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Abstract

Toll-like receptors (TLRs) under diabetic conditions trigger inflammation and impair immunity. In 

the present study, we looked at the expression of TLRs (2 and 4) and their adaptors in Normal 

Glucose Tolerant (NGT), Newly Diagnosed Type-2 Diabetic (NDD) and Known Type-2 Diabetic 

(KDM) subjects. We also estimated TLR induced cytokine secretion, cellular activation and 

apoptosis. Surface expression of TLR2 and 4 was significantly reduced in the B cells of the NDD 

subjects and was associated with decreased cellular activation and cytokine secretion (TNF-α and 

IL-6). This impairment was not due to B cell deficiency or apoptosis or immunosuppressive 

cytokine (IL-10 and TGF-β) secretion. However, the upregulation of immunomodulatory enzymes 

(Arg-1, HO-1 and IDO) could probably account for the reduced TLR expression. The defective 

TLR signalling was largely ameliorated in the KDM group which might be due to the use the anti-

diabetic drugs which have anti-inflammatory effect.
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1. Introduction

Diabetic patients are known to be immunocompromised and have an increased incidence of 

intestinal, respiratory and genitourinary tract infections indicating severe immune 

impairment. Toll-like receptors (TLRs) are innate immune receptors which recognise 

pathogen associated molecular patterns (PAMPs), present in the pathogens and damage 

associated molecular patterns (DAMPs), present in the host [1]. Out of 10 TLR identified in 

humans, TLR2 and 4 were found to be strongly associated with diabetes [1–3]. While TLR2 

utilizes the Mal-MyD88 pathway, TLR4 utilizes both Mal-MyD88 and TRIF-TRAM 

pathways resulting in – (a) Cytokine/chemokine secretion, (b) cellular activation and (c) 

activation driven apoptosis/proliferation [4]. Recently, some of the immunomodulatory 

effector enzymes have emerged as negative-regulators controlling the expression/activity of 

the TLRs, forming a negative feed-back loop [5–7]. In the present study,we looked at the 

expression and activity of TLR2 and 4 in peripheral blood monocytes as well as B cells in 

the whole blood assay in type-2 diabetic subjects. Further, the expression/activity of TLRs in 

newly diagnosed versus long standing diabetes was compared.

2. Material and methods

2.1. Study subjects

Study subjects were recruited from the outpatients visiting Dr. Mohan’s Diabetes 

Specialities Centre, Chennai, India. Institutional ethical approval was obtained from the 

Madras Diabetes Research Foundation Ethics Committee (Ref No-MDRF-EC/SOC/

2009//05) and written informed consent was obtained from all participants and the work was 

carried out in accordance with the Declaration of Helsinki. The following groups were 

included in the study: 1. Control subjects with Normal Glucose Tolerance (NGT) (n = 42); 2. 

Subjects with newly diagnosed Type-2 diabetes and not under anti-diabetic medication 

(NDD) (n = 34) and 3. Subjects with known Type-2 diabetes and under medication (KDM) 

(n = 53). All the KDM subjects were on oral hypoglycemic drugs and or insulin (Table 1). 

The in vitro cytokine analysis was done on all the subjects, while all other experiments were 

done on 13 NGT, 14 NDD and 15 KDM subjects who were randomly selected from each 

group. The diagnosis was done following WHO guidelines as NGT (fasting plasma glucose 

<100 mg/dl or 2 h post glucose value <140 mg/dl) and diabetes (fasting ≥126 mg/dl or 2 h 

PG value ≥200 mg/dl) based on the Oral Glucose Tolerance Test (OGTT) [8].

2.2. Inclusion and exclusion criteria

The inclusion criteria were patients within the normal range of white blood cells. The 

exclusion criteria were patients with type-1 diabetes and patients with a previous diagnosis 

of urolithiasis, liver cirrhosis, congestive heart failure, chronic lung diseases, chronic 

infections or viral hepatitis.

2.3. Biochemical parameters

Blood sugar, cholesterol, triglycerides, LDL, HDL, urea, creatinine and urinary albumin 

were measured using a Hitachi-912 Autoanalyser (Hitachi, Mannheim, Germany). Glycated 

hemoglobin (HbA1c) was estimated by high pressure liquid chromatography (Bio-Rad, 
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Hercules, CA). The intra- and inter assay coefficient of variation for the biochemical assays 

ranged between 3.1% and 5.6%.

2.4. Peripheral blood leukocyte cultures

Whole blood was collected in EDTA coated tubes from the study subjects. 1 ml of blood was 

stored in Tempus™ Blood RNA Tubes (Lifetechnologies, US) for ex vivo gene expression 

analysis. 1 ml of blood was processed and fixed with 4% paraformaldehyde (PFA) and 

stored at −80 °C for Florescent Activated Cell Sorting (FACS) analysis. The remaining 

blood was centrifuged and the plasma was separated and stored at −80 °C. The packed cell 

volume was diluted with RPMI medium (1:1 ratio) containing 10% FCS and was used for in 
vitro culture. Cells were stimulated with TLR2 ligand-PAM3 (100 ng/ml) (InvivoGen, US) 

or TLR4 ligand-LPS (100 ng/ml) (InvivoGen, US) or were left unstimulated for 24 h in 

parallel cultures. The supernatants were harvested from all cultures and were stored at 

−80 °C for cytokine estimation. One set of cell pellets were processed and fixed with 4% 

PFA (for FACS analysis) while another set was solubilized in RNAzol (for qRT-PCR 

analysis). All samples were stored at −80 °C till the analysis.

2.5. Gene expression analysis

RNA extraction was performed from stored samples using RNeasy Mini Kit (Qiagen). Real-

time PCR was performed using TaqMan probes (Appliedbiosystems, US) specific for 

MyD88, TRIF, Mal and TRAM. RNA extracted from TLR stimulated cultures were used for 

estimating arginase (Arg)-1, heamoxygenase (HO)-1, cycloxygenase (Cox)-2 and 

indoleamine 2,3-dioxygenase (IDO). 18S RNA was used as an internal control.

2.6. Fluorescent-activated cell sorting (FACS)

Fixed and stored cells were permeabilized with saponin (0.01%) and stained with 

flurochrome conjugated monoclonal antibodies specific for CD3, CD14, CD19, CD11c, 

CD123 and HLA-DR, TLR2, TLR4, TNF-α, IL-6, CD69 and activated CASP3 and were 

analyzed on a FACS Canto (BD Biosciences). A detailed description on gating and analysis 

for both TLR surface stating (ex vivo study) and TNF-α, IL-6, CD69 and activated CASP3 

(in vitro study) is provided as supplementary materials and methods.

2.7. Estimation of cytokines by ELISA

The levels of cytokines (TNF-α, IL-6, IL-1β and IL-10) in the cell supernatant were 

quantified using ELISA following the Manufacturer’s instructions (Invitrogen, US). The 

lowest detection limits of TNF-α, IL-6, IL-1β and IL-10 is 0.97 pg/ml, 0.97 pg/ml, 1.95 

pg/ml and 1.95 pg/ml respectively. The CV was found to be <10%.

2.8. Statistical analysis

Student t-test was used to compare groups for continuous variables, whereas χ2 test or 

Fisher exact test (as appropriate) was used to compare proportions. Kruskal–Wallis test was 

used for multiple parameters that did not show normal distribution. Multiple comparisons 

were corrected using the Holm’s correction. All the analyses were done using GraphPad 
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Prism version 5.0 (GraphPad Software, CA, USA) and SPSS statistical package (Version 

20.0; SPSS, Chicago, IL). p Value less than 0.05 was considered significant.

3. Results

Table 1 shows the clinical and biochemical characteristics of the study subjects. The NDD 

group had higher BMI compared to NGT and KDM groups. Both the NDD and KDM 

groups had significantly higher levels of FBS, PPBS and HbA1c than the NGT group. The 

blood pressure, blood cholesterol and blood triglyceride levels were not significantly 

different among the groups. None of the study subjects had microalbuminuria. Next, we 

studied the expression of both TLR2 and TLR4 in dendritic cells, monocytes and B cells and 

the expression of TLR adaptor molecules (MyD88, TRIF, Mal and TRAM) in the whole 

blood (Fig. 1, S. Figs. 1–3). Significantly decreased surface expression of both TLR2 (Fig. 

1a, c and d) and TLR4 (Fig. 1b) was seen in the NDD group compared to both NGT and 

KDM groups. This TLR down regulation was predominantly seen only in the peripheral B 

cell population and not in monocytes and dendritic cells (DCs) (S. Figs. 1–3). The reduced 

expression of TLRs in B cells was not due to B cell deficiency in the NDD group (S. Table 

1). With respect to the expression of TLR adaptors, MyD88 expression was not altered 

across the groups (Fig. 1c), TRIF and MAL were significantly up regulated in both NDD 

and KDM groups (Fig. 1d and e) while TRAM was significantly downregulated only in the 

NDD group (Fig. 1f).

We next studied the induction of both pro-(TNF-α, IL-6 and IL-1β) and anti-(IL-10 and 

TGF-β) inflammatory cytokine secretion, following TLR stimulation (Fig. 2). Decreased 

levels of both proand anti-inflammatory cytokines were observed in the NDD group 

following TLR2 and TLR4 stimulation (Fig. 2a–d). This downregulation was restricted only 

to the NDD group and was not seen in the KDM group. TLR induced TGF-β secretion could 

not be detected in the culture supernatant. Combined immunophenotyping with intracellular 

cytokine staining, identified peripheral B cells (and not the monocytes) as the major cellular 

source of impaired cytokine secretion (Fig. 3a–d and S. Fig. 4). Intracellular cytokine 

staining to identify TNF-α and IL-6 secreting DCs in the whole blood culture was not 

successful due to reduced DC count in the peripheral blood. The reduced expression of 

cytokines (TNF-α and IL-6) in B cells was associated with diminished cellular activation 

(Fig. 3e) but not apoptosis (Fig. 3f). In fact, TLR stimulated B cells expressed significantly 

reduced levels of activated caspase-3 compared to unstimulated cells (Fig. 3d). In contrast to 

B cells, TLR induced expression of TNF-α and IL-6 in monocytes was unaffected among 

the study groups (S. Fig. 4a and b). As expected CD69 expression was not upregulated in 

monocytes following TLR stimulation since it is a lymphocyte activation marker (S. Fig. 

4c). Even in monocytes, as like B cells, TLR stimulation significantly reduced the 

expression of activated caspase-3 (S. Fig. 4d).

Finally, we evaluated the expression of TLR induced effector enzymes (Fig. 4). Arg-1 was 

specifically induced by both TLR2 and 4 only in the NDD group (Fig. 4a). TLR2 induced 

upregulation of HO-1 and TLR4 induced upregulation of HO-1 and IDO were seen only in 

the NDD group (Fig. 4b and c). TLR4 induced Cox-2 expression was not altered across the 

groups (Fig. 4d).
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4. Discussion

TLRs serve as sentinels providing first line defence against invading microbes [4]; but under 

diabetic conditions they might trigger inflammation and impair immunity [4]. Few studies 

have previously addressed the involvement of TLRs in diabetes associated inflammation and 

have yielded contradictory results [9–11]. Further, till date to the best of our knowledge, no 

study has been done to compare the effect of newly diagnosed versus chronic diabetes on 

TLR signalling. It is well known that many anti-diabetic drugs have anti-inflammatory effect 

and vice versa [12,13]. Thus, in the present study, we aimed at comparing the expression and 

activity of TLRs in newly diagnosed versus long standing diabetes. We hypothesized that 

with anti-diabetic treatment, the magnitude of inflammation seen in newly diagnosed 

subjects might subside. The major findings of this study are: 1. Decreased surface expression 

of TLR2 and 4 in the peripheral B cells (but not monocytes and DCs) of NDD subjects, 2. 

The decreased TLR expression was associated with impaired cellular activation and cytokine 

secretion in B cells and 3. Increased expression of immunomodulatory enzymes (Arg-1, 

HO-1 and IDO) was associated with downregulation of TLRs.

Few studies have previously reported significant upregulation of TLRs in monocytes [9] as 

well as in B cells [10]. However, in the present study significant downregulation of TLRs 

was seen in the NDD group. Monocytes, B cells and DCs are the primary immune cells 

which predominantly express TLRs and also respond to it [4]. Our results indicate 

significant downregulation of TLRs in B cells, leaving the monocytes and DCs largely 

unaffected. In accordance with the TLR profile, TLR induced secretion of TNF-α, IL-6, 

IL-1β and IL-10 were significantly downregulated, in the NDD group. The decreased 

secretion of the pro-inflamatory cytokines was not mediated by the anti-inflammatory 

cytokines IL-10 or TGF-β. Imuunophenotyping identified B cells as the primary cells being 

affected. Previously, Komura et al., had reported significant hyporesponsivemess of 

monocytes to TLR stimuli in NDD subjects which was largely attributed to ER stress [11]. 

However, in the present study the hyporesponsiveness seems largely due to TLR 

downregulation even though the involvement of ER stress cannot be ruled out. The reduced 

cytokine secretion in B cells was not due to apoptosis but was due to reduced cellular 

activation. The exact reason for the downregulation of TLRs in the NDD group is currently 

not known. However the upregulation of immunosuppresive enzymes like arginase-1, HO-1 

and IDO in the NDD group could at least partially account for this TLR downregulation.

5. Conclusion

Taken together, our data indicates a defective TLR signalling in B cells in type-2 diabetes. 

While some of these defects are being reported for the first time (TLR adaptor expression), 

others (TLR expression and cytokine secretion) are different from what has been previously 

reported (9–11). The exact reason for this apparent disparity between our report and 

previous report is currently not known, even though both ethnic (genetic) and environmental 

factors (intestinal microbiota, infection load, etc) could probably play a role. The other 

reason could be the difference in the experimental protocol used- while we used whole blood 

cultures, the other groups have used purified cell types [9–11]. Most of the defects which 

were seen in TLR signalling in the NDD group were largely ameliorated in the KDM group 
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which might be due to the anti-inflammatory effect of the anti-diabetic drugs [12,13]. It is 

important to note that at least 35% and 40% of the KDM subjects were on insulin and 

metformin respectively; both of which have been shown to have strong immunomodulatory 

effect [14,15]. However, not all oral hypoglycemic drugs have immunomodulatory effect. In 

most in vitro experiments high glucose was shown to upregulate TLR expression/activity 

which was downregulated following treatment with insulin, metformin and/or sulfonylurea 

[14,15]. However, in the present study, at least under in vivo condition, diabetes was shown 

to suppress TLR expression/activity while the anti-diabetic treatment was shown to rescue 

this phenomenon making the relevance of these in vitro models questionable. The major 

limitation of our study is its cross-sectional design, which means that no direct cause and 

effect relationship can be drawn. Further, in vitro treatment of B cells isolated from NDD 

subjects with insulin or metformin showed no effect on TLR expression/activity indicating 

epigenetic modifications, which is beyond the scope of this paper to explore. Nevertheless, 

this study gains importance in that it provides a complete picture of TLR signalling in a high 

risk ethnic population and identifies few defects which were previously not known in this 

population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Newly diagnosed DM is characterized by decreased surface expression of TLR2 and 4 and 

deranged expression of TLR adaptors in peripheral blood leukocytes (PBL) as determined 

by flowcytometry and qRT-PCR respectively. Box and whisker plots showing the levels of 

expression of TLR2 (a) and TLR4 (b) in NGT/control (n = 13), NDD (n = 14) and KDM (n 
= 15) subjects. Representative dot plot showing the expression of TLR2+ B cells in NGT (c) 

and NDD (d) subjects. Box and whisker plots showing the levels of expression of MyD88 

(c), TRIF (d), Mal (e) and TRAM (f) in NGT/control, NDD and KDM subjects. Statistical 
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significance was determined by non-parametric Mann–Whitney U test and p < 0.05 was 

considered significant. NGT – normal glucose tolerance, NDD – newly diagnosed diabetic, 

KDM – known diabetic subjects.
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Fig. 2. 
Newly diagnosed DM is characterized by decreased TLR induced secretion of pro and anti-

inflammatory cytokines by peripheral blood leukocytes (PBLs) as determined by ELISA. 

Box and whisker plots showing the levels of TNF-α (a), IL-6 (b), IL-1β (c) and IL-10 (d) in 

the supernatants of PBL cultures following TLR2 and 4 stimulation in NGT/control (n = 42), 

NDD (n = 34) and KDM (n = 53) subjects. Statistical significance was determined by non-

parametric Mann–Whitney U test and p < 0.05 was considered significant. NGT – normal 

glucose tolerance, NDD – newly diagnosed diabetic, KDM – known diabetic subjects.
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Fig. 3. 
Newly diagnosed DM is characterized by decreased expression of IL-6, TNF-α and CD69 in 

B cells following TLR stimulation as determined by flowcytometry. Box and whisker plots 

showing the % of B cells expressing TNF-α (a) and IL-6 (b) in NGT/control (n = 13), NDD 

(n = 14) and KDM (n = 15) subjects are shown. Histogram analysis showing the 

downregulation of TNF-α in TLR2 (c) and TLR4 (d) stimulated B cells (shaded area-

Isotype control; dotted line-NDD; grey line-NGT and black line-KDM. Box and whisker 

plots showing the % of B cells expressing CD69 (e) and activated caspase-3 (f) in NGT/
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control, NDD and KDM subjects are shown. Statistical significance was determined by non-

parametric Mann–Whitney U test and p < 0.05 was considered significant. NGT – normal 

glucose tolerance, NDD – newly diagnosed diabetic, KDM – known diabetic subjects.
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Fig. 4. 
Newly diagnosed DM is characterized by increased expression of TLR induced 

immunomodulatory enzymes as determined by qRT-PCR. Box and whisker plots showing 

the fold change expression of Arg-1 (a), HO-1 (b), IDO (c) and Cox-2 (d) in NGT/control (n 
= 13), NDD (n = 14) and KDM (n = 15) subjects are shown. Statistical significance was 

determined by non-parametric Mann–Whitney U test and p < 0.05 was considered 

significant. NGT – normal glucose tolerance, NDD – newly diagnose ddiabetic, KDM – 

known diabetic subjects.

Madhumitha et al. Page 13

Cytokine. Author manuscript; available in PMC 2019 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Madhumitha et al. Page 14

Ta
b

le
 1

C
lin

ic
al

 a
nd

 b
io

ch
em

ic
al

 c
ha

ra
ct

er
is

tic
s 

of
 th

e 
st

ud
y 

su
bj

ec
ts

.

P
ar

am
et

er
s

N
G

T
 (

n 
= 

42
)

N
D

D
 (

n 
= 

34
)

K
D

 (
n 

= 
53

)

A
ge

 (
Y

ea
rs

)
41

.3
 ±

 1
2.

6
51

.7
 ±

 1
1.

6
47

.1
 ±

 1
5.

2

B
od

y 
m

as
s 

in
de

x 
(k

g/
m

2 )
23

.4
 ±

 4
.0

8
25

.9
 ±

 3
.5

a*
*

24
.2

 ±
 2

.6

Sy
st

ol
ic

 B
P 

(m
m

 H
g)

11
1 

±
 1

5
13

8 
±

 2
1

13
8 

±
 2

1

D
ia

st
ol

ic
 B

P 
(m

m
 H

g)
71

 ±
 1

0
78

 ±
 8

80
 ±

 9

Fa
st

in
g 

bl
oo

d 
su

ga
r 

(m
g/

dL
)

10
0 

±
 1

1
13

4 
±

 3
3a*

**
14

4 
±

 3
7b*

**

Po
st

 p
ra

nd
ia

l b
lo

od
 s

ug
ar

 (
m

g/
dL

)
11

4 
±

 2
2

23
6 

±
 8

0a*
**

21
6 

±
 8

6b*
*

G
ly

ca
te

d 
he

m
og

lo
bi

n 
(%

)
5.

5 
±

 0
.4

 (
37

 m
m

ol
/m

ol
)

7.
5 

±
 1

.6
 (

58
 m

m
ol

/m
ol

)a*
**

7.
8 

±
 1

.2
 (

62
 m

m
ol

/m
ol

)b*
**

To
ta

l s
er

um
 c

ho
le

st
er

ol
 (

m
g/

dL
)

16
7 

±
 4

3
19

1 
±

 4
0

15
4 

±
 3

2

Se
ru

m
 tr

ig
ly

ce
ri

de
s 

(m
g/

dL
)

12
1 

±
 4

0
15

6 
±

 9
0

13
4 

±
 5

5

H
D

L
-c

ho
le

st
er

ol
 (

m
g/

dL
)

40
 ±

 8
44

 ±
 1

2
38

 ±
 1

1

L
D

L
-c

ho
le

st
er

ol
 (

m
g/

dL
)

10
3 

±
 3

7
11

4 
±

 3
7

90
 ±

 2
8

M
ic

ro
al

bu
m

in
ur

ia
 (

m
g/

dL
)

12
.3

 ±
 9

.1
14

.3
 ±

 1
0

15
.8

 ±
 1

9.
3

A
nt

i-
di

ab
et

ic
 M

ed
ic

at
io

ns
c

In
su

lin
–

–
35

%

M
et

fo
rm

in
–

–
41

%

T
hi

az
ol

id
in

ed
io

ne
–

–
18

%

Su
lf

on
yl

ur
ea

–
–

41
%

M
eg

lit
in

id
e

–
–

18
%

A
lp

ha
 g

lu
co

si
da

se
 in

hi
bi

to
r

–
–

18
%

M
ec

ob
al

am
in

–
–

18
%

Fo
r 

al
l t

he
 p

ar
am

et
er

s 
m

ea
n 

±
 S

D
 is

 r
ep

or
te

d.

a C
om

pa
ri

so
n 

be
tw

ee
n 

N
G

T
 a

nd
 N

D
D

.

b C
om

pa
ri

so
n 

be
tw

ee
n 

N
G

T
 a

nd
 K

D
.

c M
os

t p
at

ie
nt

s 
w

er
e 

un
de

r 
th

e 
co

m
bi

na
tio

n 
of

 in
su

lin
 w

ith
 o

ne
 o

r 
m

or
e 

or
al

 h
yp

og
ly

ce
m

ic
 d

ru
gs

**
P 

<
 0

.0
1.

**
* P 

<
 0

.0
00

1.

Cytokine. Author manuscript; available in PMC 2019 February 08.


	Abstract
	Introduction
	Material and methods
	Study subjects
	Inclusion and exclusion criteria
	Biochemical parameters
	Peripheral blood leukocyte cultures
	Gene expression analysis
	Fluorescent-activated cell sorting (FACS)
	Estimation of cytokines by ELISA
	Statistical analysis

	Results
	Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1

