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Abstract

Normal tissue homeostasis requires a finely balanced interac-
tion between phagocytic scavenger cells (such as monocytes
and macrophages) that degrade senescent material and mesen-
chymal cells (such as fibroblasts and smooth muscle cells),
which proliferate and lay down new extracellular matrix. Mac-
rophages and monocytes express specific surface receptors for
advanced glycosylation end products (AGEs), which are cova-
lently attached adducts resulting from a series of spontaneous
'nonenzymatic reactions of glucose with tissue proteins. Recep-
tor-mediated uptake of AGE-modified proteins induces human
monocytes to synthesize and release cytokines (TNF and IL-
1), which are thought to contribute to normal tissue remodeling
by mechanisms not entirely understood. We now report that
AGEs also induce human monocytes to generate the potent
progression growth factor insulin-like growth factor I (IGF-I),
known to stimulate proliferation of mesenchymal cells. After in
vitro stimulation with AGE-modified proteins, normal human
blood monocytes express IGF-IA mRNA leading to the secre-
tion of IGF-IA prohormone. The signal for IGF-IA mRNA
induction seems to be initiated via the monocyte AGE-receptor,
and to be propagated in an autocrine fashion via either IL-18 or
PDGF. These data introduce a novel regulatory system for
IGF-1, with broad in vivo relevance, and provide an essential
link to the chain of events leading from the spontaneously
formed tissue AGEs, hypothesized to act as markers of protein
senescence, to their replacement and to tissue remodeling by
the locally controlled induction of growth factors. (J. Clin. In-
vest. 1992. 90:439-446.) Key words: glycosylated fibronectin ¢
interleukin 1 » platelet-derived growth factor « tissue remodel-
ing « tumor necrosis factor

Introduction

Macrophages and monocytes are not only essential in the host
response to various invasive stimuli, but also play an important
role in normal tissue turnover, and aseptic wound healing and
repair (1, 2). An important element of these complex re-
sponses is the coordinated secretion of a variety of mitogenic
factors and cytokines to act locally in both an autocrine and
paracrine manner.
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Recently, it has become apparent that growth factors and
cytokines which are largely generated in response to exogenous
stimuli are also elicited in response to the in vivo nonenzy-
matic modification of tissue components by glucose (3, 4).
Advanced glycosylation end products (AGEs),! the late rear-
rangement products of these glucose-protein reactions are irre-
versible cross-linking adducts which accumulate on proteins in
vivo as a function of protein half-life, chronological age, and
ambient glucose levels (5, 6). Excessive accumulation of AGE
adducts on aging and diabetic tissues is thought to lead to irre-
versible tissue damage, in part by widespread protein cross-
linking and protein trapping (5). A novel system of mem-
brane-associated receptors, comprising at least a 90- and a 60-
kD protein specific for the ingestion and elimination of
proteins modified by AGEs has been identified on both murine
peritoneal macrophages and human monocytes (7, 8). In addi-
tion, the interaction of AGE-modified proteins with AGE re-
ceptors triggers the synthesis and release of cytokines, in partic-
ular interleukin-18 (IL-18) and tumor necrosis factor-a (TNF-
a) (3). In that each of these AGE-induced mediators can
promote growth responses in various cells, it was proposed that
such responses may be central in normal tissue remodeling, in
the delivering of signals to nearby mesenchymal cells to replace
senescent tissue with new matrix and cellular components.
This second limb of the dual-effector functions of the mono-
cyte AGE-receptor system, i.e., the initiation of tissue repair
processes, is further assisted by the AGE-induced secretion of
platelet-derived growth factor (PDGF), a competence factor
for mesenchymal cells (9). The final stimulus for proliferation
had not been identified, however.

It has been proposed that once cells, such as fibroblasts and
smooth muscle cells, are rendered competent, proliferation can
in turn be stimulated by progression-type growth factors such
as insulin-like growth factor I (IGF-I) (9, 10). IGF-I belongs to
the somatomedin family of peptides, which are structurally ho-
mologous to proinsulin (10, 11), and interact with specific
surface receptors on various target cells. Several different forms
of IGF-I have been identified. Mature liver IGF-I with an M, of
7.6 kD is secreted into the circulation (hence the plasma form
of IGF-I), where it is associated with a binding protein com-
plex of ~ 150 kD (12-14). Cultured smooth muscle cells, fi-
broblasts, and activated alveolar macrophages have all been
shown to secrete IGF-1 (15-17), and these ““tissue-type” soma-
tomedin-like peptides have molecular masses approximately
threefold greater (21-25 kD) than the plasma form of IGF-I.
Macrophages, isolated from healing wound sites have been
shown to produce IGF-I mRNA (1). Thus, although activated
tissue macrophages are recognized as capable of IGF-I synthe-
sis, circulating monocytes have not been noted to do so.

1. Abbreviations used in this paper: AGE, advanced glycosylation end
product; IGF-I, insulin-like growth factor I; PDGF, platelet-derived
growth factor; TNF, tumor necrosis factor.
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The present studies reveal that IGF-I mRNA and prohor-
mone are induced in human monocytes after stimulation by
AGE-modified proteins, but not by lipopolysaccharide (LPS)
or interferon-7 (IFN-7). The induction of IGF-I is mediated
via the monocyte AGE-receptor system and appears to depend
on IL-I8 and PDGF protein secretion. These data strongly sup-
port the notion that the natural formation of AGE-proteins in
tissues may contribute to the regulation of tissue remodeling
through the induction first of “inflammatory” cytokines, then
of competence, and ultimately of progression factors, all of
which may cooperate closely to coordinate the removal and
replacement of molecular and cellular tissue components.

Methods

Cell preparations, treatments, and RNA extraction. Human peripheral
blood monocytes were isolated from fresh blood of healthy volunteers
using Ficoll-Hypaque and Percoll gradients (18, 19). Cells were sus-
pended in RPMI medium (Mediatech, Inc., Herndon, VA) containing
20% fetal bovine serum (FBS) (HyClone Laboratories, Inc., Logan,
UT) and seeded into six-well tissue culture plates (Flow Laboratories,
Inc., McLean, VA). 1 h after seeding, the nonadhering cells were
washed with PBS and adhering monocytes were incubated with either
AGE-BSA, BSA, LPS (Difco Laboratories, Inc., Detroit, MI), human
IFN-7 (Amgen, Inc., Thousand Oaks, CA), human IL-18 (Genzyme
Corp., Boston, MA ), human TNF (Chiron Corp., Emeryville, CA), or
human PDGF from platelets (Collaborative Research, Inc., Bedford,
MA). For specific experiments monocytes were incubated with AGE-
BSA in the presence of 100 ug/ml anti-IL-18 antibody, 100 ug/ml
anti-TNF antibody (both from Genzyme Corp.) or 50 ug/ml anti-pla-
telet PGDF antibody (Collaborative Research, Inc.). RNA was ex-
tracted by a modified guanidinium isothiocyanate method (RNAzol
TM, Cinna/Biotecx, Friendswood, TX). In other experiments, mono-
cytes were incubated for 30 min at 4°C with 20 ug/ml avian anti-60
kD or anti-90 kD anti-AGE receptor antibodies raised against the
respective rat liver membrane AGE-binding proteins (8). The cells
were transferred to 37°C and 150 ug/ml AGE-BSA, and 20 pug/ml
anti-AGE receptor antibodies were added. For the ensuing 6 h more
antibody was added hourly. The cultures were then washed and al-
lowed to incubate in medium containing 20% FBS for 18 h, at which
point total cellular RNA was extracted as described above.

Preparation of AGE-modified bovine serum albumin. AGE-BSA
was prepared by incubating BSA (Fraction V, Boehringer Mannheim,
Indianapolis, IN) in phosphate-buffered saline (PBS) (150 mM, pH
7.4) with 50 mM glucose-6-phosphate at 37°C for 6 wk in the presence
of protease inhibitors (1.5 nM phenylmethylsulfonyl fluoride [ PMSF]
and 1 mM ethelenediaminetetraacetic acid [EDTA] and antibiotics
[100 ug/ml penicillin and 40 ug/ml gentamicin]) as previously de-
scribed (20). Control BSA was incubated under the same conditions
without glucose-6-phosphate. Endotoxin content in each sample was
measured by the Limulus amoebocyte lysate assay (E-Toxate, Sigma
Chemical Co., St. Louis, MO) and found to be below detectable levels
(< 0.2 ng/ml). AGE-specific fluorescence was determined at 450 nm
upon excitation at 390 nm using an LS-3B fluorescence spectrometer
(Perkin-Elmer Corp., Norwalk, CT) and by an AGE-specific radiore-
ceptor assay (20a). AGE-BSA contained 45 AGE-U/mg protein and
native BSA 0.3 AGE-U/mg protein.

Preparation of fibronectin-coated tissue culture plates. Human fi-
bronectin (Collaborative Research, Inc.) was incubated with 50 mM
G-6-P at 37°C for 6 wk as described above for BSA, as were parallel
preparations incubated in the absence of sugar, and then plated at 10
pg/ml onto six-well tissue culture plates. The plates were allowed to dry
overnight and gently washed three times with PBS, before freshly iso-
lated monocytes were allowed to adhere. Attachment of AGE-modified
or native fibronectin to the tissue culture plates was monitored as de-
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scribed by Jones et al. (21). After the wells were washed as described
above, 300 ul of 2 N NaOH was added to each well and incubated
overnight at 37°C in a humid environment in order to dissolve the
matrix. The amount of protein on the dish was determined by the
method of Lowry et al. (22), while AGE-specific fluorescence was de-
termined as for AGE-BSA. AGE-fibronectin contained 38 AGE-U/mg
and native fibronectin 1.2 AGE-U/mg; as determined by radio recep-
tor assay (20a). Measurements indicated that ~ 70% of the unmodi-
fied and the glucose-modified fibronectin adhered to the plates. Quan-
titation of the protein by absorbance measurements at 280 nm gave
similar results.

Oligonucleotides used for amplification. Oligonucleotides were syn-
thesized by Oligos Etc. Inc., Guilford, CT. All the primers were RNA-
specific primers. Where possible the primers were selected so that each
pair flanked an intron. The region between the primers contained at
least two restriction enzyme sites. The IGF-I primers included the IGF-
1A sequence from base 2395 to base 3973, as numbered by Rotwein et
al. (23). This region spans intron 3 and the predicted length of the
IGF-I amplification product is 263 bases. The human g-actin primers
included the sequence from position 3076 to 3425, as numbered by
Hanukoglu et al. (24). The predicted length of the polymerase chain
reaction (PCR) amplification product is 349 bp. The IL-18 primers
included the human IL-18 sequence from base 547 to 819, as num-
bered by March et al. (25). The predicted length of the amplification
product is 272 bases. The TNF primers included the human TNF se-
quence from base 460 to 765 as described by Wang et al. (26) and the
predicted length of the amplification product is 305 bases.

Amplification method. In most cases, distinct sets of cells were ex-
posed to each individual treatment; then separate aliquots of total
RNA from each set of cells were reverse-transcribed into cDNA and
run through the PCR. In some experiments, however, when cells were
treated identically and had to be probed with different primers, the
same cDNA aliquots were used and subjected to the PCR with each
primer as described. RNA was reverse-transcribed into cDNA by incu-
bating 1 ug of total cellular RNA with 50 ul of 1 X PCR buffer (Be-
thesda Research Laboratories). 1 g of BSA per ul, 0.5 mM dNTP, 250
ug/ml oligo(dT)'*'® and 200 U of Bethesda Research Laboratories
Moloney murine leukemia virus reverse transcriptase at 37°C for 60
min. PCR was performed at a final concentration of 1 X PCR buffer/
50 uM dNTPs/ 1 uM each 5’ and 3' primers/2.5 U of thermostable Taq
polymerase ( Perkin-Elmer Cetus, Norwalk, CT) and 5 ul cDNA tem-
plate in a total volume of 100 ul. The mixture was overlaid with min-
eral oil and then amplified with a thermal cycler (MJ Research, Water-
town, MA). The amplification profile involved denaturation at 92°C
for 1 min, primer annealing at 55°C for 1 min, and extension at 72°C
for 1 min. To ensure that equal amounts of reverse-transcribed RNA
were applied to the PCR reaction, the parallel expression of g-actin
mRNA was tested at 25 or 30 cycles. The amounts of 8-actin mRNA
were comparable in all treatments.

Amplification analysis. 10 pl of each PCR reaction mixture was
electrophoresed in 2% agarose gels in Tris borate /EDTA buffer. Molec-
ular weight markers (123 bp ladder, Bethesda Research Laboratories)
were run with each gel. Gels were stained with ethidium bromide and
photographed under UV light. For selected experiments the photo-
graphic negatives were scanned in a densitometer.

Immunoprecipitation of IGF-I. 1 X 107 Ficoll-purified human
monocytes were seeded per well in RPMI containing 20% dialyzed fetal
calf serum (FCS). After 90 min, nonadherent cells were washed away
with methionine- and glutamine-free RPMI. The resulting adherent
monocytes were incubated for 24 h in 1 ml methionine-free RPMI,
20% FCS, 0.5 mCi Tran>**S-label (ICN Biomedicals Inc., Costa Mesa,
CA) and either BSA (150 ug/ml), AGE-BSA (150 ug/ml), zymosan A
(yeast extract consisted of protein-carbohydrate complexes [150 pg/
ml], Sigma Chemical Co.), or with medium alone (control). The me-
dium was then spun to remove cellular material, the supernatants were
saved and a mixture of protease inhibitors containing leupeptin, apro-
tinin, and PMSF was added and immunoprecipitation was performed
as described below. Rabbit polyclonal anti-human IGF-I antibody,



provided by Drs. Underwood and Van Wyk of the University of North
Carolina and distributed by the National Hormone and Pituitary Pro-
gram (UBK487) (27) was added to the supernatants at a concentration
of 1:5,000 of the provided stock. The solutions were rocked for 24 h at
4°C and were then spun to remove aggregated material. 30 ul of protein
A Sepharose beads with 0.02% NaN; were added to the supernatants to
precipitate antibody and radiolabeled ligand and the solutions were
incubated for 12 h at 4°C with continuous shaking. The protein A
beads were washed three times each in the following buffers: 0.1% Tri-
ton X-100/0.02% SDS/50 mM Hepes; 1.0% Triton X-100/0.2% SDS,
50 mM Hepes; 0.1% Triton X-100/0.02% SDS/50 mM Hepes/0.4 M
NaCl; and finally PBS. The beads were subsequently washed in SDS-
PAGE sample buffer, boiled and the supernatants were run on a gra-
dient SDS-polyacrylamide gel (10-18%) in the presence of 8-mercap-
toethanol. Recombinant human IGF-I (receptor grade, Collaborative
Research, Inc.) labeled with '%I, using the Bolton Hunter reagent kit
(ICN Radiochemicals, Irvine, CA ) was also immunoprecipitated from
methionine-free RPMI + 20% dialyzed FCS using identical procedures
as for the media, and was used as a radiolabeled marker in conjunction
with a prestained low molecular ladder of standards (Bio-Rad Labora-
tories, South Richmond, CA). The resulting gel was processed with an
autoradiograph enhancer (Enhance, DuPont-New England Nuclear,
Boston, MA), dried, and autoradiographed.

IGF-I assays. Immunoreactivity for the IGF-IA E peptide was de-
termined from monocyte-conditioned media samples by radioimmu-
noassay (RIA ), as described previously (28). This RIA has been shown
to be highly specific for the IGF-IA E peptide and not mature IGF-I or
IGE-II. Levels of immunoreactive IGF-I were determined by a specific
RIA using anti-IGF-I antiserum from the National Hormone and Pitu-

itary Program.

Results

Preliminary experiments employing PCR showed that human
monocytes can be stimulated by AGE-modified BSA to express
mRNA for IGF-1. As shown in Fig. 1, IGF-I transcripts were
readily detected from monocytes that had been treated with
150 pg/ml endotoxin-free AGE-BSA for 24 h. However, treat-
ment of monocytes with an equal amount of unmodified BSA,
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in the presence or absence of 50 U/ml(IFN-r) failed to do so,
indicating that IGF-I expression .was a specific response to
AGE-modified BSA. IGF-I mRNA levels were greatly reduced
in monocytes treated simultaneously with AGE-BSA and IFN-
. In addition, LPS, a potent inducer of multiple monocyte
gene expression, failed to induce IGF-I mRNA at a concentra-
tion of 1 ug/ml. The DNA product generated in these studies
had a predicted length of 268 bp of the IGF-I amplification
product. The primers were chosen for the exon sequence sepa-
rated by the third intron of the IGF-I gene; therefore, the ob-
served band could only have originated from spliced mRNA
and not from genomic DNA.

To ensure that the DNA PCR product generated using
IGF-I primers originated from IGF-I mRNA, the isolated frag-
ment was digested with the restriction enzymes Bam HI and
Dra I, both of which are specific six basepair cutters. After
amplification, isolation and digestion of the full length frag-
ment with the respective restriction enzymes, individual frag-
ment sizes were assessed by gel electrophoresis, which yielded
fragments precisely of the expected sizes (data not shown).

Characterization of the human IGF-I gene has shown that
the gene extends over at least 45 kb and contains five exons
interrupted by four introns (23). At least two IGF-I mRNAs
are generated by alternative processing of the primary gene
transcript. The DNA sequence of exons 1 through 4 encodes
the IGF-IB mRNA resulting in a 195-amino acid precursor,
while alternative splicing of exons 1, 2, 3 and 5 produces IGF-
IA mRNA encoding a 153-residue peptide. The primer pair
used in this study was specific for IGF-IA mRNA. The same
c¢DNA was probed with primers specific for the IGF-IB tran-
script, however no IGF-IB specific band could be detected
(data not shown).

The effect of different AGE-BSA concentrations (0-250
ug/ml) on the induction of IGF-IA mRNA was investigated.
Induction of IGF-IA mRNA was dependent on the amount of
AGE-BSA added (Fig. 2). Addition of 1 pg/ml and 10 ug/ml
AGE-BSA to monocytes only produced background IGF-IA
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Figure 1. Detection of IGF-IA mRNA in AGE-BSA-treated human monocytes. Cells were incubated with IFN-r (50 U/ml) (lane 2), LPS (1
ug/ml) (lane 3), LPS (1 pg/ml) and IFN-7 (50 U/ml) (lane 4), BSA (150 pg/ml) (lane 5), BSA (150 ug/ml) and IFN-7 (50 U/ml) (lane 6),
AGE-BSA (150 pg/ml) (lane 7), AGE-BSA (150 ug/ml) and IFN-7 (50 U/ml) (lane 8), or medium alone for 24 h (lane /) and total RNA
was extracted. 1 ug RNA was reverse transcribed in 50 gl of reverse transcription mixture. 5 pl of this mixture was amplified by PCR in 30
cycles with either S-actin primers (lefi panel) or IGF-IA primers (right panel) as described in Methods. Data are representative of four identical

experiments.

Insulin-like Growth Factor-I Induction by Advanced Glycosylation End Products 441



/‘
2 & .
[ s
)
> 4 ¢
O
-
*
2
< 27
/0
o 1 A 1 - I n
0 50 100 150 200 250

AGE—BSA (ug/m!)

Figure 2. Dose-dependent increase in IGF-IA mRNA induced by
AGE-BSA. Human monocytes were treated with increasing amounts
of AGE-BSA for 48 h before total RNA was extracted and 1 ug was
reverse transcribed. 5 ul of this cDNA preparation was amplified by
PCR for 30 cycles in separate reactions using IGF-IA and B-actin
primers. Products from the PCR reactions were subjected to electro-
phoresis in 2% agarose gels containing ethidium bromide and photo-
graphed under UV light. The photographic negatives were then
scanned in a densitometer and the density of each IGF-I band was
normalized to the density of the actin bands and plotted as arbitrary
units. Data are representative of four identical experiments.

mRNA levels. However, 75 ug/ml AGE-BSA induced a consid-
erable increase of IGF-IA mRNA of 4.48 times over back-
ground levels, whereas 150 and 250 ug/ml AGE-BSA en-
hanced the response to 5.8- and 7.4-fold, respectively, as as-
sessed by densitometry. Additional experiments showed that
the AGE-induced IGF-I mRNA expression depended on the
presence of no less than 5% fetal bovine serum (data not
shown).

AGEs accumulate on structural proteins such as collagen
and other vessel wall matrix components because of their low
physiologic turnover rates. Accordingly, monocyte expression
of IGF-IA mRNA in response to an AGE-modified matrix pro-
tein was investigated using human blood monocytes seeded
onto tissue culture plates precoated with either AGE-modified
or native fibronectin. 24 h after seeding, cellular RNA was
extracted and IGF-IA mRNA expression was assessed by PCR.
As indicated in Fig. 3, immobilized glycosylated fibronectin
induced IGF-I mRNA expression in a similar fashion to solu-
ble AGE-modified albumin, while nonglycosylated fibronectin
did not. As observed earlier (Fig. 1), in the presence of IFN-7
(50 U/ml) less IGF-IA mRNA could be detected. Parallel ex-
pression of 8-actin mRNA demonstrated comparable loading
of reverse transcribed RNA in these studies (Fig. 3).

It has been reported previously that AGE-BSA induces
both IL-18 and TNF-a message and protein in human mono-
cytes (3). To relate the time-dependent patterns of induction
of IL-18 and TNF-« to that of IGF-I mRNA following expo-
sure to AGE-proteins, monocyte induction of all three mRNAs
was studied at different time points after exposure to AGE-
BSA. PCR analysis revealed that IL-18 and TNF-a mRNAs are
expressed as early as 2 h after exposure to AGE-BSA (Fig. 4).
After 6 h of incubation IL-18 mRNA is no longer detectable,
whereas low levels of TNF-a mRNA can still be detected for up
to 24 h. It is only after 18 h of incubation with AGE-BSA
however, that IGF-I mRNA levels become pronounced, peak-
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Figure 3. Induction of IGF-IA mRNA in human monocytes seeded
onto immobilized AGE-modified fibronectin. Human monocytes
were seeded in the presence or absence of IFN-7 (50 U/ml) onto tis-
sue culture plates, coated with a unmodified or AGE-modified fibro-
nectin solution at a concentration of 10 ug/ml. After 24 h the cells
were lysed in the plates and total RNA was extracted. 1 ug of RNA
was reverse transcribed and S ul of each transcription mixture was
subjected to PCR. (IGF-IA, 35 cycles; g-actin 30 cycles). Data are
representative of three identical experiments.

ing at 48 h. Equal loading of reverse transcribed RNA was
confirmed using S-actin primers.

To examine the possibility that induction of IGF-I mRNA
is secondary to either of the earlier expressed mediators, depen-
dence of IGF-I mRNA expression on IL-18 and TNF-a was
tested. As shown in Fig. 5, treatment of monocytes for 24 h
with AGE-BSA in the presence of anti-IL-18 antibody pre-
vented IGF-I mRNA expression, whereas similar monocyte
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Figure 4. Time course of cytokine induction in AGE-BSA-treated
monocytes. Human monocytes were treated with AGE-BSA (150
ug/ml) for the times indicated and total RNA was extracted. | ug
RNA was reverse-transcribed and 5 gl of the transcription mixture
was subjected to PCR. (IGF-IA and B-actin, 30 cycles; IL-18 and
TNF-aq, 25 cycles). Data are representative of three identical experi-
ments.
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Figure 5. Inhibition of AGE-induced IGF-IA mRNA in human monocytes by anti-IL-18 and anti-PDGF antibodies. Human monocytes were
incubated with 150 ug/ml AGE-BSA, 1 ug/ml LPS, 150 ug/ml AGE-BSA in the presence of either anti-TNF antibody (100 xg/ml), anti-IL-18
antibody (100 pg/ml), anti-PDGF antibody (50 ug/ml) or with the cytokines directly (10 pg/ml human TNF, 1 ng/ml IL-18 and PDGF (2.5
half-maximal units) for 24 h. Control (C) monocytes were left untreated for 24 h. Total RNA was extracted and 1 ug was reverse transcribed. 5
ul of the reverse transcription mixture was amplified by PCR. (8-actin, 30 cycles; IGF-IA, 30 cycles.) Data are representative of three identical

experiments.

treatment in the presence of anti-TNF-a antibody had no ef-
fect, suggesting that induction of IGF-I mRNA is partly me-
diated via AGE-induced IL-18.

We have recently reported that AGE-stimulated monocytes
also release PDGF (4). Because PDGF is a known mediator of
IGF-I mRNA, monocytes were incubated with AGE-BSA in
the presence of anti-platelet PDGF antibody. Under those
conditions no IGF-I mRNA was produced, indicating that it
may also be regulated via AGE-mediated PDGF secretion. To
further substantiate these findings, human TNF-q, IL-13, and
PDGF were added to monocytes directly. As shown in Fig. 5,
the direct addition of either IL-18 or PDGF led to enhanced
IGF-I mRNA expression, while TNF-a did not. This is consis-
tent with the notion that the AGE-stimulated enhancement of
IGF-I mRNA levels is mediated via either IL-18 or PDGF.

Recently an AGE-receptor system has been identified on
macrophages and monocytes consisting of two binding pro-
teins, one with an M, of 60 kD and the other of 90 kD, and
neutralizing polyclonal antibodies have been subsequently de-
veloped (8). To determine whether the induction of IGF-IA
mRNA by AGE-modified proteins is mediated via this recep-
tor system, monocytes were incubated with AGE-BSA in the
presence of either anti-p60 or anti-p90 AGE-receptor antibod-
ies. To allow time for antibody equilibration and maintain
constant contact with the recycling AGE-receptors, the cells
were pretreated with either antibody (20 ug/ml) for 30 min at
4°C before and hourly afterwards. As indicated in Fig. 6, only a
trace amount of IGF-IA mRNA was detectable in monocytes
treated simultaneously with AGE-BSA and the anti-p60 anti-
body or both anti-p60 and anti-p90 in combination, indicat-
ing inhibition of IGF-I induction above control levels. Anti—
p90 antibody alone had a much smaller inhibitory effect on the
IGF-Iresponse (up to 37% of control as assessed by densitomet-
ric analysis).

Induction of mRNA in response to a stimulus is not always
followed by the secretion of the corresponding protein. It was
therefore important to determine whether AGE-BSA could in
fact induce the secretion of IGF-I protein by human mono-
cytes. Using a rabbit polyclonal anti-IGF-I antibody, the su-
pernatants of monocytes treated for 24 h with AGE-BSA or
with zymosan A (a yeast protein-carbohydrate complex, used
as a positive control due to its ability to nonspecifically induce
macrophages to produce IGF-1) were immunoprecipitated. An

B-actin IGF-I

Figure 6. Effect of treatment of monocytes with AGE-BSA in the
presence of anti-p60 and anti-p90 receptor antibodies. Human
monocytes were treated with 150 ug/ml AGE-BSA in the presence
of 20 pg/ml anti-p60 receptor antibody, anti-p90 antibody or both
antibodies simultaneously for 6 h. The cells were washed and further
incubated in antibody-free medium for 18 h after which total RNA
was extracted. As controls, cells were either left untreated, treated with
AGE-BSA (150 ug/ml) alone, or 20 ug/ml chicken IgG was added

in the presence of AGE-BSA. 1 ug RNA was reverse-transcribed and
5 ul of the reverse transcription mixture was added to the PCR reac-
tion. PCR conditions: 30 cycles with 55°C annealing temperature for
B-actin or 35 cycles for IGF-I.

Insulin-like Growth Factor-I Induction by Advanced Glycosylation End Products 443



Mr Figure 7. Autoradiography of
immunoprecipitated IGF-I
from AGE-stimulated mono-
cytes. Monocytes were incu-
bated with zymosan A (150
ug/ml) (lane 2), left untreated
(lane 3), AGE-BSA (150 ug/
ml) (lane 4) or BSA (150 ug/
ml) (lane 5) for 24 h in the
presence of [**S]-methionine.
Supernatants were harvested
and IGF-I was immunoprecipi-
tated with a rabbit polyclonal
anti-human IGF-I antibody as
described in Methods and electrophoresed on a gradient SDS-PAGE
(10-18%). Iodinated recombinant liver IGF-I (7.6 kD) was used as a
positive control (lane ). Representative of two identical experiments.

autoradiograph of SDS-PAGE from these cell cultures showed
the precipitation of a single protein of 13-14 kD (Fig. 7, lanes 2
and 4), which is several kilodaltons larger than the recombi-
nant hepatocyte IGF-I (7.6 kD) (Fig. 7, lane /). Only back-
ground levels of IGF-I-like protein could be detected in super-
natants of either untreated or native BSA-treated cells.
Recently, Conover et al. (28) have described the secretion
by growth hormone-treated fibroblasts of an IGF-I prohor-
mone with a molecular mass of 13-19 kD. The nucleotide
sequence of the cDNA of this molecule has indicated that the
IGF-IA prohormone is derived from a region which extends an
additional 35 amino acids beyond the carboxyterminal end of
the mature IGF-I molecule. This has been termed E peptide.
Because the IGF-I-like molecule secreted by AGE-stimulated
monocytes and the IGF-I prohormone secreted by fibroblasts
appeared similar in size, we questioned whether the species of
IGF-I secreted by monocytes corresponds to the IGF-IA pro-
hormone. Supernatants derived from either unmodified BSA-
or AGE-BSA-stimulated monocytes were tested by RIA for
immunoreactivity with an antiserum directed against a syn-
thetic segment of the predicted E peptide region which is
unique to the IGF-IA prohormone (28), as well as with an
antibody that recognizes both, the prohormone as well as the
mature IGF-I peptide. As shown in Table I, both antibodies
recognized severalfold greater amounts of IGF-I in the super-

Table I. Quantitation of AGE-induced IGF-1

Prohormone Production
Sample Pro-IGF-1 E region IGF-1
pmol/15 ml
RPMI 0.00+0.05 0.00+0.01
BSA 0.16+0.08 0.10+0.02
AGE-BSA 0.32+0.13 0.39+0.05

Human monocytes were incubated with either BSA (150 ug/ml) or
AGE-BSA (150 ug/ml) for 4 h in medium containing 20% FBS. The
medium was then replaced with serum-free medium and the super-
natants were harvested after 48 h. Immunoreactivity for the E-peptide
of the prohormone and for the mature IGF-I peptide (7.5 kD) was
determined by RIA as described in Methods. Serum-free medium,
which is devoid of IGF-, served as a negative control.
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natants of AGE-BSA treated monocytes than in the superna-
tants of native BSA-treated monocytes. In that the antibody to
the mature IGF-I peptide recognizes both, the prohormone
and the mature hormone, while the antibody to the propeptide
recognizes only the prohormone, and the amounts of mature
IGF-1 and of IGF-I prohormone which were recognized by
both antibodies in the AGE-BSA-treated cells were similar
(0.32+0.13 and 0.39+0.05 pmol/ 15 ml), it can be concluded
that a large portion of the immunoreactivity is due to the pro-
hormone. Supernatants derived from either BSA- or AGE-
BSA-stimulated monocytes were also immunoprecipitated
with the antiserum against the prohormone. The immunopre-
cipitation confirmed the presence of IGF-IA prohormone pro-
duced by AGE-stimulated monocytes, with minimal amounts
of IGF-IA prohormone produced by control BSA-treated
monocytes (data not shown).

It has been shown that some IGF-I secreting cells also se-
crete IGF-I binding proteins (12-14). To test whether human
monocytes secrete their own binding proteins under these con-
ditions, supernatants from BSA and AGE-BSA treated mono-
cytes were assayed for IGF-I binding proteins by ligand blotting
(29). No binding proteins could be detected however (data not
shown).

Discussion

Monocytes and macrophages play an important role in con-
nective tissue homeostasis and normal remodeling. A recently
proposed mechanism by which these cells can selectively iden-
tify, internalize, and remove senescent proteins operates via a
monocyte/macrophage receptor system specific for the AGE-
moieties that form on proteins as tissues are exposed to am-
bient glucose (30, 31). Receptor-mediated uptake of AGE-pro-
teins initiates a sequence of cytokine-mediated processes
known to promote tissue remodeling (3) by recruiting cells of
mesenchymal origin and initiating cellular proliferation, new
matrix protein synthesis and/or release of extracellular pro-
teases (5 ). In addition, we have demonstrated that AGE-modi-
fied substrates induce monocytes to secrete PDGF (4), shown
to act as a “competence” factor by priming cells of mesenchy-
mal origin to enter mitosis. We therefore pursued our search
for the terminal mediator responsible for cell proliferation and
tissue remodeling which is induced by AGE-proteins via the
AGE-receptor-cytokine-growth factor cascade.

IGF-1, among the known growth promoting peptides and
according to the “dual control” concept of cell proliferation, is
one of the “progression” factors which prompt “competence”
factor-primed fibroblasts to proceed through G, phase (9). In
this context, we inquired whether IGF-I is involved in the
AGE-mediated tissue remodeling network of responses likely
to participate in normal tissue remodeling. An AGE-protein
specific increase in IGF-I mRNA was observed in human
monocytes. Induction of IGF-IA mRNA was AGE dose-de-
pendent, and was equally well elicited in response to soluble
AGE-BSA as it was to insoluble AGE-fibronectin. This is of
particular significance in vivo, because most structural tissue
components, €.g., collagen and basement membrane proteins,
by virtue of their low physiologic turnover rates tend to accu-
mulate AGEs (5, 6).

Recently two AGE-specific receptor proteins were purified
from rat liver membranes (p60 and p90) against each of which



specific polyclonal antibodies were raised (8). By using these
antibodies, it was established that the induction of IGF-IA
mRNA by glucose-modified proteins is mediated specifically
via the AGE-receptor system. No IGF-IA mRNA induction
was observed in the presence of anti-p60 antibody, whereas the
anti-p90 antibody only inhibited the response partially. This is
consistent with the previously expressed notion that, of the two
receptor subunits, the p60 may be the one more capable of
immobilizing AGE-ligands by itself as compared to the p90
(8). Although the subsequent events following the receptor-li-
gand coupling need be further elucidated, the present data
point to the AGE-receptor system present at the cell surface as
the primary initiator of a complex process that leads eventually
to IGF-I secretion.

The time-dependent course of IGF-IA mRNA increase re-
vealed strong expression after 48 h of exposure to AGEs, a
pattern distinctly different from that observed for the AGE-
triggered increases in IL-18 and TNF-a mRNA. Both of these
messages appeared earlier (after 2 h) and disappeared within
12 h of cell exposure to AGE-BSA ligand. This difference in
latency caused us to speculate that IGF-I mRNA expression
might occur indirectly, mediated by either IL-18 or TNF-a.
The presence of anti-IL-18 antibody prevented the AGE-stimu-
lated increase in IGF-I mRNA levels, while anti-TNF-« anti-
body did not, suggesting that IL-18 may act as an intermediary
factor in this system. Consistent with this, adding IL-18 alone
to the cells reproduced the increase in IGF-I mRNA.

Alternative pathways however seem to exist, especially inas-
much as IGF-I is inducible in other cells, such as fibroblasts or
human thyroid follicular cells by growth hormone (GH) and
thyroid stimulating hormone (TSH) (28, 32). Addition of GH
to monocytes failed to elicit an increase in IGF-IA mRNA
(data not shown); however, the addition of platelet-derived
growth factor (PDGF) promptly elicited a significant response.
This novel observation may be of particular interest given the
fact that AGE-modified proteins can stimulate human mono-
cytes to secrete PDGF (4), a factor widely implicated in the
mesenchymal proliferative responses typical of atherosclerosis
(33, 34). Anti-PDGF antibody suppressed the AGE-triggered
increase in IGF-IA mRNA, suggesting that PDGF secretion
may serve as another intermediate step in this network. IL-1
has been previously shown to induce other mediators, such as
PDGF which in turn induces “early genes” of cell cycle replica-
tion such as c-myc and c-fos (35). In this case, the AGE may
initiate the chain of events, via IL-1 and PDGF terminates
them with the eventual synthesis and elaboration of intact IGF-
I protein in the form of IGF-I prohormone. In this context, in
separate studies the presence of anti-IL-1 antibody did not
hinder PDGF-mediated IGF-IA synthesis, while in the reverse
experiment the addition of anti-PDGF antibody inhibits the
production of IGF-IA via IL-1 (unpublished data).

This is of particular relevance since monocyte activation,
frequently accompanied by the induction of several genes, does
not always lead to the secretion of the corresponding active
protein. Several forms of IGF-I have been described, including
a liver-derived IGF-I with a molecular mass of 7.6 kD (11),
tissue-type forms of IGF-I from fibroblasts (21.5 kD) (15, 16)
and Sertoli cells (25 kD) (36), and an IGF-I secreted from
activated human alveolar macrophages (25 kD) (17). Immu-
noprecipitation of supernatants obtained from AGE-treated
monocytes supernatants yielded an IGF-I protein of 14 kD. A
similar size IGF-IA prohormone has been shown to be secreted

by fibroblasts in response to GH (28). By employing both an
RIA and immunoprecipitation using an antibody that detects
the IGF-IA prohormone, it was confirmed that a molecule
identical in size to the IGF-I prohormone was secreted by
AGE-stimulated monocytes. In addition, when the supernate
was immunoprecipitated using antibody directed at the mature
IGF-I protein, only a 14-kD product could be identified in
subsequent gel electrophoresis and no 7.6-kD product. These
data provided further evidence that it is the intact prohormone
form of IGF-IA which is secreted alone, since any cleavage
during the processing of the molecule would yield in part 7.6
kD IGF-I plus the E peptide fragment (28).

Although the physiological role of the IGF-I prohormone is
still not entirely clear, Conover et al. (28) have proposed a
discrete biological function for it in the regulation of cellular
growth, given its production by certain tissue cells such as hu-
man fibroblasts. The findings presented here may lend support
to this hypothesis in a different cell system, that of the mono-
cyte/macrophages. In addition, they introduce a novel in vivo
mediator of IGF-I prohormone: the glucose-modified proteins
generated spontaneously in tissues. Although other IGF-I pro-
ducing cells (e.g., endothelial cells, mesangial cells, and fibro-
blasts have also been shown to contain receptors for AGEs
[37-39]), there is no evidence thus far to suggest that AGE-
binding on these cells results in IGF-IA secretion.

Although AGE-modified proteins and to a far greater ex-
tent, LPS have both been shown to stimulate the secretion of
potent cytokines such asIL-18, TNF-a(3,40), only AGE-mod-
ified proteins lead to IGF-I production. In fact, the addition of
LPS to AGE-proteins inhibits the induction of IGF-I in a dose-
dependent manner (unpublished data). The mechanism of
this suppression is not clear, but it may reflect the activity of an
inhibitor of IGF-I production. Another possibility is that LPS,
through the induction of IL-I receptor antagonist, prevents the
autocrine action of IL-1 on the macrophages and the subse-
quent production of IGF-I. Preliminary work has shown that,
in contrast to LPS, AGE-proteins do not induce the synthesis
of this inhibitor. Further work is needed to understand this
phenomena, however.

The observaltion that AGE-stimulated monocytes are in-
duced to secrete IGF-I, a factor with progression-type proper-
ties, substantiates the notion that in vivo forming AGE-pro-
teins might play an important role in normal tissue remodel-
ing. This may take effect through the coordinated secretion of
key cytokines and growth factors exerting both competence
(e.g., via PDGF) and progression (e.g., via IGF-I) type proper-
ties on various target cells of mesenchymal origin. In certain
conditions, such as in chronic diabetes and normal aging,
where enhanced accumulation of AGE-products has been dem-
onstrated (5, 6, 41), the abnormal over-production of such
growth factors might contribute to progressive tissue disorgani-
zation by promoting abnormal cellular proliferation and pro-
tein synthesis.
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