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ABSTRACT
Diabetic foot ulcerations could result in serious consequences such as
amputations. The up-regulation of matrix metalloproteinases and down-regulation
of TIMP1 were remarked as distinctive biological characteristics in the diabetic dermal
fibroblast. The current study was performed in order to clarify the effect of high
glucose on formation of diabetic dermal fibroblast cell. In addition, the effect of MDI
301 on ameliorating diabetic fibroblasts was investigated in this study. The mRNA
and protein expression levels of MMPs, TIMP1 and catalase were evaluated against
fibroblasts treated with high glucose (30 mM) using qRT-PCR, western blotting and
zymography assays. Methods were also employed for investigating the biological
effects of MDI 301 on high glucose-induced diabetic fibroblasts. In this study, we
found that the unbalance of oxidative stress induced by high glucose concentration
play an important role in the formation of diabetic dermal fibroblast from normal
cells. In addition, MDI 301, a picolinic acid-substituted ester of 9-cis retinoic acid was
employed in this study in order to ameliorate symptoms on diabetic dermal fibroblast
induced by high glucose concentration. We found MDI 301 alleviate the effects of
high glucose-induced skin damage by balancing the oxidative stress and regulating
the MMPs and TIMP1 levels. Our finding indicated that MDI 301 offers the potential
for repairing the faulty skin function arising from diabetes.

INTRODUCTION

a model explaining the relationship between MMP
activities and oxidative stress in diabetic rats [8]. Her
data demonstrated the links between oxidative stress and
alterations in the developmental pathways in which MMPs
are involved in diabetic dermal fibroblast [8]. According to
previous finding, capable of inducing oxidative stress and
mitochondrial dysfunctions in neurons, high glucose levels
may also elicit a similar effect in diabetic fibroblasts [9].
MDI 301 is a picolinic acid-substituted ester of
9-cis retinoic acid that shows biological activity on skin
damaged by ultraviolet radiation [10, 11]. MDI 301
increases epidermal thickness, procollagen synthesis
and decreases matrix metalloproteinase (MMP) activity
in organ-cultured skin [10]. Unlike all-trans retinoic
acid (RA), MDI 301 does not induce the expression of
proinflammatory cytokines or induce the expression of
leukocyte adhesion molecules in human skin [10, 11]. It

Diabetic foot ulceration is a contributing factor in
some of the 38,500 amputations performed each year
[1]. Diabetic foot ulceration, as one of the more common
and serious complications of diabetes, remains a cause of
considerable morbidity despite the early identification of
foot insensitivity, vascular insufficiency, and deformities
[2]. The reduced procollagen synthesis and increased levels
of connective tissue-degrading matrix metalloproteinases
(MMPs) have been identified as important factors in the
early diagnosis of diabetic foot ulcerations [3–6]. TIMP1,
tissue inhibitor of metalloproteinase-1, plays an important
role in balancing the TIMP1/MMPs ratios [3, 7] which
may represent potential biomarkers for predicting the
clinical morbidity of diabetic foot ulceration patients
as well [5]. In addition, Elida González demonstrated
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has also been reported that treatment of aged skin with
MDI 301 stimulates the proliferation of dermal fibroblasts
and reduces the expression of a wide range of MMPs
including MMP-1, MMP-3 and MMP-9 [10]. According
to its biological activities, MDI 301 was identified as a
potential clinical drug in the treatment of diabetic foot
ulcerations.
In the present study, the biological effects of MDI
301 on diabetic fibroblasts induced by high glucose
concentration were investigated since high glucoseinduced skin damage is more possible reason than
ultraviolet radiation-induced skin damage for diabetic
patients. Our findings demonstrated initially that high
glucose levels can induce an oxidative stress-mediated
morbidity of healthy fibroblasts. In addition, MDI 301
is capable of alleviating oxidative stress in diabetic
fibroblasts. Results indicated that MDI 301 might be
potent to ameliorate the diabetic skin damage.

qRT-PCR was used to analyze the mRNA expression
levels of MMPs after incubation with MDI 301. As shown
in Figure 3, the mRNA levels of MMP1, MMP2 and
MMP9 were down-regulated by MDI 301 by 67%, 51%
and 68% (P < 0.05), respectively. In addition, MDI 301
induced a 72% increase of TIMP1 mRNA expression as
compared to high glucose-treated fibroblasts, as shown
in Figure 3D (P < 0.05). The effects of MDI 301 on the
active forms of MMPs were investigated by the MMP
zymography assay, and the results showed a significant
decrease in the levels of activated MMP1, MMP2 and
MMP9, as shown in Figure 4A and 4B.

Effects of MDI 301 on procollagen I and III of
high glucose-induced diabetic fibroblasts
Next, we examined the effects of MDI 301 on
procollagen I and III by ELISA. Down-regulation of
procollagen I and III is characteristic in diabetic foot
ulcerations [12]. The protein abundance levels of
procollagen I and III in high glucose-induced diabetic
fibroblasts were increased significantly after 4 days
incubation with 3 mM MDI 301. The levels of procollagen
I and III showed a 103% and 53% increase, respectively,
as shown in Figure 5.
To study whether MDI 301 could decrease the
levels of catalase and superoxide dismutase, the two main
enzymes involved in cellular oxidative stress, the mRNA
expression levels of these two enzymes were investigated
in the presence of MDI 301.

RESULTS
The effects of high glucose on normal fibroblasts
Dermal fibroblasts from healthy female were
cultured in medium containing high glucose (30 mM)
as mentioned. The zymography assay was carrier on
in order to ascertain the changes of MMPs expression
level upon the high glucose treatment. Result indicated
the increase of active MMPs in high glucose-induced
diabetic fibroblasts compared with healthy fibroblast cell
(Figure 1). In addition, the mRNA expression levels of
several biomarkers, including MMP1, MMP2, MMP9,
TIMP1, procollagen type I and procollagen type III, were
analyzed using qRT-PCR and then were compared with
those from paralleled normal fibroblast cells. It showed
that the mRNA levels of MMP1, MMP2 and MMP9 from
normal fibroblasts in high glucose media were up-regulated
significantly (Figure 2). The increased expression of
MMPs in response to high glucose may reflect a reduction
in the TIMP1 level. The results suggested that fibroblasts
cultured in high glucose medium exhibit similar biological
characteristics to diabetic fibroblasts.

Effects of MDI 301 on catalase and superoxide
dismutase in high glucose-induced diabetic
fibroblasts
The high glucose-induced diabetic fibroblasts were
incubated with 3 mM MDI 301 for four days, and then
the mRNA expression levels of catalase and superoxide
dismutase were analyzed. The results showed a significant
decrease of catalase and superoxide dismutase levels. The
expression of catalase and superoxide dismutase mRNAs
decreased by 50% and 64%, respectively (Figure 6,
P < 0.05). These results suggested that MDI 301 might
act via balancing the oxidative stress level in diabetic
fibroblasts.

The effects of MDI 301 on the regulation of MMPs
and TIMP1 in high glucose-induced diabetic
fibroblasts

DISCUSSION

It was reported previously that MMP1, MMP2
and MMP9 are significantly over-expressed in diabetic
fibroblasts and are important determinants of diabetic
foot ulceration morbidity and exacerbation [3]. In this
study, the effects of MDI 301 on high glucose-induced
diabetic dermal fibroblasts were investigated, including
the effects of MDI 301 on the expression levels of
MMPs and TIMP1 in high glucose-induced diabetic
fibroblasts after four days incubation with 3 μM MDI 301.
www.impactjournals.com/oncotarget

In diabetes, the lifetime risk of developing a foot
ulcer is estimated to be 5%–15%. Approaches aimed at
reducing the risk of ulceration or improving healing rates
once ulceration has occurred are urgently required. The
cause of ulceration in diabetic patients is multifactorial
but may be accelerated by changes in the structure and
function of the skin secondary to impaired fibroblast
proliferation, decreased collagen synthesis and increased
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Figure 1: Increased expression level of active MMPs in fibroblasts treated by high glucose (30 mM). Legend: Lane 1

indicates the MMP zymography assay results from normal fibroblasts, and lane 2 shows the results from the fibroblasts treated with 30 mM
glucose. These results indicated that the protein abundance levels of MMPs increased in glucose (30 mM) treated fibroblasts. The active
forms of MMP2 and MMP9 increased significantly. Condition: The normal fibroblasts were cultured in DMEM cell culture containing
30 mM glucose. The cells were routinely cultured in a humidified atmosphere at 37°C, 5% (v/v) CO2, 95% (v/v) air, and they were used for
experiments between passages 3 and 5 (80% confluence). The cultured media were assayed for MMP-1, MMP-2 and MMP-9 by casein and
gelatin zymography. Zymographic images were digitized and quantified by scanning densitometry. Quantitative values for MMP-1, MMP-2
and MMP-9 were obtained and normalized against MMPs normalization standards.

Figure 2: High glucose increased the mRNA expression levels of MMPs and decreased the expression level of TIMP1
on normal dermal fibroblasts. Legend: (A) The normalized mRNA expression level of MMP1 in the normal fibroblasts cultured

in high glucose media. (B) The normalized mRNA expression level of MMP2 in the normal fibroblasts cultured in high glucose media.
(C) The normalized mRNA expression level of MMP9 in the normal fibroblasts cultured in high glucose media. (D) The normalized mRNA
expression level of TIMP1 in the normal fibroblasts cultured in high glucose media. These results suggested that high glucose increases
MMP levels, P < 0.05. The presence of high glucose alters the ratios between MMPs and TIMP1 which is a standard diagnostic of diabetic
foot ulcerations. Condition: The normal dermal fibroblasts were cultured in DMEM media containing high glucose (30 mM) for four days.
The mRNA expression levels of MMPs and TIMP1 were investigated by qRT-PCR, and the 2−ΔΔCT method was used to analyze the relative
changes in gene expression.
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matrix metalloproteinases (MMPs) expression [13]. The
expression of MMPs, including MMP1, MMP2 and
MMP9, is significantly up-regulated in diabetic patients.
Because oxidative stress presumably contributes to the
up-regulation of MMPs [8], catalase and superoxide
dismutase were considered to be involved in oxidative
stress induction. MDI 301, a picolinic-acid-substituted
9-cis RA ester, was reported to exhibit beneficial effects
on skin collagen synthesis and MMP activation in diabetic
hairless rats [10].
In the current studies, we investigated the effect of
high glucose on the formation of oxidative stress in normal
fibroblasts obtained from healthy females and the biological
effects of MDI 301 on these fibroblasts. Initially, normal
fibroblasts obtained from healthy females were cultured in

medium containing high glucose. These oxidants have been
reported to be involved in the activation of latent MMPs,
which results in many alterations in the developmental
pathways in which MMPs are involved [8]. It has also been
reported that high glucose levels might induce oxidative
stress and apoptosis in neurons and diabetic patients
[14–16]. We predicted that the oxidative stress induced
by the presence of a high glucose concentration might
be contributing to the oxidative unbalance and morbidity
in diabetic patients. In our finding, it was found that the
high glucose levels induced the up-regulation of MMPs
(Figures 1 and 2). Results indicated that high glucose
resulted in the increased expression of catalase and
superoxide dismutase, which are involved in induction of
cellular oxidative stress.

Figure 3: Effects of MDI 301 on the mRNA expression levels of MMPs in high glucose treated-fibroblast cells. Legends:
(A) The normalized mRNA expression level of MMP1 in high glucose treated-fibroblasts at the presence of 3 µM MDI 301. (B) The
normalized mRNA expression level of MMP2 in high glucose treated-fibroblasts at the presence of 3 µM MDI 301. (C) The normalized
mRNA expression level of MMP9 in high glucose treated-fibroblasts at the presence of 3 µM MDI 301. (D) The normalized mRNA
expression level of TIMP1 in high glucose treated-fibroblasts at the presence of 3 µM MDI 301. These results showed a decrease in the
mRNA expression levels of MMP1, MMP2 and MMP9 in the fibroblast cells treated with 3 µM MDI 301. After MDI 301 treatment, the
mRNA expression level of MMP1 decreased by 67% (P < 0.05), MMP2 decreased by 51% (P < 0.05) and MMP9 decreased by 68%
(P < 0.05). The mRNA expression level of TIMP1 was analyzed by qRT-PCR, and the data showed that the cells treated with MDI 301
had an increase of 72% (P < 0.05) compared to cells without MDI 301 incubation. Condition: The mRNA analysis kits for MMP1, MMP2
and MMP9 were supplied by Shanghai Sangon Institute of Biology, and the 2−ΔΔCT method was used to analyze the relative changes in
gene expression.
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Figure 4: Effect of MDI 301 on the formation of active MMPs by MMP zymography assays. Legend: (A) MMP zymography

assay for MMP1. (B) MMP zymography assay for MMP2 and MMP9. These results indicated that MDI 301 is capable of inhibiting the
formation of MMPs in fibroblasts treated by 30 mM glucose. Condition: The normal fibroblasts were cultured in DMEM cell culture
containing high glucose (30 mM). The cells were routinely cultured in a humidified atmosphere at 37°C, 5% (v/v) CO2, and 95% (v/v) air
and used for experiments between passages 3 and 5 (80% confluence). The cultured media were assayed for MMP-1, MMP-2 and MMP-9
by casein and gelatin zymography.

Figure 5: Effects of MDI 301 on procollagen I and III. Legend: (A left) Normalized protein abundance of procollagen I in high

glucose-treated fibroblasts treated with MDI 301; (A right). Western blotting analysis of procollagen I in high glucose-treated fibroblasts
treated with MDI 301. Lane 1 shows the level of procollagen I in the fibroblasts treated with MDI 301. Lane 2 shows the level of procollagen
I in the fibroblasts not treated with MDI 301. β-actin was employed as a control in this experiment. (B left) The normalized protein
abundance of procollagen III in high glucose-treated fibroblasts treated with MDI 301. (B right) Western blotting analysis of procollagen
III in high glucose-treated fibroblasts treated with MDI 301. Lane 1 shows the level of procollagen III in the fibroblasts treated with MDI
301. Lane 2 shows the level of procollagen III in the fibroblasts not treated with MDI 301. β-actin was employed as a control in this
experiment. The western blotting results of procollagen I and III suggest that MDI 301 induces higher expression levels of procollagen I and
III in high glucose-treated fibroblasts upon the treatment of MDI 301. The images were digitized and quantified by scanning densitometry.
Quantitative values for procollagen I and procollagen III were obtained and being normalized against the normalization standards. The data
shows that MDI 301 induced an increase of procollagen I (103%) and of procollagen III (53%) in the high glucose-treated fibroblasts treated
with MDI 301, P < 0.05. Condition: The high glucose-treated fibroblasts were incubated with 3 µM MDI 301 for four days in a humidified
atmosphere at 37°C, 5 % (v/v) CO2, and 95% (v/v) air and were used for experiments between passages 3 and 5 (80% confluence). The
cultured media were assayed for procollagen I and procollagen III by western blotting assays.
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The MMP zymography assay was performed
afterward in order to clarify the effects of MDI 301
on high glucose-induced diabetic fibroblasts. Results
demonstrated that MDI 301 is capable of decreasing the
mRNA expression levels of MMPs and up-regulating
TIMP1 level on the high glucose treated fibroblasts
(Figure 3). The results show that in the presence of 3 µM
MDI 301, the expression levels of MMPs in high glucoseinduced diabetic individuals were decreased to levels
similar to those of cells derived from healthy females.
Additionally, the MMP zymography assays showed that
MDI 301 is capable of inhibiting the formation of the
active forms of MMPs (Figure 4). The decreased levels of
MMPs were correlated with the up-regulation of TIMP1.
Combined with up-regulation of procollagen I and III
(Figure 5), these results clearly suggested that MDI 301
is potent to alleviate the skin damage induced by high
glucose. From Figure 6, it indicated that MDI 301 might
regulate the MMPs and TIMP1 level depending on its
activity on balancing the oxidative stress on the dermal
fibroblasts treated by high glucose (30 mM).

atmosphere at 37°C, 5% (v/v) CO2, and 95% (v/v) air, and
cells between passages 3 and 5 (80% confluence) were
used for the experiments. MDI 301 was purchased from
Sigma Chemical Company (St. Louis, MO, USA).

Quantitative real time PCR (qRT-PCR)
The mRNA analytical kits for detecting MMP1,
MMP2, MMP9, TIMP1, catalase and superoxide
dismutase were purchased from Shanghai Sangon Institute
of Biology (Shanghai, China), and the 2−ΔΔCT method was
used to analyze the relative changes in gene expression.

MMP assays
Medium from organ-cultured cells was assayed for
abundance levels of MMP-1, MMP-2 and MMP-9 by
casein and gelatin zymography, as described previously
[17]. Zymographic images were digitized and quantified
by scanning densitometry. Quantitative values for the
expression level of MMP-1, MMP-2 and MMP-9 proteins
were obtained and normalized against MMP normalization
standards.

MATERIALS AND METHODS

ELISA assay for tissue inhibitor of
metalloproteinase-1 (TIMP-1)

Materials
Healthy human dermal fibroblasts kindly supplied
by Tianjin Medical University General Hospital
were cultured in Dulbecco minimal Eagle’s medium
(DMEM) which contained a high glucose concentration
(30 mM). The cells were routinely cultured in a humidified

Culture media was assayed for abundance level of
TIMP-1 by enzyme-linked immunosorbent assay (ELISA)
using a commercially available assay kit (R&D Systems,
Minneapolis, USA).

Figure 6: Effects of MDI 301 on catalase and superoxide dismutase involved in oxidative stress. Legend: MDI 301 induced

a 50% decrease in the mRNA expression level of catalase in high glucose-treated fibroblasts. In addition, MDI 301 induced a 64% decrease
in the mRNA expression level of superoxide dismutase in high glucose-treated fibroblasts. These data indicate that the mRNA levels of both
catalase and superoxide dismutase decrease in the presence of 3 µM MDI 301. Catalase and superoxide dismutase are involved in the induction
of cellular oxidative stress which is attributed to the rise of MMP expression levels and activations. Condition: The cells were incubated with
3 µM MDI 301 for four days, and then the expression levels of catalase and superoxide dismutase were examined by qRT-PCR. The 2−ΔΔCT
method was used to analyze the relative changes in gene expression.
www.impactjournals.com/oncotarget
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Western blotting

proteases and their inhibitors. Wound Repair Regen. 1999;
7:442–452.

Procollagen type I and III protein expression levels
were detected by Western blotting. Antibodies were
purchased from Santa Cruz Biotechnology Inc (California,
US) and used according to the manufacturer’s protocols.
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CONCLUSIONS
In conclusion, diabetic foot ulcerations exhibit
functional defects which may predispose individuals to
fragility and ulceration. We presumed that high glucose
might be one of the important factors for the formation
of diabetic skin damage. It was confirmed that the
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indicated that MDI 301 might to ameliorating structural
skin defects in these high-risk patients.

8. Pustovrh MC, Jawerbaum A, Capobianco E, White V,
Martinez N, Lopez-Costa JJ, Gonzalez E. Oxidative stress
promotes the increase of matrix metalloproteinases-2 and
-9 activities in the feto-placental unit of diabetic rats. Free
Radic Res. 2005; 39:1285–1293.
9. Cao J, Cai FC, Chen J, Zhang XP. [Activated factor of
immature neurons for excessive apoptosis induced by
exogenous glucocorticosteroid]. [Article in Chinese].
Zhonghua Yi Xue Za Zhi. 2010; 90:418–423.

Authors’ contributions
JH.ZH performed the all experiments including
quantitative real time PCR assay, western blotting assays
and so on. YL.W wrote the manuscript including the
discussion.

10. Warner RL, Bhagavathula N, Nerusu K, Hanosh A,
McClintock SD, Naik MK, Johnson KJ, Ginsburg I,
Varani J. MDI 301, a nonirritating retinoid, improves
abrasion wound healing in damaged/atrophic skin. Wound
Repair Regen. 2008; 16:117–124.

ACKNOWLEDGMENTS

11. Varani J, Perone P, Merfert MG, Moon SE, Larkin D,
Stevens MJ. All-trans retinoic acid improves structure and
function of diabetic rat skin in organ culture. Diabetes.
2002; 51:3510–3516.

This study was supported by the sub-project (Grant
No. 2010CB735602) of the Major State Basic Research
Development Program of China (973 Program) (Grant No.
2010CB35600).

12. Varga J, Gotta S, Li L, Sollberg S, Di Leonardo M.
Scleredema adultorum: case report and demonstration
of abnormal expression of extracellular matrix genes in
skin fibroblasts in vivo and in vitro. Br J Dermatol. 1995;
132:992–999.

CONFLICTS OF INTEREST
None.

13. Zeng W, Tahrani A, Shakher J, Varani J, Hughes S, Dubb K,
Stevens MJ. Effects of a synthetic retinoid on skin structure,
matrix metalloproteinases, and procollagen in healthy and
high-risk subjects with diabetes. J Diabetes Complications.
2011; 25:398–404.

REFERENCES
1. Ulbrecht JS, Cavanagh PR, Caputo GM. Foot problems in
diabetes: an overview. Clin Infect Dis. 2004; 39:S73–82.

14. Uemura S, Matsushita H, Li W, Glassford AJ, Asagami T,
Lee KH, Harrison DG, Tsao PS. Diabetes mellitus enhances
vascular matrix metalloproteinase activity: role of oxidative
stress. Circ Res. 2001; 88:1291–1298.

2. Boyko EJ, Ahroni JH, Cohen V, Nelson KM, Heagerty PJ.
Prediction of diabetic foot ulcer occurrence using
commonly available clinical information: the Seattle
Diabetic Foot Study. Diabetes Care. 2006; 29:1202–1207.

15. Roberts CK, Won D, Pruthi S, Kurtovic S, Sindhu RK,
Vaziri ND, Barnard RJ. Effect of a short-term diet and
exercise intervention on oxidative stress, inflammation,
MMP-9, and monocyte chemotactic activity in men

3. Trengove NJ, Stacey MC, MacAuley S, Bennett N,
Gibson J, Burslem F, Murphy G, Schultz G. Analysis of
the acute and chronic wound environments: the role of
www.impactjournals.com/oncotarget

43895

Oncotarget

with metabolic syndrome factors. J Appl Physiol. 2006;
100:1657–1665.

17. Gibbs DF, Warner RL, Weiss SJ, Johnson KJ, Varani J.
Characterization of matrix metalloproteinases produced by
rat alveolar macrophages. Am J Respir Cell Mol Biol. 1999;
20:1136–1144.

16. Ho FM, Liu SH, Lin WW, Liau CS. Opposite effects of high
glucose on MMP-2 and TIMP-2 in human endothelial cells.
J Cell Biochem. 2007; 101:442–450.

www.impactjournals.com/oncotarget

43896

Oncotarget

