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Purpose: Lipopolysaccharides (LPS) induce inflammation by binding to the Toll-like
receptor (TLR) 4 complex, including LPS-binding protein (LBP). The anti-inflammatory
effects of linagliptin in LPS-induced inflammation in the TLR4-independent pathway have
not been examined before. We examined the anti-inflammatory effects of linagliptin in the
TLR4- and the LBP-independent pathway.

Methods: U937 cells were cultured in the medium supplemented with 10% fetal bovine serum
(FBS) and treated with 100 nM phorbol myristate acetate for 48 h. Cells were then left untreated or
were treated with 10 pg/mL anti-TLR4 antibodies alone or in combination with linagliptin for 1
h in media supplemented with or without 10% FBS. The cells were divided into 5 groups: a) control
cells (untreated) b) cells treated with LPS c) cells treated with 10 pg/mL anti-TLR4 antibodies d)
cells treated with LPS and 10 pg/mL anti-TLR4 antibodies and e) cells treated with LPS, 10 pg/mL
anti-TLR4 antibodies, and linagliptin. The LPS concentrations used were 50 pg/mL or 100 pg/mL
for cells treated in the presence of 10% FBS and 100 pg/mL or 1 pug/mL for cells treated in the
absence of FBS. Linagliptin concentrations of 1 nM, 10 nM, and 100 nM were used for treatment.
The supernatants were analyzed for interleukin (IL)-6 production after 24 h of various treatments.
Results: LPS increased IL-6 production compared to the untreated control cells, and anti-TLR4
antibody suppressed LPS-induced increased IL-6 levels. Linagliptin suppressed LPS-induced
IL-6 production in a concentration-dependent manner in the presence of FBS. However, only 100
nM linagliptin could suppress LPS-induced IL-6 production in the absence of FBS.
Conclusion: Concentration-dependent and -independent inflammatory suppression was
observed following linagliptin treatment after LPS induction in an experimental model of
TLR4 inhibition by anti-TLR4 antibodies. Our results showed that linagliptin may inhibit
inflammation through multiple mechanisms centered around the TLR-4-mediated
pathway.

Keywords: lipopolysaccharide, U937 cells, fetal bovine serum, anti- toll-like receptor 4
antibody, interleukin-6

Plain Language Summary

Lipopolysaccharides (LPS) induce inflammation by binding to the Toll-like receptor (TLR) 4
complex, including LPS-binding protein (LBP). We have not examined the anti-inflammatory
effects of linagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor, in LPS-induced inflammation in
the TLR4-independent pathway. We examined the anti-inflammatory effects of linagliptin in the
TLR4- and the LBP-independent pathway.
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We cultured Human U937 cells in the medium with phorbol
myristate acetate and analyzed for interleukin (IL)-6 production
in the supernatants after treatment with LPS, anti-TLR4 antibo-
dies and linagliptin. LPS increased IL-6 production compared to
the untreated control cells, and anti-TLR4 antibody suppressed
LPS-induced increased IL-6 levels. Linagliptin suppressed LPS-
induced IL-6 production in a concentration-dependent manner in
the presence of FBS. However, only 100 nM linagliptin could
suppressed LPS-induced IL-6 production in the absence of FBS.

We observed concentration-dependent and -independent
inflammatory suppression following linagliptin treatment after
LPS induction in an experimental model of TLR4 inhibition by
anti-TLR4 antibodies. Our results showed that linagliptin may
inhibit inflammation through multiple mechanisms centered
around the TLR-4-mediated pathway.

Introduction

Lipopolysaccharide (LPS) induces inflammation by bind-
ing to the Toll-like receptor (TLR) 4 complex, including
LPS-binding protein (LBP)."”” TLR4 and LBP play an
important role in LPS-induced inflammation. But LPS
can induce inflammation by binding to TLR 4 without
LBP as well.** Therefore, the inflammatory effect of
LPS can change in the presence or absence of LBP. LBP
is synthesized in the liver and is constantly maintained in
the serum.'® Therefore, the presence or absence of LBP
largely depends on the presence or absence of fetal bovine
serum (FBS) in an in vitro study. We confirmed that only
cultures with FBS have LBP in our previous studies.*

Linagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor,
has anti-inflammatory effects.' > Therefore, linagliptin is
a critical therapeutic drug for the patient population which
inflammation is a prognosis-related factor.'' Moreover, lina-
gliptin is known to induce two types of anti-inflammatory
effects as shown in our previous study.* These two types of
anti-inflammatory effects of linagliptin induced by the pre-
sence or absence of LBP can be attributed to two different
anti-inflammatory mechanisms mediated via TLR4.

The anti-inflammatory mechanism of linagliptin was
examined in the presence or absence of LBP in our pre-
vious study as well.'"* However, the experimental model
of TLR4 inhibition by anti-TLR4 antibodies was not
examined and thus it is important to study the effect of
linagliptin in absence of both TLR4 and LBP.

Therefore, in this study, we examined the anti-
inflammatory effect of linagliptin in an in vitro model
that excludes both TLR4 and LBP, to further examine the

anti-inflammatory mechanism of linagliptin.

Methods

Cell

Human U937 monocytes (EC85011440) were purchased
from the European Collection of Animal Cell Culture
(UK).
Boehringer Ingelheim Pharmaceuticals, Inc. (Ingelheim
am Rhein, Rhineland-Palatinate, Germany); Anti-TLR4
antibody by Thermo Fisher Scientific (Waltham, MA
USA); FBS from Biosera (NUAILLE, France); LPS from
Escherichia coli 055:B5 from Sigma-Aldrich (St. Louis,
MO, USA); phorbol 12-myristate 13-acetate (PMA) from
Abcam; Roswell Park Memorial Institute medium (RPMI
1640) (Wako Pure Chemical Industries Ltd., Osaka,
Japan). We used linagliptin, FBS, LPS, PMA, and RPMI
1640, as described in our previous study.** Cells were
cultured in RPMI 1640 media containing 10% FBS, as
previously described.** The cell passage number ranged

Linagliptin compounds were provided by

from two to five and each experiment was repeated three
times.

Drug Treatment

After 24 h of culture, we replaced the medium with or with-
out 10% FBS, and cells were then left untreated or were
treated with 10 ng/mL anti-TLR4 antibody alone or in com-
bination with linagliptin for 1 h, after which the medium was
replaced again with or without 10% FBS, and the cells were
left untreated or were treated with LPS only; treated with 10
pg/mL anti-TLR4 antibodies only; were treated with LPS
and 10 pg/mL anti-TLR4 antibodies or were treated with
LPS, 10 pg/mL anti-TLR4 antibodies and linagliptin. Cells
were treated with LPS concentrations of 50 pg/mL or 100 pg/
mL when cultured in the presence of FBS while only 100 pg/
mL or 1 pg/mL LPS concentrations were used for treatment
when cells were cultured in the absence of FBS. LPS was
able to induce inflammation in cells at all doses used.
Linagliptin concentrations of 1 nM, 10 nM, and 100 nM
were used for the study. The supernatants were collected
and were analyzed for interleukin (IL)-6 production after
24 h of various treatments.

Measurement of IL-6 in the Medium
IL-6
Quantikine enzyme-linked immunosorbent assay kit
(BioTechne-R&D  Systems MN,

USA) employing a sandwich-type immunoassay, as pre-
d.1~4

levels were measured using a Human IL-6

Inc., Minneapolis,

viously describe
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Statistical Analysis

The JMP (version 10) statistical software (SAS
Institute, Cary, NC, USA) was used to analyze the
results. Data was presented as mean =+ standard error.
Results of various treatments were compared with
untreated control or LPS only or LPS and anti-TLR4
antibody groups using one-way analysis of variance
and Dunnett’s tests. A p-value of less than 0.05, was
considered significant.

Results

Effects of Anti-TLR4 Antibody on
LPS-Induced IL-6 Levels in Presence of
FBS

IL-6 levels did not differ significantly in the untreated
cells (27.3 £ 2.7 pg/mL) as compared to cells after
treatment with anti-TLR4 antibodies (24.7 £ 0.9 pg/
mL). In addition, following treatment with 50 pg/mL or
100 pg/mL LPS, IL-6 levels were significantly
increased (50 pg/mL LPS: 134.7 £+ 12.8 pg/mL,
P < 0.0001; 100 pg/mL LPS: 278.2 + 24.6 pg/mL,
P < 0.0001) in the treated cells as compared to the
untreated control (27.3 + 2.7 pg/mL). Anti-TLR4 anti-
bodies suppressed LPS-induced IL-6 levels (50 pg/mL
LPS: 32.7 + 4.2 pg/mL, P < 0.0001; 100 pg/mL LPS:
121.5 £ 5.5 pg/mL, P < 0.0001; Figure 1).
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Figure | Effect of anti-Toll-like receptor (TLR) 4 antibodies on lipopolysaccharide
(LPS)-induced interleukin (IL)-6 levels in presence of fetal bovine serum (FBS).
Human U937 monocytes were treated with LPS and/or anti-TLR 4 antibodies. IL-
6 levels in the supernatants were determined by enzyme-linked immunosorbent
assay (ELISA) after 24 h of treatment. *P < 0.0001 vs control; TP < 0.0001 vs LPS 50
pg/mL. ¥P < 0.0005 vs LPS 100 pg /mL.
Abbreviations: IL, interleukin; LPS, lipopolysaccharide; A-TLR, anti-Toll-like
receptor.

Effect of Linagliptin on IL-6 Production in
LPS (50 pg/mL, 100 pg /mL) Induced and
Anti-TLR4 Antibodies Treated Cells in

Presence of FBS

IL-6 levels did not vary significantly in untreated cells as
compared to those treated by anti-TLR4 antibodies only
(24.7 £ 0.9 pg/mL) after treatment with various concentra-
tions of linagliptin. Linagliptin with anti-TLR4 antibodies
suppressed 50 pg/mL LPS-induced IL-6 production (32.7
+ 4.2 pg/mL) in a concentration-dependent manner (1 nM:
22.9+6.1 pg/mL; 10 nM: 11.9 + 3.4 pg/mL, P <0.05; 100
nM: 8.0 £2.3 pg/mL, P < 0.05 vs anti-TLR4 antibodies 10
pg/mL alone). Moreover, linagliptin with anti-TLR4 anti-
bodies suppressed 100 pg/mL LPS-induced IL-6 levels
(122.7 £ 4.6 pg/mL) in a concentration-dependent manner
(1 nM: 107.8 + 4.1 pg/mL; 10 nM: 93.6 + 3.0 pg/mL,
P <0.05; 100 nM: 50.6 £+ 13.7 pg/mL, P < 0.0001 vs anti-
TLR4 antibodies 10 pg/mL alone) (Figure 2).

Effect of Anti-TLR4 Antibodies on
LPS-Induced IL-6 Levels in Absence of
FBS

IL-6 levels did not vary significantly in the untreated
control cells (10.3 £ 1.6 pg/mL) as compared to those
after treatment with anti-TLR4 antibodies alone (7.3 +
1.2 pg/mL). In addition, following treatment with 100
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Figure 2 Effect of linagliptin on IL-6 production in LPS (50 pg/mL, 100 pg /mL)
induced and anti-TLR4 antibodies treated cells in presence of FBS. Human U937
monocytes were treated with linagliptin and anti-TLR4 antibodies after induction
with LPS (50 pg/mL, 100 pg/mL). IL-6 levels in the supernatants were determined by
enzyme-linked immunosorbent assay (ELISA) after 24 h of treatment. *P < 0.05 vs
A-TLR4 10 pg/mL alone; TP< 0.0001 vs A-TLR4 10 pg/mL alone.

Abbreviations: IL, interleukin; LPS, lipopolysaccharide; A-TLR, anti-Toll-like recep-
tor; Lina, linagliptin.
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pg/mL or 1 pg/mL LPS, IL-6 levels were significantly
increased (100 pg/mL LPS: 107.6 + 37.8 pg/mL, P <
0.0001; 1 pg/mL LPS: 528.2 + 5.0 pg/mL, P < 0.0001)
as compared to that in the control. Anti-TLR4 antibodies
suppressed LPS-induced IL-6 levels (100 pg/mL LPS:
17.8 £ 5.1 pg/mL, P < 0.05; 1 pg/mL LPS: 318.9 + 16.2
pg/mL, P < 0.0005; Figure 3).

Effect of Linagliptin on IL-6 Production in
LPS (100 pg/mL, | pg/mL) Induced and
Anti-TLR4 Antibodies Treated Cells in
Absence of FBS

IL-6 levels did not vary significantly in untreated control cells
as compared to those treated with anti-TLR4 antibodies only
(7.3 £ 1.2 pg/mL) after treatment with various concentrations
of linagliptin. Only 100 nM linagliptin (6.5 + 1.4 pg/mL)
suppressed significantly 50 pg/mL LPS-induced IL-6 levels
(17.8 £5.1 pg/mL). Moreover, only 100 nM linagliptin (230.4
+ 18.5 pg/mL) suppressed significantly 1 pg/mL LPS-induced
IL-6 levels (318.9 = 16.2 pg/mL) (Figure 4).

Discussion

The anti-inflammatory effect of linagliptin was also
observed under the TLR4 suppressive condition in this
study, as was observed in our previous studies as well.'™
We reaffirmed that linagliptin mediated anti-inflammatory
effect and mechanisms are independent of TLR4

suppression.
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Figure 3 Effect of anti- TLR 4 antibodies on IL-6 production in LPS-induced U937
cells cultured in absence of FBS. Human U937 monocytes were treated with LPS
and/or anti-TLR 4 antibodies. IL-6 levels in the supernatants were determined by
enzyme-linked immunosorbent assay (ELISA) after 24 h of treatment. *P < 0.0001 vs
control; TP < 0.05 vs LPS 100 pg/mL. *P < 0.0005 vs LPS | pg/mL.
Abbreviations: IL, interleukin; LPS, lipopolysaccharide; A-TLR, anti-Toll-like
receptor.
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Figure 4 Effect of linagliptin on IL-6 production in LPS (100 pg /mL, | pg/mL)
induced and anti-TLR4 antibodies treated cells in absence of FBS. Human U937
monocytes were treated with linagliptin and anti-TLR4 antibodies after induction
with LPS (100 pg /mL, | pg/mL). IL-6 levels in the supernatants were determined by
enzyme-linked immunosorbent assay (ELISA) after 24 h of treatment. *P < 0.05 vs
A-TLR4 10 pg/mL alone.

Abbreviations: IL, interleukin; LPS, lipopolysaccharide; A-TLR, anti-Toll-like recep-
tor; Lina, linagliptin.

Caveolin-1, a binding protein of dipeptidyl peptidase-4
(DPP-4), is involved in LPS-induced TLR4 mediated
inflammation.'? Hiromura et al reported that teneligliptin,
a DPP-4 inhibitor, could not inhibit LPS induced inflam-
mation in caveolin-knockout mice and thus the study
implied that teneligliptin inhibits LPS mediated inflamma-
tion by interacting with Caveolin-1."> In our study, we also
propose that linagliptin might inhibit LPS mediated
inflammation by interacting with Caveolin-1.

In the presence of LBP, linagliptin inhibited LPS-
induced inflammation in a concentration-dependent man-
ner under TLR4 suppressive conditions. LPS forms
a complex with TLR4 and CD14 with LBP.”> Under such
firm complex formation, the anti-inflammatory effect of
linagliptin via Caveolin-1 inhibition was an anti-
inflammatory effect that increased in a concentration-
dependent manner in proportion to the concentration of
linagliptin.

On the other hand, under the condition without LBP,
linagliptin suppresses the LPS-induced inflammation in
a concentration independent manner, and only high con-
centrations of linagliptin could inhibit LPS-induced IL-6
levels. In the absence of LBP, there was no concentration
dependence, as shown in our previous report.'> LBP is
not always required for LPS-induced inflammation via
TLR4.° In the absence of LBP, linagliptin inhibited LPS-
induced inflammation via Caveolin-1 like on/off switching
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and suppressed LPS-induced IL-6 levels in a concentration
independent manner. Moreover, LPS can bind to receptor
of advanced glycation end products (RAGE), a receptor
other than TLR4 to induce inflammation.®
might inhibit RAGE as well as TLR4.
Following administration of 5 mg linagliptin, the max-

Linagliptin

imum blood concentration of linagliptin was 7.32 to 22.6
nM in human (Tradjenta® (linagliptin), Boehringer
Ingelheim Pharmaceuticals, Inc.).14 Therefore, we decided
to use doses from 1 to 100 nM linagliptin in patients
whose blood concentration of linagliptin are equivalent
to that of actual clinical treatment.

As a limitation of this study, we only used one con-
centration of anti-TLR4 antibody (10 ug/mL) as described
in a previous study.'> In this study, treatment with 10 pg/
mL anti- TLR4 antibody did not completely suppress
inflammation induced by LPS. Further studies with differ-
ent anti-TLR4 antibody concentrations are required to fill
the gaps and understand the mechanism completely. As the
other limitation of this study, we did not use the Western
blot assay and another method in our study. And only one
single immunological parameter was studied. It is impor-
tant to use other methods and parameters for measurement.
Moreover, it is important to examine the images of mor-
phological changes of cells in different groups, future
studies should address this issue.

Conclusion

Concentration-dependent and -independent inflammatory
suppression was observed following linagliptin treatment
for LPS-induced pro-inflammatory responses in an experi-
mental model of TLR4 suppression by anti-TLR4 antibo-
dies. Linagliptin may inhibit inflammation through multiple
mechanisms, centered around the TLR-4-mediated pathway.

Abbreviations

LPS, lipopolysaccharide; TLR, Toll-like receptor; LBP,
LPS-binding protein, FBS, fetal bovine serum; DPP-4,
dipeptidyl peptidase-4; PMA, phorbol 12-myristate 13-
acetate; RPMI 1640, Roswell Park Memorial Institute
medium; IL, interleukin; RAGE, receptor of advanced
glycation end products.
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