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Abstract
Mesangial cells are critical for glomerular filtration. Mesangial cell dysfunction, the hallmark of
diabetic nephropathy, results from disordered mesangial growth induced by cytokines, abnormal
hemodynamic influence, and metabolic factors associated with chronic hyperglycemia. Insulin-
like growth factors (IGFs) and their high affinity binding proteins (IGFBPs) exert major actions on
mesangial cell survival, but their underlying mechanisms remain unclear. In light of emerging
IGF-independent roles for IGFBP-3, we investigated IGFBP-3 actions during mesangial cell
apoptosis induced by cytokine or high glucose concentration.

Quantified by DNA fragmentation ELISA and Annexin V flow cytometry, apoptosis occurred in
rat mesangial cells (RMC) exposed to 2 μg/mL IGFBP-3 for 24 h under high ambient or standard
glucose. Anti-sense IGFBP-3 oligo at 10 μg/mL significantly inhibited apoptosis induced by 100
ng/mL TNF-α, serum-free conditions, or high (25 mM) glucose. Increased IGFBP-3 release
associated with high ambient glucose or TNF-α was inhibited by pre-treatment with anti-sense
oligo. Under serum-free conditions, recombinant human IGFBP-3 blocked Akt phosphorylation at
threonine 308 (pThr308), whereas anti-sense oligo treatment was associated with enhanced
pThr308 activity. In summary, these data support a novel mechanism for TNF-α-induced
mesangial cell apoptosis mediated by IGFBP-3 and present regulation of pThr308 activity as a
novel mechanism underlying IGFBP-3 action.
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1. Introduction
Glomerular injury represents the earliest stage in the etiopathophysiology of diabetic
nephropathy [1], the leading cause of end-stage renal failure for North American adults
since at least 1978 [2]. Mesangial cells occupy central anatomic positions within the
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glomeruli and comprise critical elements of the renal filtration mechanism. In addition to
metabolic and hemodynamic factors, inflammation and growth factors significantly remodel
the mesangium in vivo [3].

Hyperglycemia induces stable phenotypic and genotypic changes in mesangial cells,
resulting in cellular hypertrophy [4]. Mesangial cells isolated from non-obese diabetic
(NOD) mice after the onset of diabetes display increased expression of insulin-like growth
factor-I (IGF-I) signaling and enhanced production of extracellular matrix [5,6]. A member
of the relaxin/insulin superfamily of peptide hormones, IGF-I exerts major actions in
carbohydrate, lipid, and protein metabolism, predominantly through activation of type I IGF
receptors [7]. High affinity IGF binding proteins (IGFBPs) modulate IGF actions, are
secreted by diverse cell types, and are found in most biological fluids [8]. Site-specific and
time-dependent expressions of IGFs and IGFBPs regulate mesangial growth in vivo during
renal development and injury [9-12]. Although high ambient glucose has been shown to
induce mesangial IGF signaling and cellular hypertrophy, high glucose has also been shown
in vitro to induce programmed mesangial cell death by apoptosis [13,14]. No known
mechanism underlies this paradoxical apoptosis in the face of increased IGF-I signaling, and
the predominant cellular effect of high ambient glucose in clinical circumstances remains
unknown.

Navarro et al. [15] reported clinical data suggesting that, in addition to traditional metabolic
and hemodynamic factors, inflammation participates in the etiopathophysiology of diabetic
nephropathy. Serum levels of pro-inflammatory cytokines, particularly tumor necrosis factor
(TNF)-α, are significantly higher in patients with type 2 diabetes and correlate to
progression of DN [16-19]. Urinary TNF-α levels were higher in type 2 diabetic patients
with respect to normal controls; furthermore, urinary TNF-α excretion directly increased as
DN progressed [18,20]. Hasegawa et al. [21] implicated TNF-α as a major contributor to the
early development of DN in rats with diabetes induced by streptozotocin. As a potential
mechanism, TNF-α has been associated with sodium retention and renal hypertrophy during
the early stages of DN in such diabetic rats [22].

These data support a recent paradigm shift proposing that chronic inflammation contributes
to the etiopathophysiology of DN via the paracrine actions exerted upon mesangium by pro-
inflammatory cytokines. Recently, several groups have reported in vitro studies linking IGFs
to inflammatory cytokines in the process of mesangial cell dysfunction [34]. IGF-I has been
associated with diabetic proliferation of mesangial cells in vivo[23,24]; paradoxically, end
stage progression to uremia appears to reduce IGF production and paracrine action,
contributing to mesangial cell death [24].

IGFBP-3 accumulates in serum obtained from children with chronic renal failure as its free,
low molecular weight form [25,26]. Uremic diabetic adults excrete IGFBP-3, as do type 1
diabetic adolescents with microalbuminuria, patients whose urinary levels of IGFBP-3
correlate directly to urinary albumin excretion [27]. Elevated levels of IGFBP fragments
have been identified in urine from non-diabetic children with acute renal failure due to
increased IGFBP-3 protease activity [28,29]. This may reflect damage to the filtration
mechanism in the face of higher IGFBP levels in serum from uremic children; a damaged
filter due to apoptosis results, in part, from decreased IGF action during ESRD [30]. Other
investigators have not observed IGFBP protease activity in urine obtained from non-diabetic
children with chronic renal failure [31,32].

IGFBP-3 has recently been shown to mediate apoptosis in human mesangial cells under
starvation conditions [33]. Although human mesangial cells express all six IGFBPs in vitro
[34], IGFBP-3 (the most abundant IGFBP species in human serum) is normally expressed in
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vivo only in the mature ureteric duct and epithelia of the collecting ducts and pelvicalyceal
system. Integrating all current data, we hypothesize that high ambient glucose and
associated inflammatory cytokines induce mesangial apoptosis via the IGFBP-3 signaling
pathway. Using the rat mesangial cell model, we assessed the role of IGFBP-3 during
apoptosis induced in the presence of high ambient glucose or TNF-α, a major cytokine
implicated in the diabetic milieu.

2. Materials and methods
2.1. Cell culture and reagents

Rat mesangial cells (RMC) were obtained from ATCC (Manassas, VA, USA). Derived from
the eighth passage of Sprague–Dawley rat mesangium and immortalized with pSV3-Neo
[35,36], cells were propagated at 37 °C under 5% ambient CO2 in Dulbecco’s modified
Eagle’s medium with 4 mM L-glutamine, adjusted to contain 1.5 g/L sodium bicarbonate, 1.5
g/L glucose, 0.4 mg/mL G418, and 15% fetal bovine serum. Growth media was changed
every third day.

Recombinant rat (rr) TNF-α, rrIL-1β, and recombinant human (rh) IGF-I were purchased
from R&DSystems (Minneapolis, MN, USA). RhIGFBP-3 was purchased from Sigma (St.
Louis, MO, USA). Polyclonal anti-rabbit IGFBP-3 IgG was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-sense phosphorothioate oligodeoxynucleotide
encompassing the initiation codon of rat IGFBP-3 (5′-
CGCGGGATGCATGGCGCTGGCGGAGGGCTC) and the complementary sequence as
the sense oligo were purchased from Sigma-Genosys, Ltd. (The Woodlands, TX, USA).
Thioester bonds linked the first three and final three residues of each oligo. The
concentrations applied were: 100 ng/mL TNF-α, 2 μg/mL rhIGFBP-3, 1 μg/mL rhIGF-I, and
10 μg/mL oligo.

2.2. Fluorescent activated cell sorting (FACS) by annexin V
Cells were grown in 75 cm2 flasks to 80% confluence, then harvested with trypsin and
plated in 12-well plates (Carrollton, TX, USA) at approximate density of 100,000 cells/well
(1 mL medium/well). Precisely 24 h later, growth media was removed, and cells were
washed thrice with serum-free media (SFM). Media was replaced with equal volumes of
SFM containing experimental conditions. To terminate the experiment, cells were gently
separated by trypsin, collected by centrifugation, then immediately analyzed with
fluorescein isothiocyanate (FITC) Apoptosis Detection Kit (BioVision, Mountain View, CA,
USA), performed according to manufacturer’s instructions. FITC-labeled Annexin V
antibody binding was quantified by flow cytometry with excitation by the 488 nm line of an
argon laser and emission at 530 nm using FITC signal detector (FL1). Propidium iodide (PI)
stain was detected on the phycoerythrin emission signal detector (FL2).

2.3. DNA fragmentation ELISA
Cells were plated in 96-well plates (Falcon, Franklin Lakes, NJ, USA) at concentration of
104 cells/well in 200 μL complete media containing standard glucose (5 mM) or high
glucose (25 mM). After overnight attachment, cells were washed thrice with serum-free
medium (SFM). Then, 200 μL SFM with experimental conditions were added to each well.
To terminate each experiment, plates were centrifuged at 200g in Beckman-Coulter Allegra
6 Series or Spinchron R centrifuges for 10 min at 25 °C. After centrifugation, conditioned
media were removed by gentle vacuum filtration.

Mono- and oligo-nucleosomes specific to apoptotic cells comprise the histone-associated
DNA fragments quantified by Roche Cell Death Detection ELISAplus (Mannheim
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Germany), performed according to the manufacturer’s instructions. Briefly, cells re-
suspended in 200 μL 1X Lysis Buffer were incubated 30 min at 25 °C. Lysates were
centrifuged at 200g for 10 min, and 20 μL from each supernatant were transferred carefully
into streptavidin-coated 96-well plates. Immunoreagent 80 μL was added to each well, and
plates were covered with adhesive cover foil under gentle shaking (300 rpm) for 2 h at 15
°C. Solution was removed thoroughly by gentle suction, then each well was rinsed thrice
with 300 μL 1X incubation buffer. ABTS solution 100 μL/well developed the color signal,
detected at 405 nm against ABTS solution as blank (reference 490 nm).

2.4. Western blot
Mesangial cells were grown to 80–90% confluence in 60 mm2 dishes. Media were replaced
to SFM (with 5 or 25 mM glucose) containing experimental conditions for 24 h. Protein was
extracted by lysis buffer, and 50 lg/lane was loaded on 15% SDS–PAGE. After transferring
protein to nitrocellulose (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA), the
membrane was incubated in 5% milk-TBST (20 mM Tris–HCl, pH 7.6, 137 mM NaCl,
0.1% Tween-20), then immunoblotted with anti-IGFBP-3 antibody. The membrane was
stripped and re-blotted with tubulin antibody to confirm loading was equal in each lane.

We used 1:500 dilution of primary rabbit polyclonal IGFBP-3 IgG (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), followed by horseradish peroxidase-conjugated
secondary IgG (Jackson Immunologicals, West Grove, PA, USA). Bands were visualized by
ECL™ Western Blotting Analysis System (Amersham Biosciences, Little Chalfont of
Buckinghamshire, UK).

2.5. Akt kinase assay
Total Akt and Akt phosphorylated at threonine 308 were quantified by Akt [pThr308]
phosphoELISA™ (BioSource International, Inc., Camarillo, CA, USA), performed
according to the manufacturer’s instructions. Mesangial cells were grown to 80–90%
confluence in 60 mm2 dishes, then changed to SFM with experimental conditions for 24 h.
Cells were collected in PBS by scraping culture flasks, then washed twice with cold PBS.
The supernatant was discarded, and cell pellets were lysed in Cell Extraction Buffer
(BioSource International, Inc., Camarillo, CA, USA) for 30 min at 4 °C with vortexing
every 10 min. Extracts transferred to microcentrifuge tubes were centrifuged at 13,000 rpm
for 10 min at 4 °C. Clear lysate was aliquoted into clean microfuge tubes. Akt [pThr308]
standard and samples diluted 1:10 in Standard Diluent Buffer were added, 100 μL/well, and
incubated 2 h at 25 °C. Incubation solution was aspirated, then wells were washed four times
with working wash buffer. Detection antibody 100 μL/well was added, followed by
incubation for 1 h at 25 °C. After four washes, cells were incubated with anti-rabbit IgG-
HRP working solution 100 μL/well for 30 min, then incubated with stabilized chromogen
100 μL/well for 30 min under darkness. Finally, stop solution was added prior to reading
optical density at 450 nm on Ultramark plate reader (Bio-Rad, Hercules, CA, USA). Data
were analyzed with Scion Corporation Imaging software (Frederick, MD, USA).

2.6. Statistical analysis
Data from a minimum of three experiments were expressed as means ± SE and analyzed by
ANOVA and post-hoc Kruskal-Wallis test for ordinary, unmatched measures using InStat
(version 2.00; GraphPad Software Inc., San Diego, CA, USA). Analyses were run on G3
Macintosh PowerBook (Apple Computer, Cupertino, CA, USA). Probability values (p)
below 5% were considered significant.
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3. Results
3.1. RhIGFBP-3 induced apoptosis in RMC

To quantify the percentage of cells undergoing apoptosis, RMC cultures were analyzed by
FACS after exposure to 2 μg/mL rhIGFBP-3 for 2 h or 24 h under 5 mM glucose.
RhIGFBP-3 rapidly induced apoptosis (Fig. 1(a) and (b)). Detected by ELISA, 2 μg/mL
IGFBP-3 for 24 h significantly increased DNA fragmentation under both 5 and 25 mM
glucose conditions (Fig. 1(c), n = 8, p < 0.05, IGFBP-3 vs. SF). DNA fragmentation results
are consistent with FACS data. High ambient glucose increased apoptosis compared to
standard glucose (Fig. 1(c), n = 8, p < 0.01, 25 mM vs. 5 mM).

3.2. Anti-sense IGFBP-3 oligo inhibited apoptosis induced by SFM, TNF-α, or high glucose
Pre-treatment for 30 min with anti-sense IGFBP-3 oligo significantly prevented DNA
fragmentation induced under serum-free conditions at all concentrations tested (5–25 μg/
mL) (Fig. 2, n = 8, p < 0.05 or p < 0.0001 oligo vs. SFM control). As expected, sense oligo
exerted no significant effect on RMC apoptosis.

TNF-α has been implicated in the etiopathophysiology of DN in patients [16-19]. To model
this action in vitro, cells were treated with 100 ng/mL TNF-α for 24 h under SFM containing
5 mM glucose, which induced apoptosis as detected by FACS (Fig. 3(a)). To further study
the action of IGFBP-3 on TNF-α-induced apoptosis, cells were pre-treated with anti-sense
IGFBP-3 oligo (10 μg/mL) for 30 min prior to treatment with TNF-α. FACS revealed
significantly increased apoptosis after 2 h or 24 h TNF-α treatment (Fig. 3(b) and (c), n = 3,
p < 0.05, TNF-α vs. SFM control). Anti-sense, but not sense, oligo prevented apoptosis
induced at both time points (Fig. 3(b) and (c), n = 3, p < 0.05, TNF-α + AS vs. TNF-α
alone).

TNF-α increased DNA fragmentation (apoptosis) under both 5 and 25 mM glucose
conditions (Fig. 3(d), n = 8, p < 0.05, TNF-α vs. SFM control), apoptosis was blocked by
anti-sense oligo but not sense oligo (Fig. 3(d), n = 8, p < 0.05, TNF-α + AS vs. TNF-α
alone). Anti-sense oligo, but not sense oligo, prevented DNA fragmentation induced by
SFM under both 5 and 25 mM glucose (Fig. 3(d), n = 8, p < 0.01, AS oligo vs. SF).

We further evaluated the effects of AS oligo on apoptosis induced by SFM or high ambient
glucose. The cells were treated with or without sense or anti-sense IGFBP-3 oligo under 5
mM glucose or 25 mM glucose for 2 or 24 h. Twenty-four hour serum withdrawal
significantly increased DNA fragmentation compared to 2 h treatment (Fig. 4, n = 8, p <
0.001, 24-h under 5 mM glucose vs. 2-h under 5 mM glucose). This increase was partially
inhibited by AS oligo at the 24-h time point (Fig. 4, n = 8, p < 0.01, AS under 5 mM glucose
vs. SFM under 5 mM glucose). Twenty four hour high glucose treatment increased apoptosis
compared to 2-h high glucose treatment (Fig. 4, n = 8, p < 0.001, 24-h high glucose vs. 2-h
high glucose). Anti-sense oligo partially inhibited SFM-induced or high glucose induced
apoptosis (Fig. 4, n = 8, p < 0.001, AS with 24-h high glucose treatment vs. SF with 24-h
high glucose treatment). High glucose treatment also induced more apoptosis than low
glucose at 24 h (Fig. 4, n = 8, p < 0.05, SF with 24-h high glucose vs. SFM with 24-h low
glucose).

3.3. Anti-sense IGFBP-3 oligo inhibited TNF-α-induced IGFBP-3 release
IGFBP-3-specific Western blot revealed two bands in cell lysates that correspond to the
predicted 46 and 44 kDa forms of glycosylated IGFBP-3 (Fig. 5). TNF-α treatment was
associated with increased IGFBP-3 synthesis. This effect was blocked by anti-sense
IGFBP-3 oligo pre-treatment but enhanced in the presence of high ambient glucose.
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3.4. RhIGFBP-3 and AS IGFBP-3 oligo regulate Akt phosphorylation at Thr308
RhIGFBP-3 treatment was associated with reduced phosphorylation of Akt at Thr308 (Fig.
6, n = 7, p < 0.01). By contrast, pre-treatment with anti-sense IGFBP-3 oligo significantly
increased Thr308 phosphorylation (n = 7, p < 0.01).

4. Discussion
We have presented the first evidence that IGFBP-3 mediates mesangial apoptosis via
intracellular signal transduction in the context of high ambient glucose or TNF-α.
Classically, somatotropin is recognized as the primary stimulator in vivo for endocrine IGF
release [37] and endocrine IGFBP-3 release [8]. Pharmacologic antagonism against
somatotropin action has been reported to prevent early DN in vivo [38]. It is plausible these
clinical observations derive from reduced paracrine or autocrine actions of IGFBP-3
delivered at the mesangium.

Related to its proposed pathologic role in diabetic mesangial hypertrophy [5,6], IGF-I has
been shown to promote mesangial survival in the face of hyperglycemia [13]. The early
stage of DN is characterized by mesangial cell proliferation and expansion of extracellular
matrix. The balance between local delivery of unbound, free IGF-I vs. unbound IGFBP-3
appears to determine the mesangial fate between survival or death.

We observed that rhIGF-I rescued RMC from apoptosis, but this action was eliminated in
the presence of high glucose concentration. We observed consistent, anti-apoptotic effects
from anti-sense IGFBP-3 oligo in the presence of high ambient glucose or the cytokine
TNF-α. Our data support paracrine IGFBP-3 action as a mechanism to account for these
observations, most likely through local sequestration of IGF. Yet IGFBP-3 is emerging as a
novel intracellular regulator of signal transduction via major tyrosine kinase-mediated
pathways that control cell growth [39-41]. For the first time, we have presented inhibition of
threonine phosphorylation of cytosolic Akt as a novel, non-genomic, intracellular
mechanism for IGFBP-3-mediated apoptosis in the mesangial cell.

Whereas IGFBP-3 reduced Akt Thr308 phosphorylation, anti-sense IGFBP-3 oligo was
associated with an increase in Thr308 phosphorylation. These observations suggest that
regulating the Akt signaling pathway is a mechanism underlying IGFBP-3-induced
apoptosis. Although anti-sense IGFBP-3 oligo pre-treatment blocked TNF-induced
apoptosis, anti-sense oligo did not prevent TNF-induced inhibition of Thr-308 Akt
phosphorylation (data not shown). These observations cannot exclude the existence of an
Akt-independent pathway for IGFBP-3-mediated apoptosis. Delineation of the IGFBP-3
signaling pathway(s) warrants future investigation. Use of a cell model limits the
conclusions to be drawn about IGFBP-3 action on mesangial cells in vivo. In conclusion, we
have shown that IGFBP-3 represents a novel intracellular mechanism for mesangial cell
apoptosis, which offers novel therapeutic targets for intervention during the early,
inflammatory progression of DN.
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Fig. 1.
RhIGFBP-3 induced apoptosis in RMC. FACS analysis: The cells were treated with or
without 2 μg/mL IGFBP-3 in SFM containing 5 mM glucose for 2 h (a) or 24 h (b). Black
lines represent rhIGFBP-3 treatment, and blue lines represent SF control. Annexin (upper
panel) reflects apoptosis, and propidium iodide stain (lower panel) depicts necrosis. DNA
fragmentation ELISA: (c) cells were treated with or without 2 μg/mL rhIGFBP-3 under 5 or
25 mM glucose-containing media for 24 h. Data were represented as means ± SE (n = 8; *p
< 0.05 vs. SFM control by ANOVA).
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Fig. 2.
Anti-sense IGFBP-3 oligo inhibited SFM-induced apoptosis by DNA fragmentation ELISA.
Cells were incubated with dose ranges of oligos for 24 h under SFM containing 5 mM
glucose. Data are presented as percentage of SFM control. Histogram depicts means ± SE (n
= 8, *p < 0.05, **p < 0.0001 vs. SF control by ANOVA).

Vasylyeva et al. Page 11

Growth Horm IGF Res. Author manuscript; available in PMC 2011 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Anti-sense IGFBP-3 oligo inhibited TNF-α-induced apoptosis by FACS. (a) Cells were
incubated with 100 ng/mL TNF-α (black lines) or SFM control (blue lines) containing 5 mM
glucose for 24 h. Annexin (upper panel) reflects apoptosis, and PI (lower panel) reflects
necrosis. Cells pre-treated with or without sense or anti-sense oligo for 30 min, then 100 ng/
mL TNF-α for 2 h (b) or 24 h (c). Data presented in the histograms are expressed as
percentage of SF control with means ± SE (n = 3; *p < 0.05 vs. SF control; #p < 0.05 vs.
TNF-α). (d) DNA fragmentation ELISA: cells pre-treated with or without oligo before 24 h
of TNF-α under SFM with 5 or 25 mM glucose. Data represented percentage of SF control,
with histogram depicting means ± SE (n = 8; *p < 0.05 vs. SF control; #p < 0.05 vs. TNF-α
by ANOVA).
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Fig. 4.
DNA fragmentation ELISA. Data represent means ± SE (n = 8; **p < 0.01 vs. 2 h under
identical glucose; ##p < 0.01 vs. 24 h SFM under identical glucose; ©p < 0.01 vs. 24 h SFM
under 5 mM glucose, by ANOVA).
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Fig. 5.
Anti-sense oligo inhibit TNF-α-induced IGFBP-3 synthesis by Western blot of cell lysates.
Cells were pre-treated with or without oligo (10 μg/mL) for 30 min, before incubated with
TNF-α under 5 mM or 25 mM glucose for 24 h. Representative blot from three independent
experiments.
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Fig. 6.
Thr-308 Akt phosphorylation ELISA. Data represent percentage of SF control expressed as
mean ± SE (n = 7; **p < 0.01 vs. SF control by ANOVA).
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