RNA was

prepared by scraping cells from two 10-cm dishes in the
presence of guanidinium buffer. The RNAs were pelleted at
100,000 3 g for 17 hr in a Beckman Ti 50 rotor. For Northern
blot analysis, 10 mg of total RNA was size-fractionated on 13
Mopsy1.2% agarose gels containing formaldehyde. Gels were
transferred overnight by diffusion [103 standard saline citrate
(SSC)] to GeneScreen membranes (Dupont). The membranes
were UV cross-linked and baked for 2 hr at 808C. After
prehybridization, the blots were hybridized overnight at 428C
with random-primed (Boehringer,Mannheim)mouseMIF, rat
GLUT2, rat insulin, and actin probes (9, 10) in 53 SSCy100
mM NaHPO4, pH 6.5y53 Denhardt’s solutiony50% form-
amidey10 mM EDTAy1% SDSy100 mg/ml yeast tRNA. The
blots then were washed in 23 SSC followed by 0.23 SSC
containing 0.1% SDS at 608C. Directly after washing, the blots
were quantified by electronic autoradiography with an Instant
Imager 2024 (Packard). The blots then were exposed to
Hyperfilm-MP (Amersham).
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Islets Isolation and Northern and Western Blot Analyses.
The bile ducts of six anesthetized, Sprague–Dawley rats were
cannulated with a 27-gauge needle, and the pancreas was
distended with a solution containing 2 mgyml collagenase.
Each pancreas then was incubated in a tissue culture flask at
378C and the islets isolated by the method of Gotoh et al. (11).
Total RNA was extracted from 100 and 200 islets by the
method of Chomczynski et al. (12). Separate experiments were
performed using 400 rat pancreatic islets incubated in RPMI
1640 medium containing 2.8 or 30 mM glucose for 12 hr, after
which the RNA was extracted for Northern blot analysis.
Proteins were extracted from INS-1 cells, and islets were

freshly isolated or kept in culture for up to 3 days. Lysis was
performed with Tris-buffered saline containing 1% Nonidet
P-40 and 2 mM EDTA, after which the cellular debris was
pelleted and the supernatants were collected. The protein
contents were measured using the Bio-Rad protein assay kit.
Cellular proteins (40 mg) were diluted with an equal volume of
reducing SDSyPAGE sample buffer and electrophoresed
through 18% polyacrylamide gels and transferred to nitrocel-
lulose membranes (Schleicher & Schuell) at 50 V for 14 hr.
Membranes were blocked with PBS containing 5% nonfat dry
milk and incubated first with anti-MIF polyclonal rabbit serum
(3) (diluted 1:800) and then with horseradish peroxidase-
conjugated goat anti-rabbit IgG antibody (diluted 1:5,000).
Incubations were performed for 1 hr each. MIF was visualized
with the chemiluminescence ECL system (Amersham).
Immunocytochemistry. Adult mice were anesthetized and

rapidly perfused with 20 ml of PBS followed by a continuous
perfusion of 4% paraformaldehyde dissolved in PBS. The
pancreata were removed and paraffin-embedded, and 8-mm
sections were used for immunohistochemistry. After a prein-
cubation with 5% H2O2 for 15 min, the sections were rinsed in

0.5% Triton X-100 dissolved in PBS for 15 min and then
incubated for 2 hr in PBS supplemented with 5% BSAy0.5%
Triton X-100y2% goat serum. Sections then were incubated
for 20 hr at 48C with anti-recombinant MIF (anti-rMIF) or
pre-immune serum, anti-insulin, anti-GLUT2 antibodies (3,
13), and anti-CD14 antibodies (PharMingen). Polyclonal anti-
MIF antibody was raised to mouse rMIF and has been shown
previously to react specifically with MIF in tissue sections (14).
Anti-MIF IgGs were purified by protein G affinity chroma-
tography. Sections then were incubated 4 hr at room temper-
ature with the secondary antibody (biotinylated goat anti-
rabbit IgG diluted 1:200 in PBS) and then for 2 hr at room
temperature with avidin-biotinylated peroxidase complex (di-
luted 1:50 in PBS, ABC kit, Vector Laboratories). The per-
oxidase reactions were visualized with 3,39-diaminobenzidine
tetrahydrochloride dihydrate (Fluka) dissolved in PBS con-
taining 0.3% H2O2. Photographs were taken with a Reichert
polyvar microscope using transmitted light optics and photo-
graphed on Kodak Ektachrome EPJ 320 film.
For the confocal experiments, INS-1 cells were plated on

glass coverslips 48 hr before the immunostaining. The cells
were fixed in ice-cold methanolyacetone (50:50) and incubated
for 1 hr in a solution containing PBS, 0.5% BSA, and a
monoclonal anti-MIF or a guinea-pig anti-insulin antibody
(each diluted 1:800). Detection was by fluorescein isothiocya-
nate-labeled goat anti-mouse antibodies or Texas Red-labeled
goat anti-guinea pig antibodies. The specificity of the antisera
was tested by preabsorption of the antiserum with the respec-
tive antigen (10 mgyml of rMIF). The fluorescence images
were obtained with a complete inverted confocal laser scan
microscope LSM 410 equipped with a HeNe-laser (543 nm)
and an Ar-laser (514 nmy488 nm). The HeNe-laser was used
to excite the Texas Red (emission filter LP 570 nm), and the

FIG. 1. Immunohistochemical localization of MIF in the islets of Langerhans of the pancreas. MIF is detected within the cytoplasm of islet cells
(B) that also are positive for insulin (C) and GLUT2 (D). The GLUT2-positive staining is localized predominantly to cell membranes (10, 13).
No MIF is detected when cells are stained with preimmune serum (negative control) (A).
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Ar-laser was used to excite the fluorescein (emission filter BP
515 nmy525 nm). The scanner and detectors were attached to
an inverted microscope (Axiovert M135, Zeiss). An oil-
immersion, 1.4 n.a., plan-apochromat 100 3 objective (Zeiss)
was used for image acquisitions.
Perifusion Protocol. Ten isolated rat pancreatic islets were

incubated in a perifusion chamber and perifused at 1 mlymin
with Krebs–Ringer buffer. Three separate experiments were
performed using different preparations of rat pancreatic islets.
The glucose concentration was increased experimentally from
2.8 mM (240 to17min) to 16.7 mM (18 to133min) and then
returned to 2.8 mM (134 to140min). The perifusion chamber
was maintained at 378C, and the gas phase was 95:5 O2yCO2.
Nonimmune IgG or anti-MIF IgG, each at a concentration of
50 mgyml, was added to the chamber from12 to124 min. The
anti-MIF IgG was previously shown to be able to immunon-
eutralize MIF in vivo (3, 15). The antibody preparations were
determined to contain no significant endotoxin (,25 pgymg)
when analyzed by the chromogenic Limulus amebocyte assay
(BioWhittaker). The control and immunoneutralized perifu-
sions were repeated three times. The insulin radioimmunoas-

say was done according to the manufacturer’s recommenda-
tions (Linco Research Immunoassay, St. Charles, MO). No
interference with the insulin assay was observed with the use
of nonimmune IgG or anti-MIF IgG.
MIF-Induced Secretion of Insulin in Rat Pancreatic Islets.

Eight rat pancreatic islets per well were incubated in Krebs–
Ringer buffer supplemented with 0.5% BSA for 60 min with
2.7 mM glucose followed by a 60-min incubation period in the
presence of 16.7 mM glucose and 1 mM 3-isobutyl-1-methyl-
xanthine. rMIF was produced exactly as described previously
(3, 4), and 0.1–100 pgyml of the cytokine was added during the
high glucose concentration incubation period. The secreted
insulin was measured in the 2.7 and 16.7 mM glucose incuba-
tion medium, and the percentage of insulin secretion during 60
min was normalized to the insulin content of the eight pan-
creatic islets determined at the end of the experiment by
acid-ethanol extraction. The experiments were done twice in
triplicate.
MIF Antisense RNA Experiments. AMIF antisense expres-

sion plasmid was constructed by cloning the murine MIF
cDNA (9) in 39–59 orientation (KpnIyPstI) into the cytomeg-
alovirus promoter-containing expression vector pBK (Strat-
agene). The pBKyantisense MIF expression vector or the
parental (control) pBK vector was transfected into INS-1 cells
with the cationic detergent DOTAP (Boehringer Mannheim),
and stable clones were selected by resistance to G418. Either
antisense (4 3 105) or control INS-1 cells were incubated in a
perifusion chamber, and the glucose concentration was in-
creased from 2.8 mM (240 to 18 min) to 11.7 mM together
with 1 mM 3-isobutyl-1-methyl-xanthine and 1 mM forskolin
(19 to 126 min) and then returned to 2.8 mM (127 min).

RESULTS

Immunohistochemical Localization of MIF in the Islets of
Langerhans of the Pancreas. Mouse pancreata were immu-
nostained with anti-MIF, anti-insulin, and anti-GLUT2 anti-
bodies. MIF was visualized within the cytoplasm of islet cells
that also were positive for insulin and GLUT2 (Fig. 1). The
GLUT2-positive staining was predominantly localized to cell
membranes (10, 13). The cells that were positive for MIF,
insulin, and GLUT2 did not react with a specific anti-CD14
antibody (data not shown), indicating that the MIF staining
was not due to contaminating islet macrophages, as cells of the
monocyteymacrophage lineage have been shown previously to
contain preformed MIF protein (4).

FIG. 2. MIF is highly expressed in pancreatic b cell lines. Northern
blotting analyses of MIF mRNA (0.6 kb) and b-actin mRNA (1.8 kb)
expression in two insulin-producing cell lines (INS-1 and bTC3), an
insulin and somatostatin cell line (RIN1027-B2), a glucagon-
producing cell line (InR1-G9), and nonpancreatic cell lines (JEG-3
and COS-1). Total RNA (10 mg) was prepared and analyzed as
described in Methods. The MIF transcript is detected in high abun-
dance in the insulin-producing cell lines.

FIG. 3. MIF is colocalized in the insulin-containing granule of b cells. INS-1 cells were stained with anti-insulin (A), anti-insulin and anti-MIF
(B), or anti-MIF IgG (C) and revealed by immunofluorescence (Texas Red for the anti-insulin antibodies and fluorescein isothiocyanate for the
anti-MIF). Insulin granules are red, MIF staining is green, and the orange-yellow staining corresponds to granules containing MIF and insulin.
Fluorescence images were obtained with confocal laser scan microscope. (360.)
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The MIF Gene Is Expressed in b Cell Lines and MIF Protein
Colocalizes to the Insulin-Containing Granules. Several pheno-
typically distinct cell lines derived from the islets of Langerhans
were analyzed for MIF expression by Northern blotting. High
levels of MIF mRNA were detected at baseline in the insulin-
producing cell lines INS-1 and bTC3, and in RIN-1027 B2 cells,
which also secrete somatostatin and glucagon (Fig. 2). MIF
mRNA also was detected in a much lower extent in the glucagon-
producing cell line (InR1-G9). Double immunostaining then was
performed in the insulin-secreting INS-1 cells to determine the
subcellular localization of MIF protein. As shown in Fig. 3, MIF
and insulin localize to the cytoplasm of INS-1 cells. The immu-
nofluorescence intensity was greater for insulin than for MIF
(Fig. 3 A and C, respectively), suggesting that INS-1 cells may
contain more insulin than MIF. Some granules (stained in red in
Fig. 3B) contain only insulin, whereas others contain a mixture of
MIF and insulin (appearing as orange-yellow granules in Fig. 3B).
No granules appear to contain MIF alone. Because both hor-
mones colocalize within secretory granules of INS-1 cells, the
secretion ofMIFmay be regulated in the samemanner as insulin.
Expression and Glucose-Dependent Regulation of MIF

mRNA in Pancreatic b Cell Lines and in Isolated Rat Pan-
creatic Islets. The MIF gene was found to be constitutively
expressed in the highly differentiated, insulin-secreting INS-1
cells and to be up-regulated by glucose in a concentration- and
time-dependent manner (Fig. 4 A and B) (7). Normalized to
b-actin levels, MIF mRNA expression increased 3-fold after
stimulation with 20 mM glucose for 24 hr when assessed by
laser densitometric analysis (Table 1). MIF also was found to
be expressed in primary cells of the endocrine pancreas. Islets
of Langerhans from Sprague–Dawley rats were isolated, and
the RNA was extracted from 100 and 200 islets and analyzed
by Northern blotting.MIFmRNAwas detected in as few as 100
pancreatic islets (Fig. 4C), and MIF protein was detected in 40
mg of crude cellular extracts obtained from these islets (Fig.
4D). Islet MIF mRNA levels also increased after stimulation
in vitro with 30 mM glucose, as did mRNA for the glucose
transporter GLUT2, which has been shown previously to be
regulated by glucose at the transcriptional level (16) (Fig. 4E).
MIFyb-actin and GLUT2yb-actin mRNA ratios increased
4-fold over 24 hr in the presence of 30 mM glucose (Table 1).
Immunoneutralization of Islet Cell MIF Inhibits Insulin

Secretion. The observations that MIF production by the b cells
of the islets is induced by glucose and that glucose is the most
important physiological stimulus of insulin release (17) sug-

FIG. 4. Expression and glucose-dependent regulation of MIF
mRNA in pancreatic b cell lines and in isolated rat pancreatic islets.
(A) Northern blot analysis of MIF mRNA and b-actin mRNA
expression by INS-1 cells incubated with 0, 5, 10, and 20 mM glucose
in RPMI 1640 medium for 24 hr. (B) Time course of MIF mRNA
expression by INS-1 cells incubated with 20 mM glucose. Total RNA
was extracted at intervals, and MIF mRNA was analyzed by Northern
blotting as described in the Methods. (C) Islets of Langerhans were
isolated from Sprague–Dawley rats, total RNAwas extracted from 100
and 200 islets and analyzed by Northern blotting using MIF and rat
proinsulin II cDNA probes. (D) Western blot analysis of the MIF
content of INS-1 cells or isolated islets of Langerhans. Protein extracts
(40 mg) obtained from INS-1 cells or islets of Langerhans were
size-fractionated on an SDSy18% polyacrylamide gel, transferred to
nitrocellulose, and blotted with an anti-MIF antiserum. rMIF (50 ng)
served as a positive control and size marker. (E) Northern blot analysis
of MIF, GLUT-2, and b-actin mRNA expression by 400 pancreatic
islets incubated for 12 hr in RPMI 1640 medium containing 2.8 or 30

Table 1. Quantitative assessment of MIFyb-actin expression

Cells
Glucose

concentration, mM

Expression, %

Incubation time, hr

0 2 4 8 24

INS-1 20 100 140 172 220 320

INS-1 0 100
5 132
10 190
20 310

Pancreatic islets 2.8 100
30 410

MIF expression was assessed by laser densitometric scanning and
measured by Northern blot analysis (100% 5 value obtained in
controls at 0 mM glucose concentration in INS-1 cells or at 2.8 mM
glucose in the isolated pancreatic islets).

mM glucose. Normalized to b-actin, MIF and GLUT2 mRNA in-
creased 4-fold when the glucose concentration was raised from 2.8 to
30 mM.
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gested to us a possible role for MIF in insulin secretion by
pancreatic islets. To address that question, insulin release was
measured in the presence of neutralizing anti-MIF antibody or
control IgG in an isolated rat islet perfusion system during
stepwise changes in glucose concentrations from 2.8 to 16.7
mM (Fig. 5). Anti-MIF IgG, at a concentration of 50 mgyml,
had been shown previously to neutralize MIF in vivo (3, 15).
As shown in Fig. 5, anti-MIF IgG inhibited the first and second
phases of glucose-induced insulin secretion by 39% and 31%,
respectively. Antibody treatment had no effect on insulin
release during the first 6 min at low glucose concentration. At
the end of the neutralizing antibody treatment period, the
glucose-induced insulin secretion returned to control levels,
suggesting that the effects observed with these antibodies are
directly related to the loss of endogenous MIF. We next
examined whether recombinant MIF could potentiate insulin
secretion from rat pancreatic islets. In a static experiment, the
addition of 1 or 10 pgyml of recombinant MIF increased by
140% the glucose-induced insulin secretion (data not shown).
MIF Antisense RNA Inhibits MIF Protein Expression and

Glucose-Induced Insulin Release. We next produced stably
transfected INS-1 clones containing either an integrated MIF
antisense expression plasmid or a parental (control) plasmid.
Western blot analyses of the MIF content of cell lysates
obtained from the clone transfected with the MIF antisense
RNA showed a significant reduction of the MIF protein when
compared with the control clone (Fig. 6). We then examined
the insulin secretion of both clones during glucose adminis-
tration in a perifusion system. Compared with INS-1 cells
transfected with the control vector, cells transfected with the
MIF antisense RNA showed a marked decrease in the glucose-
induced insulin secretion (Fig. 6). Taken together with the data

obtained with anti-MIF IgG, these studies indicate that islet
cell MIF potentiates the insulin secretion induced by glucose.

DISCUSSION

Recent studies have identified MIF to be a new pituitary
peptide that colocalizes to the ACTH and TSH secretory
granules of the corticotrophic and thyrotrophic cells (3, 5).
MIF is released from the pituitary gland upon activation of the
hypothalamic–pituitary–adrenal axis and contributes to the
increase in the serum concentration of MIF during endotox-
emia and stress (3, 6). MIF also was found to be a proinflam-
matory mediator of macrophages and T cells and to act as a
physiological counter-regulator of the anti-inflammatory and
immunosuppressive effects of glucocorticoid hormones (6,
18). As such, MIF fulfills a previously unrecognized but critical
function in the elaboration of the inflammatory and immune
responses.
The present report provides the first description of the

presence of MIF within the insulin-secreting b cells of the
pancreas. In the highly differentiated, insulin-secreting cell
line INS-1, the MIF gene is constitutively expressed and is
up-regulated by glucose in a concentration- and time-
dependent manner. This effect could be transcriptionally
regulated as observed for the GLUT2 gene (16) andyor
secondary to stabilization of MIF mRNA. The low level of
expression of theMIF transcript in the glucagon-producing cell
line InR1-G9 may reflect the tumoral origin of the cell line or
some features of an ancestral origin of the b cells. As the
precursor cells of the endocrine pancreas coexpress insulin,
glucagon and neuropeptide Y and subsequently undergo dif-
ferentiation with single hormone secretion, it may be not
surprising to observe the presence of MIF transcript in these
InR1-G9 glucagon-producing cells (19). Moreover, MIF pro-
tein was found to be present in large quantities within primary
rat islets of Langerhans, where it is localized to the insulin-
containing granules of the b cells.

FIG. 5. Immunoneutralization of islet cell MIF inhibits insulin
secretion. Anti-MIF antibodies decrease the first and second phase of
glucose-induced insulin secretion by isolated pancreatic islets. Ten
purified rat islets were incubated in a perifusion chamber and the
glucose concentration of the perifused buffer was increased experi-
mentally from 2.8 mM (240 to 17 min) to 16.7 mM (18 to 133 min)
and then returned to 2.8 mM (134 min) as shown. The results are
expressed as the mean 6 SEM of three separate perifusion experi-
ments. Control, nonimmune IgG or anti-MIF IgG (each at 50 mgyml)
was added to the chamber from12 to124 min. The quantity of insulin
released during the first phase (18 to 115 min) and the second phase
(116 to 125 min) of insulin secretion showed a decrease after
immunoneutralization of MIF from 1.17 6 0.19 ngyml to 0.71 6 0.06
ngyml and 0.74 6 0.02 ngyml to 0.51 6 0.01 ngyml, respectively (P ,
0.01 and P, 0.001 for the first and second phases of insulin secretion,
respectively; Student’s t test).

FIG. 6. MIF antisense RNA inhibits MIF protein expression and
glucose-induced insulin release by INS-1 cells. Antisense MIF or
parental (control) expression vector were stably integrated into INS-1
cells. Western blotting of the MIF content of the cell lysates (20 mg
total protein) obtained from an antisense transfected clone versus a
control clone showed a significant decrease in theMIF protein content
in cells containing the antisense construct (Inset). Control or antisense
INS-1 cells then were incubated in a perifusion chamber, and the
glucose concentration of the perifused buffer (supplemented with 1
mM 3-isobutyl-1-methyl-xanthine and 1 mM forskolin) increased from
2.8 mM (240 to 18 min) to 11.7 mM (19 to 126 min) and then
returned to 2.8 mM (127 min).
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The role of MIF within the endocrine pancreas was assessed
by immunoneutralization of endogenous rat islet MIF and by
inhibition of MIF protein expression in insulin-secreting INS-1
cells transfected with an MIF antisense RNA. In both systems,
inhibition of endogenous MIF resulted in a significant de-
crease in the first and second phases of glucose-induced insulin
secretion. Furthermore, the addition of rMIF to rat pancreatic
islets increased significantly the secretion of insulin induced by
glucose. These data provide strong evidence that MIF is a
secretory product of the b cell that functions as an autocrine
regulator of insulin release.
With the possible exception of the metabolite ATP, MIF is

the first mediator identified to be released from islets in
response to glucose stimulation and to regulate insulin secre-
tion in a positive fashion. ATP was described previously to be
coreleased with insulin and to participate in the potentiation
of the glucose-induced insulin secretion (20–22). Themediator
g-aminobutyric acid, on the other hand, is secreted from
synaptic-like microvesicles of b cells and may play a paracrine,
inhibitory effect on glucagon secretion (23, 24). Similarly, islet
amyloid polypeptide (IAPP or amylin) is a b cell product that
is cosecreted with insulin and controls negatively insulin
secretion within the islet (25–27). Finally, neuropeptide Y also
is secreted from b cells and exerts autocrine or paracrine
inhibitory effects on insulin secretion (28–30). However, in
contrast to MIF, none of these molecules has been shown to
directly potentiate insulin release. Within this context, it is
tempting to speculate that a progressive decrease in MIF
release andyor of MIF action within the islets of Langerhans
may contribute to the b cell dysfunction and diminished insulin
release associated with type II diabetes (31–33).
The present data significantly expand the important regu-

latory role of MIF in the body. MIF is an integral component
of the stress response and is released by the pituitary gland, the
macrophage, and the T lymphocyte in response to inflamma-
tion, infection, and stress. Within the immune system, MIF
functions as an antagonist of the anti-inflammatory and im-
munosuppressive effects of steroids (4, 6). High circulating
steroid levels are associated with increased serum glucose and
a state of peripheral insulin resistance. Severe or chronic
inflammatory conditions are often accompanied by a syn-
drome of metabolic derangement that include hyperlipidemia,
hyperglycemia, and insulin resistance (34). Under such con-
ditions, high circulating levels of MIF derived either from
immune cells or other tissue compartments may serve to
potentiate insulin release, preserve the overall metabolic
integrity of the host, and promote survival.
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