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Abstract

Introduction—Diabetes mellitus (DM) is a prothrombotic and proinflammatory state.

Hyperglycemia (HG) is encountered even in patients without DM. We have shown that combined

HG and hyperinsulinemia (HI) in healthy non-diabetic subjects increased circulating tissue factor

(TF) and thrombin generation. To understand the changes in platelet and monocyte pathways

induced by combined HG and HI in healthy non-diabetic state, we performed whole genome

expression profiling of leukocyte-depleted platelets and monocytes before and after 24 hours of

combined HG (glucose ∼200 mg/dL) and HI by glucose infusion clamp in a healthy non-diabetic

subject.

Results—We defined time-dependent differential mRNA expression (24 versus 0 hour fold

change (FC) ≥2) common to platelets and monocytes. Ingenuity Pathways Analysis revealed

alterations in canonical insulin receptor signaling and coagulation pathways. A preliminary group

of 9 differentially expressed genes was selected for qRT-PCR confirmation. Platelet 24 hour

sample was compared to the 0 hour sample plus 4 controls. Five transcripts in platelets and 6 in

monocytes were confirmed. Platelet GSK3B and PTPN1 were upregulated, and STXBP4 was

downregulated in insulin signaling, and F3 and TFPI were upregulated in coagulation pathways.
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Monocyte, PIK3C3, PTPN11 and TFPI were downregulated. Platelet GSKβ3 and PTPN11 protein

and TF antigen in platelets and monocytes was increased.

Conclusions—Even in non-diabetic state, HG+HI for 24 hours induces changes in platelets and

monocytes. They suggest downregulation of insulin signaling and upregulation of TF. Further

studies are needed to elucidate cellular alterations leading to the prothrombotic and

proinflammatory state in DM.
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Introduction

Patients with diabetes mellitus (DM) have increased incidence of acute vascular events [1].

This is due in part to a prothrombotic and proinflammatory state in these patients who have

elevated plasma coagulation factors and enhanced platelet responsiveness [2-5]. The

hallmarks of type 2 DM (T2DM) - hyperglycemia (HG) and hyperinsulinemia (HI) – are

both independent risk factors for mortality [6-8]. Our studies in healthy non-diabetic

subjects using infusion clamps showed that selective HI and HG, and more so the

combination of HI+HG, increased circulating membrane-bound tissue factor-procoagulant

activity (TF-PCA), plasma coagulation factor (F) VIII and markers of thrombin generation

[9]. In addition, HI+HG induced platelet and monocyte activation, and upregulated

monocyte TF [10]. Our studies in type 1 DM and type 2 DM patients [11, 12] showed that

TF-PCA in whole blood and FVII in plasma were elevated even under basal conditions.

To obtain insights into the wide-ranging changes that may be induced by HG+HI in platelets

and monocytes, and contributing to the prothrombotic and proinflammatory state, we

performed expression profiling of leukocyte-depleted platelets and monocytes before and

after 24 hour of HG+HI clamping in a healthy non-diabetic subject. This is an unbiased

approach likely to yield unanticipated findings. Moreover, alterations induced by acutely

elevating glucose may be different from those seen in DM with chronic elevations in

glucose and insulin. Acute elevations in glucose are encountered in hospitalized patients,

including those without known DM [6-8]. To our knowledge studies on the effects of HG-HI

using expression profiling of platelets and monocytes in healthy non-diabetic subjects have

not been reported. Our present studies provide evidence that 24 hours of HG+HI, even in the

non-diabetic healthy state, induces demonstrable and substantial changes in platelets and

monocytes, including alterations in insulin-signaling and coagulation related pathways. They

lay the foundation for future detailed studies to explore changes in various cellular pathways

in DM.

Methods

Glucose Infusion Study

This study was performed in the General Clinical Research Center in a 42 year old black

male after obtaining informed consent and approval by the Institutional Review Board.
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Plasma glucose was maintained ∼200 mg/dl by glucose infusion as described [9]. This

elevates endogenous insulin levels to induce HI, thus creating combined HG and HI, with

levels close to those encountered in T2DM. The infusion clamps studies began at ∼8AM

after an overnight fast. A 20% glucose solution was infused intravenously and adjusted to

maintain plasma glucose at ∼200 mg/dl (∼11 mmol/L). The insulin levels rise to ∼1,000

pmol/L in response to the HG [9]. Small blood samples (0.25 ml) were collected every

30-60 min initially and every 1-2 hours later for measurement of glucose concentrations.

Plasma electrolytes were monitored every 6 hours, body weight every 12 hours and fluid

balances every 6 hours. Potassium (20 mg) and magnesium (400 mg) were given PO every

12 hours. Blood samples were obtained at baseline and at 24 hours.

Chemicals and Reagents

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). Human CD45

antibody conjugated magnetic microbeads was purchased from Miltenyi Biotec Inc.

(Auburn, CA, USA). TRIZOL reagent was from Invitrogen (Carlsbad, CA, USA) and, APC

conjugated CD45 and fluorescein isothiocyanate (FITC) conjugated CD41 antibodies were

from eBioscience (San Diego, CA, USA).

Platelet and Monocyte Purification

Platelets were purified according to Gnatenko et al [13] with modifications. Whole blood

(45 ml) from human subjects drawn into 5 ml of EDTA (100 mM) was incubated with

carbacyclin (50 nM) at room temperature and centrifuged at 180g for 20 min to generate

platelet rich plasma (PRP). Upper two-thirds of the PRP was passed through Sepharose 2B

gel filtration columns equilibrated with HEPES-buffered modified Tyrode's (HBMT) buffer

(10 mM HEPES, 150 mM NaCl, 2.5 mM KCl, 0.3 mM NaH2PO4, 12 mM NaHCO3, 0.2%

bovine serum albumin, 0.1% glucose, 2mM EDTA). Gel-filtered platelets from the column

were centrifuged at 2000g for 8 min. Platelet pellet was gently resuspended in 8 ml of

HBMT buffer and labeled with 40 μl of human CD45 antibody conjugated to magnetic

microbeads on a rotating platform at 4°C. After 20 min platelet suspension was passed

through magnetic separation column on MACS II separator to capture CD45+ cells

(leukocytes). The platelet suspension was centrifuged and the pellet was resuspended in

HBMT buffer (8 ml). The magnetic labeling and immunodepletion were repeated as

described above to get leukocyte-free platelets. The platelets were subjected to

centrifugation at 2000g, and the pellet was resuspended in TRIZOL (1ml) reagent for RNA

extraction. The final product contained up to 3 leukocytes per 1× 105 platelets as determined

by flow cytometric analysis.

Mononuclear cells were isolated from whole blood by the Ficol-Paque TM Plus gradient

method according to the manufacturer's instructions (Amersham, Piscataway, NJ).

Monocytes were positively selected using CD14 microbeads per 107 mononuclear cell

according the manufacturer's protocol (Miltenyi Biotech, Auburn, CA) [9].

Expression Profiling Methods and Data Analysis

We performed expression profiling of platelets and monocytes before and after 24 hour of

HG+HI clamping in a healthy non-diabetic subject. The platelets and monocytes were
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collected and resuspended in TRIzol (Life Technologies, Grand Island, NY). Total RNA

was isolated using the RNA Clean-Up and Concentration Micro-Kit (Norgen Biotek,

Thorold, ON, Canada).

Expression profiling of each cell type was performed using U133 Plus 2.0 GeneChips

(Affymetrix, Santa Clara, CA). Profiling data was analyzed in Genomics Suite™ (Partek

Inc., St. Louis, Missouri) to detect differentially expressed mRNAs between conditions. We

generated lists of time-dependent differential mRNA expression (24 hour vs 0 hour fold

change). The Applied Biosystems 7900HT Fast Real-Time PCR System (Life Technologies,

Grand Island, NY) was used to validate the differential expression of select genes. Primers

used to amplify F3 pre-mRNA were GGCTGGATCAGGTCATCTCTAAAG (forward) and

TGTGCCTGGGATCCTCAATAGA (reverse). Primers used to amplify all other genes,

including F3 mRNA, were obtained from Applied Biosystems (Life Technologies)

(Inventoried sequences – proprietary) (Supplement Table 1). Identification of biological

pathways in which gene products participate was determined in Ingenuity Pathways

Analysis software (Ingenuity Systems, Inc., Redwood City, CA).

Other Assays

Immunoblotting of protein lysates for protein tyrosine phosphatase (SHP2), GSK3β and

actin was performed using antibodies purchased from Cell Signaling (Danvers, MA) (SHP2,

GSK3β) and Santa Cruz (B-actin). TF-PCA was measured in whole blood lysates using a

two-stage clotting assay [9, 14]. TF and TFPI antigen were measured using an ELISA

(Sekisui Diagnostics, Stamford, CT). Plasma coagulation factors VIII (FVIII), VII (FVIIC)

and FVIIa were measured as previously described [9].

Results

Analysis of Expression Profiling Data and Significant Canonical Pathways

Hierarchical clustering of platelet (Supplemental Fig 1A) and monocyte (Supplemental Fig

1B) mRNA expression at 0 and 24 hours was performed. mRNA transcripts with a 24 hour

fold change ≥ 1.5 or greater in both cells were clustered based on the expression patterns.

17,020 transcripts were >=1.5 fold up or down regulated in platelets and monocytes in the

24 hour samples compared to all normals. The findings indicate that 24 hours of HG+HI is

associated with substantial changes in gene expression in both platelets and monocytes.

Biological pathways in which the altered genes may be critical players were determined

using Ingenuity Pathways Analysis software. Significant canonical pathways identified in

platelets include genes related to the coagulation system (intrinsic and extrinsic prothrombin

activation), insulin receptor signaling, and glutamate receptor signaling. In monocytes,

genes related to the Wnt-B catenin signaling, endothelin-1 signaling, and intrinsic

prothrombin activation were identified (Table 1). In the present paper we focus on insulin-

signaling and coagulation pathways.
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Insulin signaling pathways

Both platelets and monocytes possess the insulin receptors and signaling [15-17]. Fig 1

shows the genes relevant to the insulin signaling pathways that are altered in platelets and

monocytes. The genes upregulated and downregulated over the 24 hour study period are

shown in red and green, respectively; also shown are the fold changes. In platelets,

upregulated genes include VAMP2 (vesicle associated membrane protein 2) (14 fold),

PTPN11 (13 fold), which encodes for a protein tyrosine phosphatase (SHP2), and GSKB3

(glycogen synthase kinase 3β, 5.5 fold). These genes play an important role in insulin

signaling. Downregulated genes included STXBP4 (syntaxin 4 binding protein, Synip, 7.7

fold), INSR (insulin receptor, 4.3 fold) and IRS1 (insulin receptor substrate 1, 7.1 fold). In

monocytes, the downregulated genes included PI3K (6.3), and SHP2 (1.7 fold).

A preliminary group of up or down-regulated genes was selected for qRT-PCR

confirmation. Table 2 shows the fold change in platelets on expression profiling, 24 hours vs

0 hours and on qRT-PCR. For additional validity, the 24 hour platelet sample was compared

to samples from 5 healthy non-diabetic subjects – the 0 hour sample from the present subject

plus 4 additional healthy subjects. Notably, 5 out of the 9 selected platelet transcripts were

confirmed by qRTPCR: GSKB3, PTPN11, STXBP4, F3, and TFPI (Table 2). Taking

together the findings in platelets and monocytes, 8 of the 9 transcripts selected for qRT-PCR

were confirmed (Table 1). Among those confirmed, the direction of changes were the same

in platelets and monocytes for STXBP4 (decreased); it was opposite for PTPN11 and TFPI

(Table 2), indicating that the effects of HG+HI may be distinct in these cells. PTPN11 and

TFPI were upregulated in platelets and downregulated in monocytes.

In platelets, GSK3B was increased 5.51 fold on profiling and 1.62 fold by qRT-PCR.

PTPN11 was increased 13 fold on profiling and 1.97 fold on qPCR. STXBP4 (Synip) was

decreased (fold change, FC 0.13), with a smaller fold change on qPCR (0.87). Although on

profiling studies IRIS1 and INSR showed a decreases (FC 0.14 and 0.23, respectively), these

were not validated by qRT-PCR. Likewise, there was a decrease in PIK3C3 (FC 0.31) and

an increase in VAMP2 (FC 14.29) over 24hrs; these were not validated.

In monocytes, 6 of the 9 transcripts selected were confirmed by qRT-PCR (Table 2). The

fold change for PTPN11 was 0.60, a decrease of 40% that was validated by a similar change

by qRT-PCR. This is in contrast to the findings in platelets, where there was a marked

increase in PTPN11. PIK3C3 was decreased ∼6 fold (FC 0.16), and this was confirmed on

qPCR. Much smaller decreases were noted on the INSR, VAMP2, and STXBP4 and the

qPCR findings followed the trend (Table 2).

Coagulation System

In platelets, F3 (tissue factor) was upregulated by 3.74 fold and was validated (FC 7.08) on

qRT-PCR. TFPI was increased 4.48 fold and validated (FC 1.3) by qRT-PCR. Platelets have

the splicesome and cell activation induces splicing of pre-mRNA in resting platelets to

mature, translatable mRNAs and subsequent protein synthesis [18, 19]. We, therefore,

studied by qRTPCR F3 mRNA and pre-mRNA in platelets and monocytes (Fig 2). To assess

pre-mRNA we amplified by qRT-PCR mRNA using primers specific for intron 4 [19]. TF
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mRNA in platelets was increased over 24 hours of HG+HI and platelet F3-pre-mRNA was

decreased at 24 hours (FC ∼ 0.61 decrease). These studies are consistent with HG+HI-

induced splicing of F3 pre-mRNA in platelets.

In monocytes, expression profiling showed a decrease (FC 0.40) in F3 (TF) at 24 hours.

However, the qRT-PCR showed a small increase, which was consistent with the increase in

TF protein measurement (Fig 3) and our previous studies showing an increase in both

monocyte TF mRNA [9] and TF surface expression (FACS) [10]. Monocyte F3 pre-mRNA

showed a small decrease (Fig 2). Interestingly, TFPI was downregulated (FC 0.79 by

profiling and 0.66 by qPCR).

Confirmation at Protein Level

Because of limited sample availability, platelet protein was assessed for only GSK3B and

PTPN11 and these studies showed increases in both at 24 hour relative to baseline (Fig 3).

To ensure that the findings in the present study were in line with our previous studies [9] TF

procoagulant activity was measured in whole blood membranes by a two-stage clotting

assay [9]; this showed a marked increase (∼7 fold) at 24 hours (Fig 3), and is in line with

our previous studies. TF protein in platelets and monocytes assayed using an ELISA showed

increased levels at 24 hours compared to baseline (Fig 3B). Lastly, we assessed plasma

coagulation factors VIII, FVII, and VIIa – FVIII rose from 1.50 U/ml to 1.76 U/ml at 24

hours; FVIIc and FVIIa declined from 1.1 U/ml to 0.8 U/ml and from 38.8 to 23.1 U/ml,

respectively. Plasma TFPI declined from 48.2 to 43.3 ng/ml. These plasma measurements

are in line with our previous studies using HG+HI clamps [9].

Discussion

Our studies using expression profiling provide evidence that 24 hours of HG+HI induces

substantial changes in platelet and monocyte insulin signaling and coagulation pathways

even in the non-diabetic state. Platelet GSK3B and PTPN11 were upregulated and STXBP4

was downregulated (Table 2) - all 3 are important players in insulin signaling (Fig 1) and the

findings suggest downregulation of insulin signaling. Platelet expression of F3 (TF) and

TFPI, the principal TF pathway inhibitor) [20] was upregulated in the coagulation pathways.

These are important findings in the context of the prothrombotic state in DM. On the

monocyte side, the findings suggest downregulation of INSR, PTPN11, PIK3C3, VAMP2,

STXBP4 – all key players in insulin signaling [20]. These are consistent with the concept

that 24 hours of HG+HI induces a compensatory response to down-regulate insulin-driven

pathways. In the coagulation system the combination of current findings of increased TF

protein (Fig 3) and previous studies [9, 10] indicate that prothrombotic mechanisms are

upregulated.

Our findings constitute proof of principle that expression profiling is a powerful tool and

likely to unravel changes in other currently unrecognized mechanisms and pathways in

blood cells – both in healthy subjects and DM patients. A limitation of our study is that a

single subject was studied. However, these 24 hour glucose infusion studies in healthy

subjects are difficult and resource-intensive studies. Moreover, the 24 hour platelet sample

was compared in qRT-PCR studies against baseline samples from 5 subjects, which makes
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the observed changes in the 24 hours sample more robust in the context of platelets than

monocytes.

Platelet GSK3B mRNA and protein (Table 2, Fig 3) were elevated following 24 hours of

HG+HI. Glycogen synthase kinase 3 (GSK3) is a constitutively acting, multi-functional

serine threonine kinase involved in insulin signaling and glucose metabolism [17, 20, 21].

GSK3 phosphorylates several substrates and inactivates them, including glycogen synthase

and β catenin. Insulin binding to its receptor leads to its autophosphorylation, followed by

binding of IRS that is phosphorylated, and subsequent activation of PI3 kinase and Akt/

PKB. The latter phosphorylates GSK3 [20, 21], which attenuates glycogen synthase

inhibition and eIF2B (eukaryotic initiation factor 2B) phosphorylation, leading to active

forms of glycogen synthase and eIF2B and to increased glycogen and protein synthesis,

respectively. Thus, elevated GSK3B would be consistent with inhibition of insulin signaling

in the face of high glucose and insulin. GSK3B has been implicated in insulin resistance and

in T2DM patients [22, 23] and GSK3 inhibitors improve insulin signaling and glucose levels

[24].

GSK3B, the predominant platelet form, is phosphorylated by Akt and negatively regulates

platelet function; reduced levels lead to enhanced platelet responsiveness [25, 26]. Thus, the

elevated platelet GSKB3 levels may represent a regulatory mechanism to counter enhanced

platelet/megakaryocyte activation induced by HG. Moreover, GSK3 negatively regulates TF

expression in monocytes interacting with platelets [27]. Both these observation assume

importance because platelet responses are enhanced in DM [4, 5] and HG+HI elevates TF

even in normal subjects [9].

PTPN11 encodes for a ubiquitously expressed cytoplasmic protein tyrosine phosphatase

(SHP2) that contains two SH2 domains (8). SHP2 binds IRS proteins [17, 20].

Tyrosinephosphorylated motifs on the IRS proteins bind to the SH2 domains in proteins that

mediate down-stream signals, including SHP2, phosphatidylinositol 3 kinase, and GRB-2.

SHP2 attenuates the phosphorylation and downstream signal transmission of IRS-1, and the

interaction of IRS-1 and SHP2 is thus an important regulatory event that attenuates insulin

metabolic responses and signaling [28]. Megakaryocytic-specific deletion of SHP2 reveals

that it is a major regulator of platelet production and function [29]; SHP2 deletion induced

hyper-responsiveness of platelets. The marked upregulation of platelet SHP2 (PTPN11)

may, thus, serve to downregulate platelet hyper-responsiveness. Interestingly, monocyte

PTPN11 transcript was decreased at 24 hour indicating that platelets and monocyte respond

differently.

Our studies suggest that platelet and monocyte expression of STXBP4 (synip) is decreased.

STXBP4 encodes for a protein involved in GLUT4 vesicle trafficking and insulin-driven

facilitative glucose uptake [30, 31]. GLUT4-containing synaptic-like vesicles are enriched

for the V-SNARE protein VAMP2. Insulin induces association of these vesicles with the

plasma membrane through interaction of t-SNARE complex consisting of syntaxin 4 and

SNAP23. STXBP4 (synip) binds to syntaxin 4 and is a positive regulator of insulin-

stimulated GLUT4 translocation [32]. Thus, the observed downregulation of STXBP4 may
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be a response to limit cellular glucose uptake. Platelets possess vesicle trafficking machinery

and future studies would provide insights into these mechanisms.

On the procoagulant side, 24 hours of HG+HI showed an increase in platelet TF mRNA

(Table 2) and protein (Fig 3) associated with a decrease in F3 pre-mRNA in platelets (Fig

2), and consistent with splicing of pre-mRNA to mRNA [19]. Despite being anucleate

platelets possess the ability to process pre-mRNA and stimulate protein synthesis on

activation [18, 19], and this occurs in sepsis [33]. Our previous studies have shown that 24

hours of HG+HI in healthy subjects induces activation of platelets and monocytes with an

increase in circulating platelet-monocyte aggregates, platelet CD40 ligand and monocyte TF

[9, 10]. The upregulation of platelet TF in the present study is relevant to the prothrombotic

state associated with HG+HI and DM. Monocyte TF was also increased (Fig 3) and

consistent with our previous studies [9, 10]. TFPI, the principal inhibitor of the TF-VIIa, is

present in platelets, synthesized by megakaryocytes and monocytes, and expressed on

surface on activation [34, 35]. Cell surface TFPI is an important regulator of procoagulant

activity [35]. In the face of upregulation of platelet TF (F3) the increase in TFPI expression

may be a counter-regulatory mechanism to inhibit procoagulant mechanisms [34, 35]. In

contrast to platelets, monocyte TFPI mRNA was downregulated at 24 hour (Table 2).

Interestingly, our previous studies showed decreased plasma TFPI by 24 hours of HG+HI

[9].

As is well recognized, findings in transcript profiling need to be validated by independent

quantitative PCR or other methods and that not all of the alterations noted in transcript

profiling are generally confirmed. This applies to some of the genes shown in Table 2. Our

studies, therefore, are of no exception. A larger number of studies will be needed to define

the changes in these genes. However, in the case of platelet F3, GSKB3, and PTPN11 we

provide confirmation not only using qRT-PCR but also at the protein level, which allows us

to make conclusions that will lay the foundation to pursue in future studies.

In summary, our studies provide evidence that 24 hour of HG+HI, even in the non-diabetic

healthy state, induces changes in platelets and monocytes, including alterations in insulin-

signaling and procoagulant pathways. Overall, the upregulation of platelet GSK3B and

PTPN11, and downregulation of STXBP4 along with possible downregulation of IRS1 and

INSR (Table 2) are consistent with downregulation of platelet insulin-signaling by HG+HI at

multiple steps from initial insulin action to the late steps of glucose uptake. Similar trends

were noted in monocytes as well. These studies lay the foundation for future studies to

explore in an unbiased manner the effects of HG and HI in various currently unrecognized

cellular pathways in blood cells that play a role thrombosis, inflammation, atherosclerosis

and angiogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Diabetes mellitus is a prothrombotic and proinflammatory state.

• Hyperglycemia (HG)-hyperinsulinemia (HI) in healthy subjects activates

coagulation.

• We studied effect of HG-HI on platelets and monocytes in non-diabetic state.

• We used cell expression profiling before and after 24 hours of HG and HI.

• Even in healthy state HG+HI induces major changes in platelet and monocytes.
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Fig 1.
Insulin receptor signaling pathways and transcript expression in platelets (left panel) and

monocytes (right panel). Genes with increased expression are shown in red and those with

decreased expression in green.
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Fig 2.
Top Panel (A): Change (24 versus 0 hours) in tissue factor (F3) pre-mRNA and F3 mRNA

expression in platelets and monocytes. Shown are fold change from 0 hours.

Bottom Panel (B): Whole blood tissue factor procoagulant activity (TF-PCA), and tissue

factor antigen in platelets and monocytes at 0 and 24 hours of hyperglycemia-

hyperinsulinemia.
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Fig 3.
Changes in platelet protein tyrosine phosphatase (SHP2, PTPN11) and GSK-3B (GSK3B) at

0 and 24 hours. Shown in immunoblots are four dilutions of a control platelet sample and the

study subject samples from 0 and 24 hours. The numbers above the lanes show the amount

of protein loaded on the gel. Also shown is actin as loading control. The bars on the right

show the protein levels at 0 and 24 hours normalized against actin.
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