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Abstract
Among the chemokines, members of the CXC family include IP-10 (Interferon-gamma induced
protein of 10Kda). Elevated serum IP-10 levels have been shown in diabetes. However, there is a
paucity of data examining the sources and regulation of IP-10 under hyperglycemic conditions and
this was the overall aim of the study. Type 1 diabetes (T1DM) is a pro-inflammatory state. We
previously demonstrated increased toll like receptor (TLR) 2 and 4 activation in monocytes of T1DM
patients. Thus, we also examined the role of the TLR pathway in modulating IP-10 release from
human monocytes under hyperglycemia. Also, circulating and monocytic levels of IP-10 in patients
with T1DM with and without microvascular complications (T1DM-MV and T1DM) and controls
(C ) was assessed. Under HG, IP-10 mRNA and protein were significantly increased compared to
normoglycemia. Incubation of monocytes with dominant negative Ikb but not control vector
significantly abrogated HG-induced IP-10 release. Furthermore, both TLR 2 siRNA as well as TLR
4 siRNA, either alone or in combination significantly abrogated HG-induced IP-10 release. Serum
and monocytic levels of IP-10 were significantly increased in T1DM and T1DM-MV compared to
matched controls. Thus, we demonstrate increased circulating and monocytic IP-10 in T1DM. Down-
regulation of TLR 2 and TLR 4 abrogates HG-induced IP-10 release via NF-κB inhibition.
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1. Introduction
Type 1 diabetes (T1DM) is associated with increased microvascular complications and
inflammation plays a pivotal role (1). Recent studies have shown that T1DM is a pro-
inflammatory state as evidenced by increased circulating levels of CRP, sCD40L, and
proinflammatory chemokines and cytokines (2–5). Also, we have shown that monocytes from
T1DM diabetic patients secrete increased levels of IL-6 and IL-1b and that the latter is increased
significantly in those with microvascular complications (3,4). Among the chemokines,
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members of the CXC family include IL-8 and IP-10 (Interferon-gamma induced protein of
10Kda)(6–10).

We have previously shown that IL-8 levels are increased in T1DM with and without
microvascular complications (4). IP-10 (interferon-gamma-inducible protein-10), another
member of the CXC chemokine superfamily, is a highly inducible chemoattractant and also
modulates adhesion molecule expression after stimulation with IFN-gamma (10,11). IP-10 is
increased in the carotid artery of rats after angioplasty and it is expressed by cultured vascular
smooth muscle cells (VSMC) (12). Deficiency of IP-10 or its receptor, CXCR3 reduces lesion
formation in Apo E−/− mice (13). Elevated serum IP-10 levels have been shown in diabetes
but it is unclear if the patients had complications (14). Also, there is a paucity of data examining
cellular sources of IP-10 in Type 1 diabetes and its regulation under hyperglycemic conditions.
Thus, we examined the effect of hyperglycemia on IP-10 mRNA and protein in human
monocytes and also examined levels of IP-10 in patients with T1DM with and without
microvascular complications. Furthermore, recently, we have reported increased toll like
receptor 2 and 4 activation in monocytes of patients with T1DM (15). Previously, TLR 4
agonists, such as lipopolysaccharide (LPS) have been shown to induce IP-10 production (10).
Thus, we examined the effect of the TLR pathway in modulating IP-10 release from human
monocytes under hyperglycemia.

2.Methods
For the in vitro studies, human monocytes were isolated from healthy subjects. For the in vivo
study, T1DM patients with and without microvascular complications and healthy controls
(n=39, 36 and 40 respectively) were recruited following informed consent. The selection
criteria for the subjects have been described by us previously (3,4). All had duration of diabetes
at least > 1 year since onset of disease and were on no other hypoglycemic agents other than
insulin.

Microvascular complications included retinopathy (22%), nephropathy (68%) and neuropathy
(5%). All human investigation was conducted according to the principles expressed in the
Declaration of Helsinki and approved by the Institutional Review Board of the UC Davis
Medical Center. Human monocytes were isolated from peripheral blood by negative magnetic
separation as described previously (3).Serum and monocyte IP-10 levels were measured using
a commercially available ELISA (R&D Biosystems) which had an intra-assay CV of <7% and
lower detection limit of 1.8 pg/mL.

For all in vitro studies, monocytes were incubated with glucose (5.5mM-NG or 15mM –HG)
or mannitol (9.5mM) as hyperosmolar control, for a period of 48 hours. Supernatants were
collected for measurement of IP-10 by ELISA and cells were analyzed for protein content by
the method of Lowry et al (3). Also expression of IP-10 in intact cells was analyzed by flow
cytometry using phycoerythrin-labeled anti-human IP-10 antibodies and isotype controls.
mRNA for IP-10 was examined by RT-PCR using primers from R&D as described previously
(15).

Transfection with dominant negative IκB vector or control vector was performed for 48 hours
as described previously (16). Transfection efficiency, as monitored by luciferase activity was
66%. Also, siRNA to TLR2 or TLR 4 or control siRNA, obtained from Ambion (Austin, TX)
were transfected using siPORTamine transfection reagents as described previously (17).
Transfection efficiency as measured by mRNA by RT-PCR was at least 65%.

All experiments were performed at least three times in duplicate. The comparisons between
group means were analyzed using ANOVA followed by paired t-tests for uniformly distributed
data and Tukey’s post-hoc tests for skewed data. The experimental results are presented as the
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means ± SD. Paired t tests were used to compute differences in the variables, and the level of
significance was set at P<0.05.

3.Results
We first examined the effect of hyperglycemia (HG, 15mM glucose) compared to
normoglycemia (NG, 5.5mM) on IP-10 release from monocytes by ELISA and flow cytometry
(Fig 1a and Fig 1b). Under HG, IP-10 release was significantly increased compared to NG.
Mannitol was used as hyperosmolar control and did not significantly affect IP-10 release.
Furthermore, HG induced IP-10 mRNA (Fig 1c).

Previously, we have shown that HG induces monocytic release of IL-1b and IL-6 via activation
of NF-κB (17,19). Thus, we tested the effect of NF-κB inhibition on IP-10 release. Incubation
of monocytes with DN-IKb but not control vector significantly abrogated HG-induced IP-10
mRNA and release (Fig 2a and Fig 2B).

Recently, we showed increased TLR2 and TLR 4 expression and downstream signaling in
T1DM monocytes compared to matched controls (15). Also, increased TLR 2 and TLR 4
activity was significantly correlated to increased NF-κB activity in T1DM patients (15). In
addition, HG has been shown to upregulate TLR 2 and TLR 4 expression resulting in increased
transcriptional activity of NF-κB (17), presumably leading to increased IP-10 release. Thus,
we tested the role of TLR2 and TLR 4, 2 TLRs that are increased in T1DM and important in
atherosclerosis. Both TLR2 siRNA as well as TLR 4 siRNA, either alone or in combination
significantly abrogated HG-induced IP-10 mRNA and release and the combination of TLR 2
and TLR 4 siRNA was not additive to either alone (Fig 3). Scrambled control siRNA failed to
have any significant effects (data not shown).

For the in vivo studies, baseline subject characteristics are depicted in Table 1. There were no
significant differences in age, BMI, and lipid profile between Control and T1DM groups with
and without complications. Also, glucose, HbA1c levels and hsCRP were significantly higher
in both T1DM groups compared to controls.

Serum levels of IP-10 were significantly increased in both T1DM with and without
microvascular complications compared to matched controls (Fig 4a). Also, secreted IP-10
levels were significantly increased from monocytes of both T1DM without and with
microvascular complications as compared to controls, in resting and LPS-activated state (Fig
4b). From our data, it appears that monocytic IP-10 contributes to 70% of IP-10 in circulation.
Also, there was no significant correlation between HbA1C levels and IP-10 release (r=0.44,
p=0.38).

4.Discussion
The presence of chemokines in the atherosclerotic lesion contributes to the recruitment of
inflammatory cells such as macrophages and T-lymphocytes (6–11). There is growing
recognition that the chemokine IP-10 plays important roles in chronic inflammatory conditions
such as atherosclerosis. IP-10 is a member of the CXC chemokine family, which includes other
factors such as MIG, I-TAC, IL-8, and MIP-2, and is produced by a variety of cell types,
including inflammatory cells such as monocytes, macrophages, and lymphocytes (6–11).
Human serum levels of IP-10 range from 20–400 pg/ml, with the higher values found most
commonly among individuals with chronic inflammatory conditions such as rheumatoid
arthritis, HIV infections, and atherosclerosis. In human atheroma, there is abundant expression
of IP-10 (18). Recent studies have also described increased plasma levels of IP-10 in the early
and subclinical stages of Types 1 and 2 diabetes (14,19–22). Although generally recognized
as an important chemoattractant for lymphocytes and monocytes, IP-10 also enhances
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adherence of inflammatory cells to endothelial cells and suppresses angiogenesis (6–11). There
is thus a growing appreciation for the potential role of IP-10 in a variety of chronic
inflammatory conditions, including diabetes and atherosclerosis.

Circulating IP-10 levels are increased in T1DM patients (14,23,24). IP-10 could also be
relevant to diabetic nephropathy, since neutralizing antibodies to IP-10 significantly decreased
number of infiltrating T-cells in tubulointerstitium and improved renal function (19). Also,
levels of IP-10 have been reported to be significantly increased in vitreous samples from
patients with proliferative diabetic retinopathy (21) and since it is angiostatic, this possibly
denotes proliferative diabetic retinopathy involution since most of these patients had undergone
laser photocoagulation (22). In this study, we confirm increased circulating levels as well as
monocytic levels of IP-10 in T1DM with and without microvascular complications compared
to controls. Furthermore, incubation of human monocytes with 15mM glucose results in a 5-
fold induction of IP-10 release. Previously, Shanmugam et al (23) have shown increased IP-10
mRNA in T1DM (N=4) and the induction by RAGE ligands such as S100 B was via increased
mRNA stability and not at the transcriptional level. Thus, the increase in IP-10 from monocytes
could be via NF-κB (present report) or interaction of AGEs with RAGE resulting in increased
mRNA (secreted IP-10 was not reported in that study) (23).

NF-κB activation has been implicated in the pathogenesis of atherosclerosis (25). Furthermore,
we and others have shown increased NF-κB activation under HG conditions and in patients
with T1DM and T2DM (3,4,15,17). The presence of NF-κB binding sites has been found in
the 5' regulatory regions of gene promoters such as MCP-1 and IP-10 (10). In cultured rat
VSMC, atorvastatin has been shown to inhibit mRNA expression of chemokines MCP-1 and
IP-10, correlating with the normalization of NF-κB activity (26). Previously, under HG,
monocytes have been shown to secrete increased levels of IL-8 via upregulation of NF κB
(27). In this study, we demonstrate that NF-κB is pivotal in HG-induced IP-10 release since
downregulation of NF-κB activity results in abrogation of HG-induced IP-10 release.

TLR2 and 4 expression are upregulated in atherosclerotic plaque macrophages and in animal
models of atherosclerosis (28,29). TLR 4 binds to the lipopolysaccharide (LPS; endotoxin) of
the outer membrane of Gram negative bacteria. TLR2 recognizes and signals bacterial
lipoproteins, peptidoglycans and lipoteichoic acid from Gram positive bacterial cell walls.
Total genetic deficiency of TLR4 is associated with reduction in lesion size, lipid content, and
macrophage infiltration in hypercholesterolemic apoE−/− mice (29). Also, TLR2/LDLR−/−,
and in a recent paper, TLR2 /Apo E−/− mice are protected from the development of
atherosclerosis (29). Furthermore, 2 groups have demonstrated that deficiency of MyD88
(myeloid differentiation factor 88), one of the downstream TLR intracellular signaling
molecules results in reduction in plaque size, lipid content, expression of proinflammatory
genes, and systemic expression of proinflammatory cytokines and chemokines (29).
Furthermore, Mohammad et al (30) recently showed increased TLR2 and TLR4 expression in
Type 1 diabetic NOD mice and this correlated with increased NF-κB activation in response to
the TLR 4 ligand, LPS, resulting in increased pro-inflammatory cytokines (30). We have also
recently demonstrated increased TLR2 and TLR 4 activation in diabetes and in HG (15). Insulin
infusion suppresses several TLRs (31). Furthermore, HG appears to induce TLR activation via
upregulation of NF-κB (17). Also, human, but not murine macrophages substantially
upregulate IP-10 expression in response to TLR4-mediated stimuli such as LPS. Also, IFN-
gamma has been shown to augment LPS induced IP-10 through up-regulation of TLR-4, and
the signal pathways of NF-κB /ERK1. In the present study, we describe increased production
of IP-10 by human monocytes exposed to hyperglycemia, and demonstrates that this activation
requires TLR2 and TLR 4 upregulation and appears to be mediated via NF-κB activation, since
blockade of either TLR 2 or TLR 4 or in combination decreased HG-induced IP-10 release
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Since blocking both TLR 2 and TLR4 was not additive, it suggests that they both activate IP-10
via a common downstream pathway, possibly NFKb.

In conclusion, we demonstrate increased circulating and monocytic levels of IP-10 in T1DM
and implicate an important role of TLR 2 and TLR 4 pathway in augmenting IP-10 release
under HG via activation of NF-κB.
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Fig 1. Hyperglycemia Induces IP-10 release from Human monocytes
Monocytes were isolated and incubated with mannitol as hyperosmolar control or NG (5.5mM,
NG) or HG (15mM, HG). IP-10 levels in supernatants was assessed by ELISA (Fig 1A) and
cellular IP-10 was examined by flow cytometry (Fig 1B) as described in Methods. Data are
expressed as mean ± S.D. Also, mRNA for IP-10 from human monocytes was examined by
RT-PCR as described in Methods. (Fig 1C). Densitometric ratio for IP-10/GAPDHmRNA is
provided. *p<0.01 compared to Mannitol and LG, n=5 experiments.
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Fig 2. Hyperglycemia Induces IP-10 release from Human monocytes via Upregulation of NFKB
Monocytes were isolated and incubated with mannitol as hyperosmolar control or NG (5.5mM,
NG) or HG (15mM, HG). Some cells were transfected with either Control vector of dominant
negative IKb. IP-10 levels in supernatants was assessed by ELISA (Fig 2A). Data are expressed
as mean ± S.D. Cellular mRNA for IP-10 from human monocytes was examined by RTPCR
as described in Methods. Densitometric ratio for IP-10/GAPDHmRNA is provided. (Fig 2B).
*p<0.001 compared to Mannitol and LG, #p<0.001 compared to HG, n=5 experiments.
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Fig 3. Hyperglycemia- Induced IP-10 release from Human monocytes is Inhibited by Blockade of
TLR 2 and/or TLR4
Monocytes were isolated and incubated with mannitol as hyperosmolar control or NG (5.5mM,
NG) or HG (15mM, HG). Some cells were transfected with either TLR 2 siRNA or TLR4
siRNA or the combination. IP-10 levels in supernatants was assessed by ELISA (Fig 3A).Data
are expressed as mean ± S.D. Alsocellular mRNA for IP-10 from human monocytes was
examined by RT-PCR as described in Methods. (Fig 3B). *p<0.001 compared to Mannitol and
LG, #p<0.01 compared to HG, n=4 experiments.
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Fig 4. Serum IP-10 levels are Elevated in T1DM
Healthy controls (C ), T1DM without and with microvascular complications (T1DM-MV) were
recruited following informed consent as described in Methods. Circulating IP-10 levels were
analyzed in serum by ELISA as described in Methods (Fig 4A). Also, monocytic IP-10 release
were assessed by ELISA (Fig 4B). Data are expressed as mean ± S.D. *p<0.01 compared to
controls.
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Table 1

Baseline Subject Characteristics
Controls (n=40) T1DM (n=36) T1DM-MV (n=39)

Age (years) 33 ± 11 32 ± 16 37 ± 17
Gender (M/F) 17/23 14/22 16/23
BMI (kg/sq.m) 25 ± 5 23 ± 9 28 ± 14
Glucose (mg/dL) 88 ± 13 163 ± 77* 154 ± 83*
Duration of Diabetes (yrs) 0 10.3 (5–16) 17 (9–22)
HbA1C(%) 5.2 ± 0.4 7.9 ± 1.3* 8.4 ± 1.9*
CRP (mg/L) 1.3 (0.7,1.8) 1.8 (1.0,2.5)* 2.4 (0.9,2.9)*a
Total Cholesterol (mg/dL) 179 ± 29 188 ± 39 190 ± 39
Triglycerides (mg/dL) 83 ± 33 86 ± 44 81 ± 57
LDL Cholesterol (mg/dL) 110 ± 19 116 ± 33 114 ± 38
HDL Cholesterol (mg/dL) 47 ± 15 48 ± 21 51 ± 18
Data are expressed as mean ± S.D and median and interquartile range for CRP.

*
p<0.05 compared to Controls.

*a
p<0.05 compared to T1DM
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