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Abstract: Background: Advanced glycation end products, known as AGEs, are substances that can be a factor in the
development or worsening of many degenerative diseases, such as diabetes. The negative effect of AGEs has been
noticed and studied on human keratinocytes but it is still poorly understood about the effect of diabetic drug on
AGE caused skin damage despite the skin complications are critical problem of long course diabetes. Materials and
methods: In order to study the effect of diabetic drug metformin on AGEs caused signaling dysregulation on human
keratinocytes, we used lentiviral vector to overexpress the receptor for advanced glycation end products (RAGE) in
immortalized human keratinocytes (HaCaT cells). Results: We showed that phosphorylation of p38, ERK1/2, JNK
and Akt was dysregulated and all of them were corrected by metformin treatment. Moreover, the expressions of NF-
kBp65 and downstream factors ICAM1, TNF-a, Cox-2, IL-6, and IL-1p3 were also changed, in which the expression of
those were rectified by metformin. Conclusions: This study is the first to show the therapeutic effects of diabetic drug

metformin on AGEs caused signaling dysregulation on human keratinocytes.
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Introduction

Advanced glycation end products (AGEs) are
substances generated from glycation reaction.
They cause a lot of malfunction and signaling
dysregulation and are seen as speeding up oxi-
dative damage to cells [1, 2]. They are factors in
the development or worsening of many degen-
erative diseases, such as diabetes, cardiovas-
cular, atherosclerosis, chronic renal failure, and
Alzheimer’s disease [3, 4]. RAGE, the Receptor
for Advanced Glycation End products is a 35 kD
transmembrane receptor, and a member of the
immunoglobulin superfamily, encoded in the
Class Il region of the major histocompatability
complex [5, 6].

The involvement of RAGE in different diseases
has been reviewed in great detail earlier [7, 8].
However, the detailed molecular mechanism of
RAGE signaling, especially the involvement of
various kinases and their substrates is not well

understood. Most of the reported studies on
RAGE signaling focus on activation of specific
kinases like MAPKs, PI3K, PKC, GSK3p and
pro-infammatory gene activation [9]. The
pathogenesis is hypothesized to include ligand
binding, upon which RAGE signals activation of
nuclear factor kappa B (NF-kB) and subse-
quently downstream genes involved in inflam-
mation. It is important to identify the factors
that facilitate the recruitment of specific kinas-
es, along with their phosphoproteome, which
can greatly enhance our understanding of the
cellular responses to RAGE signaling.

It is the first-line drug of choice for the treat-
ment of type 2 diabetes, in particular, in over-
weight and obese people and those with nor-
mal kidney function. In recent years metformin
was also shown to have multiple protective
effects on cell models by distinctive mecha-
nism [10, 11]. HaCaT cell is an immortal human
keratinocyte line with their high capacity of dif-



Metformin protects human keratinocytes in diabetic environment

RAGE protein
expression

B 100

N A O &
o O o o

Figure 1. Overexpression of RAGE in HaCaT cells. A: Real-time PCR detection of RAGE gene. Results represent mean
+ SEM of three independent experiments. B: ELISA assay of RAGE expression. Results represent mean * SD of three
independent experiments. **P < 0.01 versus Naive group, #P < 0.01 versus RAGE infection group.

ferentiation and proliferation in vitro [12]. Taken
the advantages of short culture lifespan and
low variations, we used lentiviral RAGE expres-
sion vector to make a cell model to primarily
test the signaling change upon RAGE overex-
pression. Because of the interest of diabetes
treatment, we also tested the effect of metfor-
min together with RAGE overexpression. This
study is the first to test the potential protective
effect of metformin on human keratinocytes in
a diabetic environment.

Materials and methods
Cell culture and treatment

Human HaCaT keratinocytes, were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (wV) fetal bovine
serum (FBS; Gibco BRL, Carlsbad, CA, USA),
penicillin (100 U/ml) and streptomycin (100 ug/
ml).

RT-PCR and real-time PCR

Total RNA was extracted with Trizol (Invitrogen)
according to the manufacturer’s instructions.
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cDNA was synthesized by the reverse transcrip-
tion kit (Qiagen, Suzhou, China) with 1 pg total
RNA as template. Real-time RT-PCR was per-
formed using SYBR Green kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA) in an
ABI LightCycler System (ABI-7300). Relative
quantification of gene expression was deter-
mined by standard curve of each pair of pri-
mers and all relative concentrations were
normalized to the expression of GAPDH as
an internal RNA loading control. The primers
used to amplify the coding region were as fol-
lows: 5-CGGCTGGAATGGAAACTG-3’' (forward)
and 5-TAGACACGGACTCGGTAG-3’ (reverse) for
RAGE.

ELISA

The cell surface expression of RAGE was tested
with enzyme-linked immunosorbent assay
(ELISA) kits (Pierce). Briefly, the samples
described were incubated in 96-well plates
coated with RAGE antibody for 30 min at 37°C.
After 20 sec washes for 5 times, the samples
were treated with enzyme working reagent for
30 min and with TMB One-Step substrate
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Figure 2. MAPKs and PI3K signaling pathway alterations upon RAGE overexpression and metformin treatment. A:
p-p38 and total p38. B: p-JNK and total JNK. C: p-ERK1/2 and total ERK1/2. D: p-Akt and total Akt. Results repre-
sent mean * SD of three independent experiments. **P < 0.01 versus Naive group, *#P < 0.01 versus RAGE infec-

tion group.
A 1 2 3 4 2.0
<
NF-xBp65 4 15
Z
:‘é_ 1.0
NF-«xB a
¥ 0.5
E
= g 1.0 ok
-
3
£
=
& 6/ ICAM1 TNF-a Cox-2
o [ 50 = -
7]
IL-1 o
P x 55 = 3
£ 0.2- - 4
(]
GAPDH ..é I_'r_"-'l'-l
1: Naive 2:Vectorinfection a 0.0 IL-6 IL-1
3: RAGE infection i -18

4:RAGE infection+metformin

Figure 3. NF-kB and downstream genes expression changes upon RAGE overexpression and metformin treatment.
A: NF-kBp65 and total NF-kB. B: ICAM1, TNF-a, Cox-2, IL-6 and IL-13 expression changes. Results represent mean
+ SD of three independent experiments. **P < 0.01 versus Naive group, #P < 0.01 versus RAGE infection group.

reagent for 15 min in the dark, and the reaction
plates were read within 15 min in an ELISA
plate reader (Labsystems, Multiskan, MS,
Finland) at 450 nm.

Western blotting

Cells were washed twice with PBS and collect-
ed in lysis buffer with PMSF and protease and
phosphatase inhibitors (Roche Diagnostics,
Madison, WI, USA) to yield whole cell extracts.
Cell lysates were resolved by SDS-PAGE and
transferred to nitro-cellulose membranes
according to standard procedures. The mem-
branes were blocked with 5% non-fat milk and
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probed with primary antibodies for phosphory-
lated p38 (p-p38), p38, phosphorylated JNK
(p-JNK), phosphorylated ERK1/2 (p-ERK1/2),
ERK1/2, phosphorylated Akt (p-Akt), and Akt at
4°C overnight. Antibodies against indicated
protein were purchased from Cell Signaling
Technology (CST, Danvers, MA, USA). The mem-
branes were incubated with the appropriate
secondary antibody for 1 h room temp, and
then the immunoreactivity was detected using
enhanced chemiluminescence reagent. The
relative intensities of the protein bands were
analyzed by Image) software (National
Institutes of Health).
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Statistical analysis

Statistical analysis was carried out using either
Student’s t-test or one-way ANOVA for the com-
parison of more than two groups. Bonferroni’s
multiple comparisons test was used to conduct
post hoc analysis. The data are presented as
means * SD of at least three independent
experiments. A value of P < 0.05 was consid-
ered statistically significant.

Results
Overexpression of RAGE in HaCaT cells

To investigate the possible effect of AGE in
keratinocytes, several studies using AGE has
been performed [13]. To achieve a high efficien-
cy and steady expression of RAGE, in this study
we used a lentiviral expression system to over-
expression of RAGE human immortalized kera-
tinocytes (HaCarT cells). The overexpression of
RAGE was confirmed by both Real-time PCR
(Figure 1A) and ELISA analysis (Figure 1B).
Both mRNA (3.1-fold) and protein expressions
of RAGE (>0.64-fold) are abundant compared
with Naive group. Moreover, the expression of
RAGE was 21.4 + 1.98% inhibited by metformin
compared with RAGE overexpressed HaCaT
cells without metformin treatment (Figure 1B).

MAPK and PI3K/Akt pathway changes are cor-
rected by metformin

Because MAPKs and Akt are broadly connect-
ed to diabetic keratinocytes damage [14, 15],
we first characterized the condition of p-p38,
p-ERK1/2, p-JNK and p-Akt on RAGE overex-
pressed cells. We found the p38 was activated
(Figure 2A) which was consistent with earlier
study using AGE-BSA treating HaCaT cells.
Meanwhile we found p-JNK, p-ERK1/2, and
p-Akt were also activated (Figure 2B-D).
Expectedly, we found that metformin adminis-
tration corrected all the abnormality of activa-
tion. The corrected p-ERK1/2 was consistent
with an earlier report of increased p-ERK1/2 in
HaCaT cells by metformin treatment [16], but
the effects on p-JNK and p-Akt were first
showed on HaCaT cells by this experiment.

NF-kB and downstream cascade changes are
corrected by metformin

We also checked the possible alteration of
NF-kB signaling cascade on RAGE-overex-
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pressed HaCaT cells together with the effects
of metformin treatment. We found NF-kBp65
was increased upon the overexpression of
RAGE, which indicating the involvement of
NF-kB in downstream of RAGE (Figure 3A) and
was also corrected by metformin treatment. We
next checked several NF-kB downstream tar-
gets expressions that were related to inflamma-
tion and keratinocyte damage [17]. We found
the expressions of ICAM1, TNF-a, Cox-2, IL-6
and IL-1 are elevated. All of them were sensi-
tive to metformin (Figure 3B). The effects of
metformin on those factors on keratinocytes
are all first characterized by our experiment.

Discussion

RAGE is expressed in tissues and cell types
that are critical for immune surveillance includ-
ing lung, liver, vascular endothelium, mono-
cytes, and dendritic cells [18]. RAGE transduc-
es signals to cause inflammation and serves as
an adhesion receptor that inters with integrins
and facilitates the recruitment of pro-inflamma-
tory leukocytes to the sites of inflammation,
further enhancing the inflammatory state [19,
20]. Moreover, Rage signaling also impacts the
adaptive immunity, either directly or indirectly
[21, 22]. These finds suggest that RAGE plays a
role that is broadly involved in innate immunity
and disease development. In this study, we
used lentiviral vector to construct the overex-
pression vector for the receptor for advanced
glycation end products (RAGE) in human kerati-
nocytes (HaCaT cells), which revealed signifi-
cantly increased in expression of RAGE both in
mRNA (Figure 1A) and protein levels (Figure
1B).

Metformin is an insulin-sensitizer drug widely
used in conditions associated with insulin-
resistance such as type 2 diabetes. Metformin
was shown to inhibit the expression of AGEs
and RAGE axis contributes to diabetic nephrop-
athy [23], and ameliorate tubular injury both in
cell culture and diabetic animal model [24]. In
the current study, we also found that the pro-
tein expression of RAGE was significantly inhib-
ited in metformin treatment HaCaT cells, which
was consistent with the previous results.

Among the known pathways that phosphoinsit-
ide 3-kinases (PI3K)/Akt, and mitogen-activat-
ed protein kinase members (MAPKs) can be
activated by RAGE [25, 26]. The latter group

Int J Clin Exp Med 2016;9(2):2913-2920



Metformin protects human keratinocytes in diabetic environment

includes Jun-N-terminal kinase (JNK), p38, and
extracellular signal-regulated kinases (ERK)
[27, 28]. AGE/RAGE axis has been reported to
activation of PI3BK/Akt in 3T3 adipocytes lead-
ing to their differentiation, obesity or predis-
pose a person to diabetes [29]. In addition, AGE
induces secretion of MMP 1, 3 and 13 in human
osteoarthritic chondrocytes by interaction with
RAGE and activation of JNK and p38 kinase
[30]. On the contrary, AGE/RAGE signaling in
the infiltrating macrophages causes phosphor-
ylation of JNK, ERK1/2, and p38 and inhibition
of JNK activity significantly enhances the effect
of AGE on MMP9 secretion [31]. The data pre-
sented here demonstrated that PI3K/Akt and
MAPKs pathway were significantly activated by
RAGE overexpression in HaCaT cells (Figure
2A-D). In order to investigate the effect of met-
formin on the RAGE-mediated pathway, metfor-
min was treated in RAGE overexpressed HaCaT
cells. Thus, we hypothesized that metformin
could either block or prevent the activated
effects of RAGE on PI3K/Akt and MAPKs path-
way. The present data showed that metformin
was able to correct RAGE-induced activation of
PI3K/Akt and MAPKs pathway in HaCaT cells.

In addition to the (PI3K)/Akt and MAPKs path-
ways, activation of RAGE also replays the cell
surface signals to various intracellular path-
ways including the NF-B pathway, which is
responsible for a myriad of transcriptional pro-
grams leading to the production of pro-inflam-
matory cytokines such as TNF-a and IL-1(.
Because the expression of RAGE itself is also
controlled by NF-kB transcription factors [32],
the activation of the RAGE-NF-kB signaling
route results in an increased cell surface
expression of RAGE, which amplifies the initial
signal and further enhances inflammation [33].
While various cellular effectors have been suc-
cessfully dissected and well studied, none of
the cellular effectors in the RAGE signaling
pathway has been identified and the molecular
mechanisms of RAGE activates NF-kB remain
unknown. Importantly, in the present study
RAGE overexpressed HaCaT cells caused phos-
phorylation of NF-kB and metformin was able to
completely abrogate the effect of RAGE similar
to the results of previous studies (Figure 3A)
[34]. Furthermore, inhibition of NF-kB was block
differentiation of osteoclast cells through
attenuation of TNF-c, IL-18 and Cox-2 signaling.
These findings agreed with our present report
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of RAGE overexpression increase of ICAM1,
TNF-a, Cox-2, IL-6 and IL-13 expression in
HaCarT cells (Figure 3B). Nevertheless, metfor-
min was remarkably inhibited the effects of
RAGE on the expression of NF-kB downstream
factors.

In conclusion, our study is the first report test-
ing the potential therapeutic effects of metfor-
min in the background of diabetic environment
on keratinocytes. RAGE overexpression affects
the signaling of Akt and MAPKs and metformin
corrects the levels of p38, p-ERK1/2, p-JNK
and p-Akt. Moreover, our data demonstrate
that NF-kB and its downstream targets are also
activated by RAGE and metformin has more
obvious therapeutic effect on the downstream
targets in HaCarT cells.
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