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Abbreviations: MMPs- matrix metalloproteinases, TIMPs- tissue inhibitors of matrix
metalloproteinases, MMP3- matrix metalloproteinase 3, TIMP2- tissue inhibitors of matrix
metalloproteinase 2, COL IlI- type Il collagen, IDDM- type 1 diabetes mellitus, NIDDM-
type 2 diabetes mellitus, ECM- extracellular matrix, C- control rats, I- insulin, IR- insulin

resistance, M- metformin

Summary

Background: The skin matrix metalloproteinase 3, tissue inhibitors of matrix
metalloproteinase 2 and collagen 111 content changes in type 1 diabetes and insulin resistance
treated with insulin and metformin were studied.

Material and Methods: Healthy adult male Wistar rats were obtained from experimental
animal house, Department of Experimental Pharmacology, Medical University in Bialystok.

The rats were divided randomly into five groups of 8 rats each. Control rats were injected
intraperitoneally by NaCl. Type IDDM was induced by a single injection of Streptozocin. Insulin
resistance was induced by a high-fat diet. The chosen groups of rats were also treated with insulin or

metformin. ELISA KITS (USCN Life Science, China) were used to measure content of matrix
metalloproteinase 3 (ELISA Kit for Matrix Metalloproteinase 3 - MMP3), tissue inhibitor of
matrix metalloproteinase 2 (ELISA Kit for Tissue Inhibitors Of Metalloproteinase 2 - TIMP2)
and content of collagen type 3 (ELISA Kit for Collagen Type Il - COL3). The results were

reported as a median. The statistical significance was defined as p< 0.05.

Results/Conclusions: Type 1 diabetes and insulin resistance have significantly reduced the
quality of the skin, shown by the increase in content of matrix metalloproteinase 3 and the
decrease in content of tissue inhibitors of matrix metalloproteinase 2. Type 1 diabetes and
insulin resistance have reduced the quality of the skin expressed by type Il collagen content

decrease but for future studies it is recommend to determine rat interstitial collagenase, MMP-



13, as well. Insulin and metformin treatment improved the quality of the diabetic skin,
demonstrated by the type 111 collagen content increase.
Keywords: type 1 diabetes, insulin resistance, insulin, metformin
Introduction

Diabetes mellitus is a group of metabolic conditions characterized by hyperglycemia
resulting from defects in insulin secretion, insulin action or both. The chronic hyperglycemia
of people with diabetes is associated with long-term damage, dysfunction, and failure of
different organs such as eyes, kidneys, nerves, heart and blood vessels (Powers 2005). One
third of people with diabetes will have skin problems caused by diabetes mellitus. Such
problems may be the first sign that a person has diabetes (Casqueiro at al. 2012). Many
cutaneous signs are easily recognizable as diabetic markers and three: diabetic bullae, limited
joint mobility and waxy skin, diabetic dermopathy are virtually diagnostic of diabetes (Jelinek
1994). Cutaneous manifestations of diabetes mellitus can be classified in the following
categories: skin lesion due to diabetic abnormalities e.g.: diabetic microangiopathy, diabetic
neuropathy, cutaneous infections, insulin resistance and various skin disorders (necrobiosis
lipoidica, disseminated waxy skin granuloma annulare, diabetic bullae of diabetic mellitus,
pruritis, stiff joints and waxy skin (Baloch 2008, Jelinek 1994), scleroderma (Lamba et al.
2005), vitiligo, lichen planus, hemochromatosis, eruptive xanthomas, finger pebbles, skin
tags, local insulin reactions, insulin lipodystrophy, reactive perforating collagenosis-
folliculitis (Baloch 2008, Jelinek 1994, Lamba et al. 2005). All patients with diabetes
eventually develop skin complications from the long-term effects of diabetes mellitus on the
microcirculation and on skin collagen; however patients with type 2 diabetes more often
develop skin infections, whereas those with type 1 diabetes more often have autoimmune-
related lesions (Powers 2005, Van Hattem et al. 2008). Type 1 diabetes mellitus (insulin-

dependent diabetes mellitus- IDDM) (Merriam-Webster Inc. 2002) is a form that usually



develops during childhood or adolescence and is characterized by severe deficiency of insulin
secretion resulting from atrophy of the islets of Langerhans. The subsequent lack of insulin
leads to increased blood and urine glucose. Type 2 diabetes (non-insulin-dependent diabetes
mellitus- NNIDM or adult-onset diabetes) (Merriam-Webster Inc. 2002, Powers 2005)
mellitus is a metabolic condition that is characterized by hyperglycemia in the context of
insulin resistance (IR) and relative lack of insulin (Masharani et al. 2011). The relationships
between insulin resistance and type 2 diabetes have been recognized. Insulin resistance is the
most powerful predictor of future development of type 2 diabetes it is also a therapeutic target
once hyperglycemia is present (Taylor 2012).

Early symptoms of insulin resistance may be missed, thus persons who are affected
may not even know they have condition until type 2 diabetes occurs. Various skin defects are
associated with insulin resistance including pseudo acanthosis nigricans (Lamba et al. 2005),
hirsutism, acne, hidradenitis suppurativa, oiliness, alopecia, papulosis of the fingers and skin
tags (de Almeida Tamega et al. 2010). Certain infections and sores that take a long time to
heal are a warning sign of unrecognized diabetes. Typical biophysical properties of diabetic
skin such as decreased skin elasticity, lower water content in stratum corneum, increased
itching and sweating disturbances are reported (Mackiewicz-Wysocka et al. 2014). The skin
of diabetic patients has deficient wound healing properties caused by diabetic
microangiopathy, neuropathy and disturbance in collagen metabolism. Some cutaneous
conditions are linked in collagen changes (Jelinek 1994). Collagen is a major protein of the
skin which plays an important role in the remodeling of skin structure. Skin tissue remodeling
depends on the degradation of extracellular matrix (ECM) caused by the matrix
metalloproteinases (MMPs) activity. MMPs activity is regulated by the tissue inhibitors of

matrix metalloproteinases (TIMPs). The balance between MMPs and TIMPs is important to



maintain homeostasis in the skin (Knas et al. 2013, Kuzminski et al. 2012, Zebrowska et al.
2005).

Matrix metalloproteinases comprise a family of over 20 structurally related proteins
which are zinc-dependent and calcium-activated endopeptidases. The members of MMPs are
able to degrade most extracellular matrix proteins and are involved in tissue remodeling and
contribute to cell migration by eliminating extracellular matrix and basement membrane
barriers. MMPs and their inhibitors play important roles in physiological processes such as
embryogenesis and wound healing; however, these enzymes are also involved in the
pathogeneses of many diseases, such as cancer, atherosclerosis or allergic diseases
(Kuzminski et al. 2012, Naduk-Kik et al. 2008, Zebrowska et al. 2005). Metabolism of
collagen in connective tissue remodeling process under various pathological conditions
requires the interplay of MMPs, not only soluble ones (MMP-2, MMP-9) but also the
membrane bound type 1 MMP (MT1-MMP) and TIMP-1, -2. The resulting complex MT1-
MMP/TIMP-2/MMP-2 initiates and completes the degradation of collagen fibril (Collier et al.
2011) Recent reports show that MMP-2 and MMP-9 may be involved in the pathogenesis of
diabetes mellitus and diabetic complications such as diabetic retinopathy. MMP-9 has the
ability to degrade type IV collagen, and insulin is able to activate IL-8, the main
chemoattractant factor for neutrophils and monocytes. In addition MMP-9 enables
inflammatory cell migration and pancreas colonization by eliminating the basement
membrane barriers. MMP-18 (type IV collagenases) are important for endothelial cell
migration occurring during neovascularization (diabetic retinopathy), as angiogenesis needs
extracellular matrix degradation; furthermore, these enzymes are able to degrade the pigment
epithelium-derived factor, which is the principal antiangiogenic protein of the eye (Naduk-
Kik et al. 2008). The MMP-3 (stromelysin 1, progelatinase) degrades collagen types: II, IlI,

IV, IX, and X, proteoglycans, fibronectin, laminin, and elastin. In addition, MMP-3 can also



activate other MMPs such as: MMP-1, MMP-7, and MMP-9; rendering MMP-3, crucial in
connective tissue remodeling. The MMP-3 is thought to be involved in wound repair,
progression of atherosclerosis, and tumor initiation (Ye et al. 1996). TIMP- 2 is secreted by
fibroblasts and endothelial cells and inhibits the activity of MMP-3, MMP-7 and MMP-9
(Trojanek 2012). MMP-3 can degrade telopeptides of interstitial collagens and denatured or
hydrolyzed interstitial collagen (Fields 2013, Martins et al. 2013, Wu et al. 1991). Catabolism
of interstitial collagen in extracellular matrix of several organs, including skin, is hydrolyzed
not only by “classic” collagenases into Y and % length fragments (MMP-1, MMP-8, and
MMP-13), but also MMP-9 (gelatinase B) which cleaves type I and II collagen into % and %
length fragments at the same cleavage site as classic collagenases (Fields 2013).
Backround

In the present literature, there is a lack of information on the metabolism of the
extracellular matrix of the skin, in typel diabetes and insulin resistance. We wanted to assess
the impact of type 1 diabetes and insulin resistance on the content of MMP-3, involved in the
remodeling of the connective tissue of the dermis, characterized by content of type IlI
collagen, as type I and 111 collagens are major components of the skin and plays an important
role in the remodeling of the skin structure. The skin matrix metalloproteinase 3, tissue
inhibitors of matrix metalloproteinase 2 and collagen 11l content changes in type 1 diabetes
and insulin resistance treated with insulin and metformin were studied.
Materials and methods

The study was approved by the Local Committee on the Ethical Use of Animals at the
Medical University in Bialystok, Poland (N. 113/275/81 P). Adult male Wistar rats were
obtained from the experimental animal house, Department of Experimental Pharmacology,

Medical University in Bialystok. The rats weighed between 0.168-0.180 kg and were housed



separately in standard conditions (20-21°C+2°C, 12 hours of light/12 hours of dark) with
unlimited access to water (Knas et al. 2013).

The rats were divided randomly into five groups of 8 rats each. Control rats (C) were
injected intraperitoneally (i.p.) with 0.9% NaCl (Knas et al. 2013); the mean glycaemia at the
end of the experiment: 5.09+0.40 mmol/I.

Type IDDM was induced in two groups of rats, by a single injection of STZ-
Streptozocin (Sigma, USA; 5x10°kg/kg, i.p. prepared in the citrate buffer 0.1 M, pH 4.5):
untreated diabetes type 1 (IDDM) and in insulin treated type 1 diabetes group (IDDM+1) (Al-
Bayaty et al. 2012). Blood was drawn from the tail on the seventh day after the STZ injection.
The blood glucose level was used to confirm the development of diabetes: 20.21+0.86
mmol/l. Treatment of diabetes was started in one group (IDDM+1) during the fifth week after
the STZ injection. The rats were treated with insulin (6-8 U (s.c.), depending on blood glucose
level) once a day for 3 weeks (Kna$ et al. 2013); the mean glycaemia at the end of the
experiment: 5.42+0.29 mmol/l.

Insulin resistance was induced in two groups by a high-fat diet (HFD) (Hou et al.
2012, Kna$ et al. 2013) with 60% fat, 20% protein, 20% carbohydrate: untreated insulin
resistance (IR), metformin (M) treated insulin resistance (IR+M). The blood glucose level was
used to confirm the development of diabetes: 19.20+94.82 mmol/l. Treatment of insulin
resistance was started in one group (IR+M) during the fifth week after the high-fat diabetes-
inducing diet. The rats were treated with metformin (3x10%kg-5x10* kg/kg per os),
depending on blood glucose levels) once a day for 3 weeks (Kna$ et al. 2013); the mean
glycaemia at the end of the experiment: 5.46+0.23 mmol/l.

The tail blood was drawn on the seventh day after the HFD and the blood glucose
levels were estimated using a glucometer (Accu-Check Active, Roche, France) (Knas et al.

2013).



The animals were anaesthetized by the injection of pentobarbital in a dose of 80 mg/kg
of body weight. All the animals were put to sleep and sacrificed. Skin samples were taken
from a shaved dorsal neck of each rat (approximately 2 cm?). Skin samples were rinsed in ice-
cold PBS (0.01 mol/l, pH 7.0-7.2). Small pieces of tissue were homogenized 6 times in 5-10
mL of PBS with glass-homogenizer (Omni TH, Omni International USA) on ice. The
resulting suspension was sonicated with an ultrasonic cell disrupter (UP 400S, Hielscher,
Germany; 1800 J per sample, 20 sec x 3 on ice to further break the tissue fragment. After that,
the homogenates were centrifuged for 5 minutes at 5000 x g (MPW 351, Poland) to remove
the supernatant and assayed immediately (Knas$ et al. 2013).

Assays

ELISA KITS (USCN Life Science, China) were used to measure content of matrix
metalloproteinase 3 (ELISA Kit for Matrix Metalloproteinase 3 - MMP3), tissue inhibitor of
matrix metalloproteinase 2 (ELISA Kit for Tissue Inhibitors Of Metalloproteinase 2 - TIMP2)
and content of collagen type 3 (ELISA Kit for Collagen Type Ill - COL 3). All performed in
duplicate.
Statistics

The results were reported as median. Statistical analysis was performed using
Statistica 10.0 (Statsoft, Cracow, Poland). The Kruskal-Wallis ANOVA test was used to study
the significant differences between groups. The statistical significance was defined as p<0.05.
Results
Content of matrix metalloproteinases 3 (MMP-3)

The MMP-3 content in the skin of untreated IDDM and IR rats was significantly
higher in comparison to the MMP-3 content of the control skin (C) (p<0.05). The MMP-3

content in diabetic rats treated with insulin (IDDM+l) and metformin treated insulin



resistance rats (IR+M) was significantly higher as compared to the content in the skin of
diabetic rats (IDDM) (p<0.001) and insulin resistance rats (IR) (p<0.05) (Table 1).
Content of tissue inhibitors of matrix metalloproteinases 2 (TIMP-2)

The TIMP-2 content was significantly lower in the skin of diabetic rats (IDDM)
(p<0.05) and rats (IR) (p<0.05) in comparison to healthy rats (C). The TIMP-2 content in the
skin of diabetic rats treated with insulin (IDDM+I) and rats with metformin treated insulin
resistance (IR+M) were significantly higher in comparison to the content in the skin of
diabetic rats (IDDM) (p<0.05) and in the skin of rats with insulin resistance (IR) (p<0.05)
(Table 1).

Ratio of MMP-3/TIMP-2

The MMP-3/TIMP-2 ratio was significantly higher in the skin of diabetic rats (IDDM)
(p<0.05) and insulin treated diabetic rats (IR) (p<0.05) in comparison to healthy rats (C). In
diabetic rats treated with insulin (IDDM+I) and insulin resistant rats treated with metformin
(IR*+M) MMP-3/TIMP-2 the skin ratio was significantly lower compared to the MMP-
3/TIMP-2 ratio in the skin of diabetic rats (IDDM) (p<0.001) and insulin resistant rats (IR)
(p<0.05) (Table 1).

Content of collagen 111 (COL I111)

The type 1l collagen content was significantly lower in the skin of diabetic rats
(IDDM) (p<0.001) and rats with insulin resistance (IR) (p<0.001) in comparison to healthy
rats (C). The type Ill collagen content in the skin of diabetic rats treated with insulin
(IDDM+I) and insulin resistant rats treated with metformin (IR+M) was significantly higher
compared to the collagen Ill content in the skin of diabetic rats (IDDM) (p<0.001) and of
insulin resistant rats(IR) (p<0.001) (Table 1).

Discussion



Type | and 111 collagens are major components of the skin that play an important role
in the remodeling of the skin structure. We selected the matrix metalloproteinase 3, due to
participation of MMP-3 in catabolism of type Il collagen (Jinnin 2010). Also, the
interrelationships between the content of MMP-3 and TIMP-2 in the experimental model are
not described in present literature.

Our results indicate that some parameters of homeostasis of the skin’s extracellular
matrix in diabetes and insulin resistance rats are different, comparing to the control rats. We
have shown increased MMP-3 content and decreased TIMP-2 content in the skin of rats with
diabetes and insulin resistance compared to the control. The significant MMP-3/TIMP-2 ratio
increase and significant decrease of collagen type 11l content were observed. A relationship
between the increase in the skin of MMP-3 content and decrease in content of collagen IlI
indicate on extracellular matrix increased catabolism in the skin (Dalton 2005, Knas$ et al.
2013). The increased ratio of MMP-3/TIMP-2 in the diabetic skin suggests an imbalance
between the degradation and the synthesis of the extracellular matrix, evidenced by the
significantly decrease in collagen Il content. Our previous study on MMP-2, TIMP-3 and
COL I (Knas$ et al. 2013) has shown that excessive glycation of collagen damages the skin
structure which was documented by the histological examination: a decrease of a skin
thickness, disappearance of the multilayer epithelial structure of the epidermis, atrophy and
degeneration of collagen fibers in the dermis, in comparison to the control rats. The similar
changes was observed in our studies and also other studies (Chen 2009, Knas et al. 2013).

Diabetic rats treated with insulin (IDDM+1) and insulin resistance rats treated with
metformin (IR+M) resulted in a significant reduction of MMP-3 content in the skin and
increased TIMP-2 and collagen content as compared to the untreated diabetic (IDDM) and

with insulin resistant (IR) rats.



The content of MMP-3 in the skin of insulin treated diabetes type 1 (IDDM+l) and
metformin treated insulin resistant rats (IR+M) did not differ significantly from the control
group. The same was observed according to the TIMP-2 content. This may be due to
increased susceptibility to glycation and degradation of TIMP-2 (Kna$ et al. 2013). Insulin
and metformin treatment increased content of COL Ill compared to healthy rats, which may
be due to the hypoglycemic and anabolic activity of insulin. It has been shown that insulin
increases the uptake of amino acids in the cells, enhances protein synthesis; stimulates the
RNA synthesis and polypeptides formation during translation (Miers et al. 1998, Sunahara et
al. 2012). The increase of the collagen Il content in the skin of insulin resistant rats treated
with metformin (IR+M), comparing to control level (C), may be the result of inhibiting the
formation of advanced glycation products, due to normoglycemia. It was reported that
normoglycemia restores the physiological metabolism of these proteins (Boyle et al. 2010,
Caso et al. 2010, Elgebaly et al. 2010, Lobman et al. 20082, Schneir et al. 1982, Spanheimer
1992, Verhofstad et al. 1998). Authors Andreea et al. (2008) and Collier et al. (2011)
suggests that in the mimicked diabetic conditions, the human fibroblasts, incubated with
increasing amount of AGE modified BSA, up-regulated the procollagen ol(III) mRNA
expression to the great extent in comparison to procollagen a2(I) mRNA expression, whereas
in high D-glucose levels there was a down regulation tendency of procollagen al1(III) mRNA.
Disturbance to the collagen metabolism may reduce the proper content of collagen but rather,
it would be expected, that group of animals with type 1 diabetes (IDDM) will exhibit higher
amount of collagen type Ill, due to the relative increase of AGEs. Due to above facts for
future studies it is recommend to determine rat interstitial collagenase, MMP-13, as well.
Collagen type 11l cleavages are the products not only of MMP-13 but also of MT1-MMP,

MMP-2 and -9 complexes, regulated by TIMP-1 and -2 (Collier 2011).



MMPs and TIMPs have a direct or indirect impact on the homeostasis in diabetic and
insulin resistance skin (excessive glycation of collagen damages the skin structure: a decrease
of a skin thickness, disappearance of the multilayer epithelial structure of the epidermis,
atrophy and degeneration of collagen fibers in the dermis) (Chen et al. 2009, Knas et al.
2013). Increased activity of MMP-3 influences in collagen Il content, which play an
important role in tissue remodeling. MMP-3/TIMP-2 ratio in insulin treated diabetic rats skin
(IDDM+1) and in insulin resistance with metformin treatment (IR+M) are significantly lower
in comparison to the skin of diabetic rats (IDDM) and rats with insulin resistance (IR),
showing a decrease in protein catabolism in the skin of treated rats, that is in accordance with
another reports (Elgebaly et al. 2010, Madibally et al. 2003, Schneir et al. 1982, Verhofstad et
al. 1998). The above changes may underlie the prevalence of diabetic complications of the
skin in the course of type 2 diabetes, in which insulin resistance is the first step in the
development of the disease, and where the first choice oral drug is metformin (Muris et al.
2012, Perez et al. 1994, VVan Hattem et al. 2008).

Conclusions

1. Type 1 diabetes and insulin resistance significantly reduced the quality of the skin,
evidenced by the increase of MMP-3 content and a decrease of TIMP-2 content in the skin.

2. Type 1 diabetes and insulin resistance reduced the quality of the skin shown in a decrease
of collagen Il content in the skin, but it is recommended to determine interstitial
collagenase- MMP13 content in the future studies.

3. Insulin and metformin treatment improved the quality of the diabetic skin reflected by the

collagen 111 content increase.
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Table 1. The content of: MMP-3, TIPM-2, MMP-3/TIMP-2, COL Il in the rats’ skin
(1.0x10°kg/10kg total of skin proteins). Abbreviation: (C) control group, (IDDM) diabetes
mellitus type 1 group, (IDDM+I) diabetes mellitus type 1 treated with insulin group, (IR)
insulin resistance group, (IR+M) insulin resistance treated with metformin group. Statistical

significance defined as p<0.05.

Group MMP-3 p TIMP -2 p MMP-3/TIMP-2 p COL-II p
c 0.57 C:IDDM 0.34 C:IDDM 151 C:IDDM 0.064 C:IDDM
0.003 0.003 0.016 0.0001
IDDM 13 CIR 0.17 CIR 7.42 CIR 0.011 CIR
0.004 0.004 0.021 0.0009
IDDM+1 0.47 0.39 1.74 0.142
IDDM:IDDM+1 IDDM:IDDM+I IDDM:IDDM+I IDDM:IDDM+I
0.0005 0.0026 0.0002 0.0001
IR 1.21 0.18 6.62 0.014
IR:IR+M IR:IR+M IR:IR+M IR:IR+M
0.004 0.02 0.032 0.0009
IR+M 0.68 0.28 2.46 0.061




