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Metformin corrects RAGE overexpression caused  
signaling dysregulation and NF-κB targeted gene 
change
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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-α, Cox-2, IL-6, and IL-1β 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 III 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, GSK3β and 
pro-inflammatory gene activation [9]. The 
pathogenesis is hypothesized to include ligand 
binding, upon which RAGE signals activation of 
nuclear factor kappa B (NF-κB) 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-
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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% (v⁄v) fetal bovine 
serum (FBS; Gibco BRL, Carlsbad, CA, USA), 
penicillin (100 U/ml) and streptomycin (100 µg/
ml). 

RT-PCR and real-time PCR

Total RNA was extracted with Trizol (Invitrogen) 
according to the manufacturer’s instructions. 

cDNA was synthesized by the reverse transcrip-
tion kit (Qiagen, Suzhou, China) with 1 µg 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 

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.
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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 

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 ImageJ software (National 
Institutes of Health). 

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.

Figure 3. NF-κB and downstream genes expression changes upon RAGE overexpression and metformin treatment. 
A: NF-κBp65 and total NF-κB. B: ICAM1, TNF-α, Cox-2, IL-6 and IL-1β expression changes. Results represent mean 
± SD of three independent experiments. **P < 0.01 versus Naive group, ##P < 0.01 versus RAGE infection group.
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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 (HaCaT 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-κB and downstream cascade changes are 
corrected by metformin

We also checked the possible alteration of 
NF-κB signaling cascade on RAGE-overex- 

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-κB in downstream of RAGE (Figure 3A) and 
was also corrected by metformin treatment. We 
next checked several NF-κB downstream tar-
gets expressions that were related to inflamma-
tion and keratinocyte damage [17]. We found 
the expressions of ICAM1, TNF-α, Cox-2, IL-6 
and IL-1β 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 
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includes Jun-N-terminal kinase (JNK), p38, and 
extracellular signal-regulated kinases (ERK) 
[27, 28]. AGE/RAGE axis has been reported to 
activation of PI3K/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-α and IL-1β. 
Because the expression of RAGE itself is also 
controlled by NF-κB transcription factors [32], 
the activation of the RAGE-NF-κB 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-κB remain 
unknown. Importantly, in the present study 
RAGE overexpressed HaCaT cells caused phos-
phorylation of NF-κB 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-κB was block 
differentiation of osteoclast cells through 
attenuation of TNF-α, IL-1β and Cox-2 signaling. 
These findings agreed with our present report 

of RAGE overexpression increase of ICAM1, 
TNF-α, Cox-2, IL-6 and IL-1β expression in 
HaCaT cells (Figure 3B). Nevertheless, metfor-
min was remarkably inhibited the effects of 
RAGE on the expression of NF-κB 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-κB and its downstream targets are also 
activated by RAGE and metformin has more 
obvious therapeutic effect on the downstream 
targets in HaCaT cells. 

Acknowledgements 

This work was supported by the National 
Natural Science Foundation of China (811- 
00585, 81300672 and 81100586), the 
Natural Science Foundation of Shanghai 
Science and Technology Committee, China 
(13ZR1414700). 

Disclosure of conflict of interest 

None. 

Address correspondence to: Drs. Zhi-Min Liu and 
Yong-Quan Shi, Department of Endocrinology, 
Changzheng Hospital, Second Military Medical 
University, 415 Fengyang Road, Huangpu District, 
Shanghai 200003, China. Tel: +86-21-55130726; 
Fax: +86-21-55130726; E-mail: zmliu_cz@hotmail.
com (ZML); young.stone@163.com (YQS)

References

[1] Vistoli G, De Maddis D, Cipak A, Zarkovic N, Ca-
rini M, Aldini G. Advanced glycoxidation and li-
poxidation end products (AGEs and ALEs): an 
overview of their mechanisms of formation. 
Free Radic Res 2013; 47: 3-27.

[2] Chen XF, Lin WL, Lu SL, Shi YQ, Zou JJ, Liu ZM, 
Liao WQ. Insulin prevents latent skin lesions by 
inhibiting the generation of advanced glycation 
end products in streptozotocin-induced dia-
betic rats. Endocr Pathol 2009; 20: 163-169.

[3] Alexiou P, Chatzopoulou M, Pegklidou K, De-
mopoulos V. RAGE: a multi-ligand receptor un-
veiling novel insights in health and disease. 
Curr Med Chem 2010; 17: 2232-2252.

[4] Chen XF, Lin WD, Lu SL, Xie T, Ge K, Shi YQ, Zou 
JJ, Liu ZM, Liao W. Mechanistic study of endog-

mailto:zmliu_cz@hotmail.com
mailto:zmliu_cz@hotmail.com
mailto:young.stone@163.com


Metformin protects human keratinocytes in diabetic environment

2919 Int J Clin Exp Med 2016;9(2):2913-2920

enous skin lesions in diabetic rats. Exp Derma-
tol 2010; 19: 1088-1095. 

[5] Yan SF, Ramasamy R, Schmidt AM. Mecha-
nisms of disease: advanced glycation end-
products and their receptor in inflammation 
and diabetes complications. Nat Rev Endocri-
nol Metab 2008; 4: 285-293.

[6] Herold K, Moser B, Chen Y, Zeng S, Yan SF, Ra-
masamy R, Emond J, Clynes R, Schmidt AM. 
Receptor for advanced glycation end products 
(RAGE) in a dash to the rescue: inflammatory 
signals gone awry in the primal response to 
stress. J Leukoc Biol 2007; 82: 204-212.

[7] Mulder DJ, Water TVD, Lutgers HL, Graaff R, 
Gans RO, Zijlstra F, Smit AJ. Skin autofluores-
cence, a novel marker for glycemic and oxida-
tive stress-derived advanced glycation end-
products: an overview of current clinical 
studies, evidence, and limitations. Diabetes 
Technol Ther 2006; 8: 523-535.

[8] Ramasamy R, Yan SF, Schmidt AM. RAGE: ther-
apeutic target and biomarker of the inflamma-
tory response-the evidence mounts. J Leukoc 
Biol 2009; 86: 505-512.

[9] Bierhaus A, Schiekofer S, Schwaninger M, An-
drassy M, Humpert PM, Chen J, Hong M, Lu-
ther T, Henle T, Klöting I. Diabetes-associated 
sustained activation of the transcription factor 
nuclear factor-κB. Diabetes 2001; 50: 2792-
2808.

[10] Zhu P, Ren M, Yang C, Hu YX, Ran JM, Yan L. 
Involvement of RAGE, MAPK and NF-κB path-
ways in AGEs-induced MMP-9 activation in 
HaCaT keratinocytes. Exp Dermatol 2012; 21: 
123-129.

[11] Zhai Y, Dang Y, Gao W, Zhang Y, Xu P, Gu J, Ye 
X. P38 and JNK signal pathways are involved in 
the regulation of phlorizin against UVB-induced 
skin damage. Exp Dermatol 2015; 24: 275-9.

[12] Ockenga W, Kühne S, Bocksberger S, Banning 
A, Tikkanen R. Epidermal Growth Factor Re-
ceptor Transactivation Is Required for Mitogen-
Activated Protein Kinase Activation by Musca-
rinic Acetylcholine Receptors in HaCaT 
Keratinocytes. Int J Mol Sci 2014; 15: 21433-
21454.

[13] Zhu P, Ren M, Yang C, Hu YX, Ran JM, Yan L. 
Involvement of RAGE, MAPK and NF-κB path-
ways in AGEs-induced MMP-9 activation in 
HaCaT keratinocytes. Exp Dermatol 2012; 21: 
123-129.

[14] Zhai Y, Dang Y, Gao W, Zhang Y, Xu P, Gu J, Ye 
X. P38 and JNK signal pathways are involved in 
the regulation of phlorizin against UVB-induced 
skin damage. Exp Dermatol 2015; 24: 275-
279.

[15] Ockenga W, Kühne S, Bocksberger S, Banning 
A, Tikkanen R. Epidermal Growth Factor Re-
ceptor Transactivation Is Required for Mitogen-

Activated Protein Kinase Activation by Musca-
rinic Acetylcholine Receptors in HaCaT 
Keratinocytes. Int J Mol Sci 2014; 15: 21433-
21454.

[16] Li W, Ma W, Zhong H, Liu W, Sun Q. Metformin 
inhibits proliferation of human keratinocytes 
through a mechanism associated with activa-
tion of the MAPK signaling pathway. Exp Ther 
Med 2014; 7: 389-392.

[17] Kim SB, Kang OH, Joung DK, Mun SH, Seo YS, 
Cha MR, Ryu SY, Shin DW, Kwon DY. Anti-in-
flammatory effects of tectroside on UVB-in-
duced HaCaT cells. Int J Mol Med 2013; 31: 
1471-1476.

[18] Lin L. RAGE on the Toll Road. Cell Mol Immunol 
2006; 3: 351-358.

[19] Orlova VV, Choi EY, Xie C, Chavakis E, Bierhaus 
A, Ihanus E, Ballantyne CM, Gahmberg CG, Bi-
anchi ME, Nawroth PP. A novel pathway of 
HMGB1-mediated inflammatory cell recruit-
ment that requires Mac-1-integrin. EMBO J 
2007; 26: 1129-1139.

[20] Chavakis T, Bierhaus A, Al-Fakhri N, Schneider 
D, Witte S, Linn T, Nagashima M, Morser J, Ar-
nold B, Preissner KT, Nawroth PP. The Pattern 
Recognition Receptor (RAGE) Is a Counterre-
ceptor for Leukocyte Integrins A Novel Pathway 
for Inflammatory Cell Recruitment. J Exp Med 
2003; 198: 1507-1515.

[21] Moser B, Szabolcs M, Ankersmit H, Lu Y, Qu W, 
Weinberg A, Herold K, Schmidt A. Blockade of 
RAGE suppresses alloimmune reactions in vi-
tro and delays allograft rejection in murine 
heart transplantation. Am J Transplant 2007; 
7: 293-302.

[22] Yan SS, Wu ZY, Zhang HP, Furtado G, Chen X, 
Yan SF, Schmidt AM, Brown C, Stern A, Lafaille 
J. Suppression of experimental autoimmune 
encephalomyelitis by selective blockade of en-
cephalitogenic T-cell infiltration of the central 
nervous system. Nat Med 2003; 9: 287-293.

[23] Ishibashi Y, Matsui T, Takeuchi M, Yamagishi 
SI. Beneficial effects of metformin and irbesar-
tan on advanced glycation end products 
(AGEs)–RAGE-induced proximal tubular cell in-
jury. Pharmacol Res 2012; 65: 297-302.

[24] Ishibashi Y, Matsui T, Takeuchi M, Yamagishi S. 
Metformin inhibits advanced glycation end 
products (AGEs)-induced renal tubular cell in-
jury by suppressing reactive oxygen species 
generation via reducing receptor for AGEs 
(RAGE) expression. Horm Metab Res 2012; 
44: 891-895.

[25] Leclerc E, Fritz G, Weibel M, Heizmann CW, Ga-
lichet A. S100B and S100A6 differentially 
modulate cell survival by interacting with dis-
tinct RAGE (receptor for advanced glycation 
end products) immunoglobulin domains. J Biol 
Chem 2007; 282: 31317-31331.



Metformin protects human keratinocytes in diabetic environment

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

[26] Chung AC, Zhang H, Kong YZ, Tan JJ, Huang XR, 
Kopp JB, Lan HY. Advanced glycation end-prod-
ucts induce tubular CTGF via TGF-β-
independent Smad3 signaling. J Am Soci 
Nephrol 2010; 21: 249-260.

[27] Stern D, Du Yan S, Yan SF, Schmidt AM. Recep-
tor for advanced glycation endproducts: a mul-
tiligand receptor magnifying cell stress in di-
verse pathologic settings. Adv Drug Deliver Rev 
2002; 54: 1615-1625.

[28] Taguchi A, Blood DC, del Toro G, Canet A, Lee 
DC, Qu W, Tanji N, Lu Y, Lalla E, Fu C. Blockade 
of RAGE–amphoterin signalling suppresses tu-
mour growth and metastases. Nature 2000; 
405: 354-360.

[29] Yang SJ, Chen CY, Chang GD, Wen HC, Chang 
S, Liao J, Chang C. Activation of Akt by ad-
vanced glycation end products (AGEs): involve-
ment of IGF-1 receptor and caveolin-1. PLoS 
One 2013; 8: e58100.

[30] Zhang F, Banker G, Liu X, Suwanabol PA, Leng-
feld J, Yamanouchi D, Kent KC, Liu B. The novel 
function of advanced glycation end products in 
regulation of MMP-9 production. J Surg Res 
2011; 171: 871-876.

[31] Nah SS, Choi IY, Yoo B, Kim YG, Moon HB, Lee 
CK. Advanced glycation end products increas-
es matrix metalloproteinase-1, -3, and -13, 
and TNF-α in human osteoarthritic chondro-
cytes. FEBS Lett 2007; 581: 1928-1932.

[32] Yan SD, Schmidt AM, Anderson GM, Zhang J, 
Brett J, Zou YS, Pinsky D, Stern D. Enhanced 
cellular oxidant stress by the interaction of ad-
vanced glycation end products with their re-
ceptors/binding proteins. J Biol Chem 1994; 
269: 9889-9897.

[33] Foell D, Wittkowski H, Roth J. Mechanisms of 
disease: a’DAMP’view of inflammatory arthri-
tis. Nat Clin Pract Rheum 2007; 3: 382-390.

[34] Yamagishi S, Nakamura K, Matsui T, Ueda S, 
Fukami K, Okuda S. Agents that block ad-
vanced glycation end product (AGE)-RAGE (re-
ceptor for AGEs)-oxidative stress system: a 
novel therapeutic strategy for diabetic vascular 
complications. Expert Opin Investig Drugs 
2008; 17: 983-996.


