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Context: Because current tests available for the diagnosis of diabetes have shortcomings, a novel
screening method for the earlier and more efficient detection of type 2 diabetes would be a
significant clinical advance.

Objective: The hexosamine biosynthetic pathway usually acts as a fuel sensor, and its activation
leads toO-linked �-N-acetylglucosamine (O-GlcNAc)modificationof targetproteins (O-GlcNAcylation)
in a glucose-responsive manner. O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) are responsible
for O-GlcNAc addition and removal, respectively. Because higher hexosamine biosynthetic pathway
flux is linked to insulin resistance/type 2 diabetes, we hypothesized that increased O-GlcNAcylation of
leukocyte proteins can detect the onset of pre- and overt diabetes.

Design, Setting and Patients: Seventy-four participants from Bellville and Stellenbosch (Western
Cape, South Africa) were recruited and classified as normal, prediabetic, and diabetic individuals
(American Diabetes Association criteria).

Main Outcome Measures: Leukocytes isolated from study subjects were evaluated for O-GlcNAc,
OGA, and O-GlcNAc transferase expression by flow cytometry and immunofluorescence
microscopy.

Results: Flow cytometric analysis of leukocyte subtypes revealed increased O-GlcNAcylation in gran-
ulocytes vs. lymphocytes (P � 0.001). Diabetic individuals displayed higher leukocyte O-GlcNAcylation
(P � 0.01), whereas granulocyte analysis showed an increase for prediabetic subjects (P � 0.01). How-
ever, OGA expression increased in leukocytes of diabetic subjects and is likely an adaptation to atten-
uate higher O-GlcNAcylation observed (P � 0.001).

Conclusions: Together our data demonstrate that leukocyte (particularly granulocyte) O-
GlcNAcylation could help detect pre- and overt diabetes and offer clinical value as unique
markers for the earlier and more efficient detection of type 2 diabetes. (J Clin Endocrinol Metab
97: 4640 – 4649, 2012)

The incidence and prevalence of type 2 diabetes is rap-
idly increasing and is a major concern for both de-

veloped and developing countries (1) (reviewed in Ref. 2).
For example, approximately 366 million individuals cur-

rently suffer from type 2 diabetes, and future predictions
indicate that this number will surge to approximately 522
million by 2030 (1). Moreover, patients suffering from
diabetes have an increased risk for the onset of cardiovas-
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cular diseases (3) (reviewed in Ref. 4), and undiagnosed
diabetes may promote the progression of diabetic compli-
cations such as myocardial infarction, stroke, blindness,
kidney disease, and limb loss (5, 6). Thus, increased and
improved detection of diabetes, and more importantly
prediabetes, could decrease morbidity and mortality rates
associated with diabetic complications (6–8). This in turn
should ease the overall burden of disease placed on society,
government, and healthcare systems (1).

Guidelines for the diagnosis of diabetes are continually
revised (reviewed in Ref. 9), and more recently the Amer-
ican Diabetes Association (ADA) recommended using the
fasting plasma glucose, glycated hemoglobin (HbA1c),
and 2-h oral glucose tolerance test (10). However, no sin-
gle test is currently endorsed as the preferred detection
method (reviewed in Ref. 11), and despite such tests being
widely available, diabetes remains underdiagnosed (re-
viewed in Ref. 12). For example, approximately 25% of
patients diagnosed with diabetes already carried the dis-
ease for 4–7 yr and thus present with established macro-
vascular and microvascular complications (13). These
harsh realities therefore need to be addressed with urgency
and validate the critical need for earlier and more efficient
detection of type 2 diabetes (7).

Hyperglycemia (prediabetes and diabetes) is strongly
associated with elevated intracellular oxidative stress
(reviewed in Ref. 14). This may lead to increased flux
through the nonoxidative pathways of glucose metab-
olism, e.g. the hexosamine biosynthetic pathway (HBP)
(15). The HBP acts as a fuel sensor under normal con-
ditions, i.e. sensing the intracellular nutritional state
and subsequently regulating metabolic flux (16) (re-
viewed in Ref. 17) by modifying protein activity
through posttranslational O-linked �-N-acetylgluco-
samine (O-GlcNAc) modification (18) (reviewed in Ref.
19). O-GlcNAc moieties are dynamically attached and
removed from target proteins under the robust control
of two conserved enzymes, O-GlcNAc transferase
(OGT) and O-GlcNAcase (OGA), respectively (20, 21).

Because O-GlcNAc modification of target proteins is
subject to intracellular glucose availability (reviewed in
Refs. 22 and 23), the extent of O-GlcNAcylation may be
a useful tool to assess varying glucose metabolism within
individuals (18). Moreover, chronically elevated HBP flux
is maladaptive and is strongly linked to the onset of insulin
resistance/type 2 diabetes (22). Because O-GlcNAc pro-
tein sites are found in leukocytes, we hypothesized that
increased O-GlcNAcylation of leukocyte proteins in the
prediabetic and diabetic milieu represents a novel screen-
ing method for the earlier detection of type 2 diabetes.

Subjects and Methods

Subject recruitment
Participants (n � 74) were recruited from two closely located

urban areas, i.e. Bellville (n � 59) and nearby Stellenbosch (n �
15) (Western Cape, South Africa). Baseline characteristics of
recruited subjects are summarized in Table 1. All enlisted par-
ticipants were informed about the clinical study (verbally or via
e-mail) and provided with a written consent form explaining all
the aims and procedures. Study volunteers could withdraw from
the study at any point without any explanation required. This
study was approved by the Committee for Human Research at
Stellenbosch University and was conducted according to the eth-
ical guidelines and principles of the International Declaration of
Helsinki, South African Guidelines for Good Clinical Practice,
and the Medical Research Council Ethical Guidelines for Re-
search in South Africa (reference numbers N09/03/090 and
N09/06/168).

Characterization of subjects
The subjects were characterized into three groups (normal,

prediabetic, and diabetic) based on their respective fasting blood
glucose and HbA1c levels. The ADA guidelines stipulate fasting
plasma glucose levels of less than 5.6 mmol/liter for normal,
5.6–6.9 mmol/liter for prediabetic, and more than 7 mmol/liter
for diabetic individuals (12). The ADA also endorses an HbA1c
of less than 5.7% for normal, 5.7–6.5% for prediabetic, and
more than 6.5% as diabetic (9).

Sample collection
Whole blood samples were collected from volunteers (fasting

conditions) by venipuncture into a 4-ml sodium fluoride/potas-
sium oxalate vacuette tube (Greiner Bio-one, Kremsmünster,
Austria). Clinical data collected include fasting plasma glucose
and HbA1c levels. For molecular studies, collected blood was
immediately centrifuged at 1000 � g at 4 C for 10 min and
separated into plasma, leukocytes, and erythrocytes.

Leukocyte isolation
After centrifugation, the plasma was discarded and the white

buffy layer carefully isolated (using a pipette) from the layer of
erythrocytes. To ensure a purified leukocyte sample, residual
erythrocytes (still found within buffy coat) were lysed by adding
10� BD fluorescence-activated cell sorting (FACS) lysing solu-
tion (BD Biosciences, San Jose, CA), followed by centrifugation
for 5 min at 500 � g at room temperature. The lysate was there-
after washed twice with cold PBS and split into two fractions; i.e.
approximately 50 �l leukocytes were rapidly stored at �80 C,

TABLE 1. Baseline characteristics

Normal Prediabetes Diabetes
Sample size (n) 27 16 31
Age (yr)a 53.4 � 2.4 57.6 � 4.0 61.7 � 1.6
Gender (M/F) 6/21 6/10 11/20
Fasting glucose

(mmol/liter)a
4.9 � 0.07 6.1 � 0.09 11.4 � 0.75

HbA1c (%)a 6.1 � 0.2 6.2 � 0.09 9.1 � 0.4

F, Female; M, male.
a Values expressed as mean � SEM.
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whereas the remainder was promptly processed for flow cytom-
etry and immunofluorescence microscopy.

Flow cytometry
For O-GlcNAcylation and OGA and OGT expression, leu-

kocytes (suspended in PBS) were permeabilized by addition of
500 �l of 10� BD FACS permeabilizing solution (BD Biosci-
ences) for 5–10 min at room temperature. Cells were thereafter
incubated on ice for 20–30 min with a 1:500 dilution of the
appropriate primary antibody: O-GlcNAc (CTD110.6; Santa
Cruz Biotechnology, Santa Cruz, CA), nuclear cytoplasmic O-
GlcNAcase and acetyltransferase (NCOAT; Santa Cruz Biotech-
nology), and OGT (Abcam, Cambridge, MA).

We here employed the CTD110.6 O-GlcNAc antibody be-
cause its specificity has been extensively tested, demonstrating
that it showed no cross-reactivity with �-linked serine/threonine-
O-GlcNAc, �-linked serine-O-linked N-acetylgalactosamine
(O-GalNAc), or N-linked oligosaccharides on ovalbumin and
IgG (24).

Samples were subsequently centrifuged 500 � g at 15 C for 5
min, followed by washing in 1� PBS. After gentle resuspension,
the sample was incubated for 10 min on ice with 1:200 of goat
antimouse allophycocyanin (APC) secondary antibody (Invitro-
gen, Carlsbad CA), antigoat fluorescein isothiocyanate (FITC)
secondary antibody (Santa Cruz Biotechnology), or antirabbit
FITC secondary antibody (Santa Cruz Biotechnology). Cell sus-
pensions were thereafter centrifuged at 500 � g for 5 min and the
pellets resuspended in 500 �l PBS before analysis using a FACS
Aria flow cytometer (BD Biosciences). We typically analyzed
10,000 cells per experiment and the signal quantified by deter-
mining the geometric mean of fluorescence for each specific cell
population (protocol modified from Ref. 25).

Immunofluorescence microscopy
For O-GlcNAcylation and OGA and OGT expression, a sep-

arately isolated leukocyte fraction was fixed with 6% formal-
dehyde/PBS for 30 min and resuspended in PBS. We subsequently
seeded 100 �l of cell suspension per well of eight-well Nunc
coverglass chambers (Nalge Nunc, Rochester, NY), followed by
24 h incubation at 37 C. Leukocytes were washed three times
with 100 �l cold PBS before being permeabilized with methanol
(�20 C) for 2 min. After the chambers were left to air dry for 20
min, nonspecific sites were blocked with 5% donkey serum (in
PBS) for 30 min at room temperature. The cells were then incu-
bated for 90 min at 37 C in 1:250 of appropriate primary anti-
body (refer to primary antibodies discussed above in Flow cy-
tometry) in PBS containing 5% donkey serum. The chambers
were thoroughly washed (four to five times) with 100 �l cold PBS
before incubation with 1:250 of Texas Red antimouse secondary
antibody (Invitrogen), antigoat FITC secondary antibody (Santa
Cruz Biotechnology), or antirabbit FITC secondary antibody
(Santa Cruz Biotechnology) for 45 min in the dark at room tem-
perature. Thereafter, the chambers were washed with cold PBS
(four to five times) before adding 50 �l of a 1:200 dilution of
Hoechst in PBS (Sigma, St. Louis, MO) for 10 min. Cells were
subsequently viewed using an Olympus CellR fluorescence 1X81
inverted microscope (Olympus Biosystems, Hamburg, Ger-
many) and images were acquired with an F-view II camera with
�60 magnification (Olympus Biosystems) (protocol modified
from Ref. 26).

Differentiation of leukocyte subtypes
We employed flow cytometry to distinguish between gran-

ulocytes and lymphocytes and used a gating strategy with both
scatter and fluorescence parameters. Because the FACS Aria
flow cytometer measures linear forward-angle light scatter
[forward scatter (FSC)] and linear 90° light scatter [side scat-
ter (SSC)], it allowed separation of leukocytes according to
size and cell granularity, respectively. A fluorescent-conju-
gated marker present in all leukocytes (CD45) (Abcam) was
employed to define leukocyte subgroups. We conjugated
CD45 to either a FITC or an APC fluorescent probe, followed
by two-color immunofluorescence. Here leukocyte samples
were stained with CD45-FITC or CD45-APC with or without
O-GlcNAc-APC, OGA-FITC, or OGT-FITC. The accurate iden-
tification of granulocytes and lymphocytes was completed by
using a SSC/CD45 scatter plot (granulocytes: high SSC, low
CD45 signal; lymphocytes: low SSC, high CD45 signal). The
relative amounts of O-GlcNAc, OGA, and OGT could also be
determined within the different leukocyte populations. We typ-
ically analyzed 10,000 cells per experiment and the signal quan-
tified by determining the geometric mean of fluorescence for each
specific cell population (protocol modified from Ref. 27).

Statistical analysis
All values are presented as the mean � SEM. One-way

ANOVA was used to determine differences between normal,
prediabetic, and diabetic subjects, followed by the Bonferroni
post hoc test. All statistical analyses were performed using
GraphPad Prism version 5.01 (GraphPad Software, Inc., San
Diego, CA). P values �0.05 were accepted as significant.

Results

Leukocyte flow cytometric scatter properties and
differential CD45 intensity define two major
leukocyte populations

We employed the flow cytometer to measure 1) light
scatter properties and 2) CD45 fluorescent intensity in the
total leukocyte sample. Here, FSC and SSC properties sep-
arated the total white blood cell population into two sub-
groups, namely lymphocytes (green) and granulocytes
(blue) (Fig. 1A). To confirm these findings, we also mea-
sured the mean CD45 fluorescence intensity; i.e. the leu-
kocyte sample was plotted on a SSC/CD45 axis, and again
the two subpopulations were gated. Lymphocytes (green)
exhibited a low SSC and a high CD45 signal intensity vs.
a low CD45 fluorescence and high SSC for granulocytes
(blue) (Fig 1B). These data were robustly supported by a
SSC/FSC scatter plot demonstrating a stronger CD45 sig-
nal (red) in lymphocytes (green) compared with granulo-
cytes (blue) (Fig. 1C). Thus, our flow cytometric protocol
allows us to distinguish the two leukocyte subpopulations
with great accuracy.
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Differential O-GlcNAc modification between
different leukocyte populations

We next investigated the relative degree of O-
GlcNAcylation in lymphocytes compared with granu-
locytes. Here we found a greater O-GlcNAc fluores-
cence intensity in the granulocyte (blue peak shifted far
to the right) compared with the lymphocyte population
(green peak) (Fig. 2A). The SSC/FSC scatter plot con-
firmed this and demonstrates increased O-GlcNAc sig-
nal (red) in granulocytes (blue) compared with lympho-
cytes (green) (Fig. 2B). Quantification of these data
showed that O-GlcNAcylation increased by 32.0 �
4.9% in the granulocytes compared with the lympho-
cytes (Fig. 2C). To confirm these interesting findings,
we also performed immunofluorescence microscopy
analysis and found increased staining for O-GlcNAc
(red) in granulocytes (Fig. 2D) vs. lymphocytes (Fig.
2E). We also analyzed the relative OGA expression in
the different leukocyte populations and observed that
granulocytes and lymphocytes displayed almost identi-
cal levels (differed by less than 0.5%) (data not shown).

Increases in leukocyte O-GlcNAcylation with
higher fasting blood glucose and HbA1c levels

We next evaluated whether there were any differences
between prediabetic and diabetic individuals in terms of
their overall degree of O-GlcNAcylation. For fasting

blood glucose data (ADA criteria), diabetic individuals
exhibited enhanced O-GlcNAcylation by 28.9 � 6.2% in
the total leukocyte population vs. normal subjects (Fig.
3A). However, we found no significant changes between
prediabetic and normal subjects. The differences in O-
GlcNAcylation were more prominent in the granulocytes
and significant increases of 32.4 � 4.4 and 47.6 � 5.8%
were found in individuals with prediabetes and diabetes,
respectively (Fig. 3B). Lymphocytes also showed a robust
increase in O-GlcNAc intensity for diabetic individuals
(32.4 � 5.8%), whereas there was a significant difference
between prediabetic and diabetic lymphocytes (20.6 �
5.3%) (Fig. 3C). When we characterized our study sub-
jects according to HbA1c criteria, we recorded a signifi-
cant elevation (21.3 � 4.7%) in the mean intensity of
O-GlcNAc between normal and diabetic samples (Fig.
3D). These findings were confirmed with our population
fluorescence data, where a greater mean O-GlcNAc flu-
orescence intensity was observed in the prediabetic group
(blue peak shifted to the right), indicating augmented O-
GlcNAcylation. Moreover, we also observed greater O-
GlcNAcylation between prediabetic and diabetic individ-
uals (green peak shifted to the right) (Fig. 3E). Our flow
cytometric data were (qualitatively) confirmed with im-
munofluorescence microscopy where leukocytes of dia-
betic subjects displayed a greater O-GlcNAc signal (red)
compared with healthy individuals (Fig. 3F).

FIG. 1. Diverse physical properties and differential CD45 fluorescence allow for the identification of leukocyte subpopulations (flow cytometry).
A, Representative histogram illustrating a total leukocyte population separated into two gated leukocyte subtypes based on FSC and SSC properties
(lymphocytes, green, granulocytes, blue). B, The same cell population (as in A) plotted as SSC vs. CD45 intensity. Variable CD45 fluorescence highlights
the two-gated leukocyte populations. C, The FSC and SSC of the sample reflecting differences in the mean intensity of CD45 (red).
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Differential expression of OGA between healthy,
prediabetic, and diabetic individuals

Our OGA expression data exhibit a moderate decrease
(not statistically significant) in the total leukocytepopulation
ofprediabetic individuals (Fig.4A).Moreover,OGAprotein
levels were modestly increased in diabetic individuals (not
statistically significant) vs. the prediabetic group (Fig. 4A).
Granulocytes displayed higher OGA expression in diabetic
subjects (13.3 � 2.4%) and distinguished between predi-
abetic and diabetic subjects (10.9 � 2.3%) (Fig. 4B). Like-
wise, OGA expression in lymphocytes of diabetic subjects
was significantly elevated (19.3 � 3.1%), slightly more
sensitive than for granulocytes. Here we also found a sig-
nificant difference between prediabetic and diabetic sub-
jects (14.9 � 3%) (Fig. 4C). When participants were cat-

egorized according to HbA1c levels, diabetic individuals
presented with a reduction in leukocyte OGA expression
(Fig. 4D). The mean OGA fluorescence intensities dem-
onstrate increased OGA expression in the diabetic leuko-
cytes (green peak) (Fig. 4E). OGA protein levels were also
determined using fluorescence microscopy and supported
flow cytometry results, i.e. green fluorescent signal (OGA
expression) markedly increased in the leukocytes of dia-
betic subjects (Fig. 4F).

OGT expression in prediabetic or diabetic
individuals

We also measured OGT levels using flow cytometry
and immunofluorescence microscopy. However, unlike
O-GlcNAc and OGA determinations, we experienced

FIG. 2. Differential display of O-GlcNAc signal between different leukocyte populations (flow cytometry and immunofluorescence microscopy). A,
Leukocyte histograms and corresponding scatter plot in granulocytes (blue peak) compared with lymphocytes (green peak). B, The FSC and SSC reflecting
O-GlcNAc fluorescence (red) in granulocytes (blue) compared with lymphocytes (green). C, Mean intensity of O-GlcNAc staining in granulocytes vs.
lymphocytes (n � 74; ***, P � 0.001). D, Representative image of neutrophil granulocyte (blue) stained for O-GlcNAc (red). E, Representative image of
lymphocyte (blue) stained for O-GlcNAc (red) (magnification, �60). Values are displayed as mean � SEM. AU, Arbitrary units.
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great technical difficulties to consistently quantify OGT
levels, and hence we did not include these data.

Discussion

Type 2 diabetes remains underdiagnosed despite the
availability of several diagnostic tests, providing impe-
tus for the development of novel assays for its earlier
and more efficient detection (12). Because higher HBP
flux is linked to insulin resistance/type 2 diabetes, we

hypothesized that increased O-GlcNAcylation of leu-
kocyte proteins can detect the onset of pre- and overt
diabetes. We largely employed a flow cytometric-based
protocol because the development of novel diagnostic
tools should ensure that analyses are clinically practical,
i.e. accurate, quantitative, and time-efficient. It is our
opinion that a flow cytometric-based assay offers diag-
nostic utility because it allows for the accurate analysis of
thousands of cells in a relatively short amount of time (25).
The main findings of this study are that 1) pre- and overt
diabetic individuals display increased leukocyte (particu-

FIG. 3. Increased O-GlcNAcylation of leukocyte proteins in prediabetic and diabetic individuals (flow cytometry and immunofluorescence microscopy).
A, O-GlcNAcylation in total leukocyte population of prediabetic and diabetic subjects vs. normal individuals (n � 62; ###, P � 0.001; **, P � 0.01 vs.
normal group). B, Granulocyte O-GlcNAcylation levels (n � 51; ##, P � 0.01; ###, P � 0.001; **, P � 0.01; ***, P � 0.001 vs. normal group). C,
Lymphocyte O-GlcNAcylation levels (n � 54; ##, P � 0.01; $, P � 0.05 vs. prediabetic group; **, P � 0.01 vs. normal group). D, O-GlcNAcylation for
samples characterized by HbA1c levels: prediabetic and diabetic subjects vs. healthy individuals (n � 57; #, P � 0.05). E, Peak shifts of total leukocyte
population fluorescence data show O-GlcNAcylation for normal (red), prediabetic (blue), and diabetic individuals (green). F, Representative images from
immunofluorescence microscopy performed for prediabetic, diabetic, and normal individuals. Leukocytes were stained for O-GlcNAc (red) and Hoechst
dye (blue) (magnification, �60). Values are expressed as mean � SEM.
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larly granulocyte) O-GlcNAcylation and 2) differential
leukocyte OGA expression is found in diabetic subjects.

Prediabetic and diabetic individuals display
increased leukocyte (particularly granulocyte)
O-GlcNAcylation

We initially compared the degree of O-GlcNAcylation
in lymphocytes compared with granulocytes, and here
granulocytes exhibited markedly higher levels. This, to
our knowledge, is a unique observation, and we found no
previous literature comparing leukocyte subpopulation

O-GlcNAcylation. What is the importance of this differ-
ence? This is unclear but likely relates to their respective
roles within the immune system. For example, previous
research work shows that O-GlcNAcylation plays a sig-
nificant role in the efficient execution of the neutrophil’s
response towards infection (reviewed in Ref. 28). Neutro-
phil motility and signaling also depend on O-GlcNAc
modifications (26). However, O-GlcNAcylation likewise
plays a central role in the regulation and activation of T
and B lymphocytes (29). These data therefore support the
notion that O-GlcNAcylation is actively involved in the

FIG. 4. Differential leukocyte OGA protein expression in prediabetic and diabetic individuals (flow cytometry and immunofluorescence
microscopy). A, OGA expression in total leukocyte population of prediabetic and diabetic subjects vs. normal individuals (n � 62). B, OGA protein
levels in granulocytes (n � 56; ##, P � 0.01; ###, P � 0.001; $$, P � 0.01 compared with prediabetic group; ***, P � 0.001 vs. normal group).
C, OGA expression in lymphocytes (n � 49; ##, P � 0.01; ###, P � 0.001; $$, P � 0.01 compared with prediabetic group; ***, P � 0.001 vs.
normal group). D, Blood samples characterized by HbA1c levels for prediabetic and diabetic subjects vs. healthy individuals (n � 59; #, P � 0.05).
E, Peak shifts of total leukocyte population for healthy (red peak), prediabetic (blue peak), and diabetic (green peak) subjects. F, Representative
images from immunofluorescence microscopy performed on all samples. Leukocytes were stained for OGA (green) and Hoechst dye (blue)
(magnification, �60). Values are expressed as mean � SEM.
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proper functioning of neutrophils and lymphocytes. Dif-
ferences in O-GlcNAc cycling rates for various proteins
may also result in the variation we observed between gran-
ulocytes and lymphocytes (reviewed in Ref. 30). More-
over, because oxidative stress can activate the HBP, vari-
ation between granulocytes and lymphocytes may also
depend on varying reactive oxygen species production be-
tween these cell populations; e.g. higher reactive oxygen
species production in neutrophils (31). However, more
studies are required to shed light on this intriguing finding.

We subsequently explored the degree of O-GlcNAcy-
lation in total leukocyte and subtype populations for the
various subject recruits. Our data demonstrate that di-
abetic individuals exhibited increased leukocyte O-
GlcNAcylation (characterized according to fasting glu-
cose and HbA1c levels, respectively). However, total
leukocyte O-GlcNAcylation could not distinguish be-
tween pre- and overt diabetic subjects. The leukocyte
subtyping provided further insights in this regard; i.e.
granulocyte O-GlcNAcylation differentiated between
normal and prediabetic subjects but not between pre- and
overt diabetic individuals. Furthermore, the degree of lym-
phocyte O-GlcNAcylation allowed for differentiation be-
tween prediabetic and diabetic individuals. Thus, these
data demonstrate that elevated O-GlcNAcylation in leu-
kocytes and its subtypes strongly correlates to the onset of
type 2 diabetes in the population studied. For the leuko-
cyte subtypes, a higher O-GlcNAc value for granulocytes
indicates the onset of diabetes with the possibility of pre-
diabetes. However, increased lymphocyte O-GlcNAcyla-
tion more clearly shows onset of diabetes without the
prospect of prediabetes. Additional investigations into O-
GlcNAcylation of proteins found in granulocytes and lym-
phocytes are required, i.e. larger sample sizes should help
determine appropriate cutoff values for the detection of
pre- and overt diabetes. Moreover, we are of the opinion
that the determination of site-specific O-GlcNAcylation
in granulocytes and lymphocytes will provide valuable in-
sight regarding particular proteins that are targeted in this
process. This forms part of ongoing investigations in our
laboratory.

Our data also reveal that differences within the leuko-
cyte subtype data are statistically more robust vs. the total
leukocyte population. It is likely that such variations in
sensitivity are due to differences in gating accuracy (flow
cytometry). Because both lymphocyte and granulocyte
populations can be gated and therefore defined with much
higher precision compared with the total leukocyte sam-
ple, this results in greater reproducibility. Conversely, the
total leukocyte population may include erythrocytes and
other debris, potentially making gating more variable be-
tween samples and thereby decreasing sensitivity.

Differential leukocyte OGA expression found in
diabetic subjects

The relative OGA expression between lymphocytes
and granulocytes did not display any significant differ-
ences (unlike our O-GlcNAcylation data). Our total leu-
kocyte data did not show any significant differences.
However, the subpopulation data (granulocytes and lym-
phocytes)displayed increased sensitivity, revealinggreater
OGA expression in diabetic individuals as well as distin-
guishing between pre- and overt diabetes. The variation in
sensitivity between total and subtype population data gen-
erated is most likely due to the decreased gating accuracy
with theoverall leukocytedata (likeour O-GlcNAcylation
data). These data are in agreement with previous work
that found higher OGA expression in pre- and overt dia-
betic subjects (32). Here the argument is put forward that
augmented OGA levels may represent an adaptive re-
sponse to diminish overall O-GlcNAcylation and thereby
blunt its potential damaging effects. Conversely, subjects
characterized according to HbA1c criteria exhibited at-
tenuated OGA expression in diabetic subjects. These data
therefore suggest that uncertainty exists about when ex-
actly the proposed adaptive response is initiated and re-
quires further investigation. Nevertheless, the up-regula-
tion of OGA in diabetic subjects (characterized by fasting
blood glucose levels) may offer diagnostic utility.

HBP biomarkers as tools to detect pre- and full-
blown diabetes: white vs. red blood cells?

As discussed, red blood cells showed increased OGA
expression with prediabetes and diabetes (vs. controls) but
could not distinguish between pre- and full-blown diabe-
tes (32). However, our leukocyte OGA data showed a
difference only for control vs. diabetes. We are of the opin-
ion that such differences may be due to the specific phe-
notypes of red and white blood cells (protein number and
types), variation in study recruits, and the distinct nature
of our technical assays (blotting vs. flow cytometry). Of
note, granulocyte O-GlcNAcylation allowed us to distin-
guish between control and prediabetes and also control vs.
full-blown diabetes. However, it could not distinguish be-
tween pre- and full-blown diabetes. We believe that both
assays (red and white blood cells) have their merits, and
our findings further strengthen the emerging paradigm
that HBP markers may be novel tools for the earlier de-
tection of pre- and full-blown diabetes. However, we are
of the opinion that additional practical steps required for
red blood cell analysis in this instance, i.e. hemoglobin
depletion and blotting assays, make it more technically
demanding compared with the flow cytometry-based leu-
kocyte analysis.
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Potential clinical application of the present study
Although we found that OGA is not sufficient to detect

between normal and prediabetic states, and there is not a
single entity that can distinguish between all three groups,
granulocyte O-GlcNAcylation did indeed distinguish be-
tween normal and prediabetic conditions. Moreover, our
data show that granulocyte O-GlcNAc values are higher
for diabetic vs. prediabetic individuals, although these
changes did not reach statistical significance. Thus, we are
of the opinion that a study with larger numbers may lead
to 1) further strengthening of O-GlcNAc data to more
clearly distinguish between pre- and full-blown diabetic
individuals and/or 2) joint analysis of O-GlcNAc/OGA to
provide enough information to significantly distinguish
between all three groups.

A further point to consider is that we are compelled to
investigate the accuracy of our novel tool by characterizing
the study subjects based on inaccuracies of the exact tools we
are aiming to advance/replace. We are of the opinion that
such inaccuracies (especially with fasting plasma glucose)
may also have an impact on the sensitivity of our assays.
Moreover, the current screening assays have all been intro-
duced and advanced over several decades (reviewed in Ref.
12), whereas the utility of O-GlcNAcylation as a diagnostic
tool is still in its infancy.

Conclusion
Our initial investigation into the diagnostic potential

of O-GlcNAcylation shows potential. We found that
O-GlcNAcylation increased with higher glucose con-
centrations, and the leukocyte subpopulation data (par-
ticularly granulocytes) are promising. Here, differences
in granulocyte O-GlcNAc levels were detected between
normal and diabetic individuals, and prediabetic and
diabetic individuals as well as normal and prediabetic
samples. To sum up, these preliminary results suggest
that the degree of O-GlcNAcylation in leukocytes and
its subtypes may be potentially used as a diagnostic tool
for the earlier detection of type 2 diabetes and needs to be
validated using a larger number of subjects.
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