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Abstract. Advanced glycation end products (AGEs) are 
involved in delaying the wound healing of diabetic foot ulcers. 
The present study investigated the effects of heme oxygenase‑1 
(HO‑1) on oxidative stress, inflammatory insult and biological 
behaviors in rat dermal fibroblasts in the presence of AGEs. 
Rat dermal fibroblasts were cultured in the presence of AGEs 
(100 µg/ml), glucose (1.0 g/l or 4.5 g/l), hemin (5 µM) and chro‑
mium mesoporphyrin (CrMP; 20 µM). A bilirubin kit, reverse 
transcription‑quantitative PCR and western blotting were used 
to measure the activity and mRNA and protein levels of HO‑1, 
respectively. ELISA kits were used to measure the levels of 
reactive oxygen species (ROS), malondialdehyde (MDA), 
8‑hydroxydeoxyguanosine (8‑OHdG), TNF‑α, IL‑6, IL‑1β 
and the viability and collagen (hydroxyproline) secretion of 
fibroblasts. Cell proliferation and apoptosis were measured via 
flow cytometry. The scratch test was performed to evaluate cell 
migration. The results revealed that AGEs resulted in oxida‑
tive stress, inflammatory response and biological behavioral 
disorders in fibroblasts, while worsened functional disorders 
were caused by the combination of AGEs and high‑glucose 
treatment. Hemin treatment induced sustained high HO‑1 
expression, decreased the levels of ROS, MDA, 8‑OHdG, 
TNF‑α, IL‑6, IL‑1β and cell apoptosis, and increased cellular 
collagen synthesis, viability, proliferation and migration, 

whereas CrMP abolished the effects of hemin. It was observed 
that high HO‑1 expression reversed the AGE‑induced oxida‑
tive stress, inflammatory response and biological behavioral 
disorders in fibroblasts, but fibroblast function did not return to 
that observed under normal glucose levels. In conclusion, it was 
demonstrated that hemin treatment induced high HO‑1 expres‑
sion. HO‑1 reduced the AGE‑induced functional disorders in 
fibroblasts and may accelerate the healing of diabetic wounds 
by improving fibroblast biological behaviors and reducing the 
oxidative stress and inflammatory response.

Introduction

Diabetic patients are susceptible to the development of 
chronic wounds, especially on the feet (1). Diabetic foot ulcer 
(DFU)‑derived fibroblasts contribute to defective matrices 
and chronic wound pathogenesis (1). Chronic hyperglycemia 
contributes to the formation of advanced glycation end 
products (AGEs), which are harmful compounds formed by 
glycation reactions and are considered to serve a causative 
role in the development and worsening of diabetic wound 
healing (2,3).

Diabetes is a chronic condition associated with elevated 
oxidative stress and inflammation, involving a continuum 
of tissue and cellular insults that leads to the development 
of DFUs (4‑6). Previous studies have demonstrated that the 
diabetic environment is characterized by elevated oxidative 
stress indices [reactive oxygen species (ROS), malondialde‑
hyde (MDA) and 8‑hydroxydeoxyguanosine (8‑OHdG) (4,5)] 

and increased proinflammatory cytokines, such as TNF‑α, 
IL‑6 and IL‑1β  (6,7). However, the human body possesses 
several defense mechanisms against oxidative stress and 
inflammatory insults. For example, heme oxygenase‑1 (HO‑1) 
is an antioxidative, anti‑inflammatory and cytoprotective 
enzyme that is increased as a protective response to stress. 
It has been revealed that HO‑1 is upregulated in response 
to oxidative stress that leads to impaired wound healing (8). 

It has been indicated that HO‑1 exerted potent antidiabetic 
and insulin‑sensitizing effects, in addition to suppressing 
immune/inflammatory insults  (9). In a previous study, 
HO‑1 improved the biological behavior of fibroblasts and 
reduced oxidative damage caused by a high‑glucose (HG) 
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environment (10). The present study examined HO‑1 expres‑
sion in rat dermal fibroblasts in experimental groups before 
and after the hemin induction of HO‑1 expression to elucidate 
the antioxidative and anti‑inflammatory effects of HO‑1 and 
its cytoprotective role in high AGE environments. 

Materials and methods

Cell culture and groupings. Rat dermal fibroblasts (cat. 
no. CRL‑1213; American Type Culture Collection) were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) without any supplementary antibiotics in an incubator 
(37˚C; 5%  CO2). Fibroblasts were cultured in DMEM 
containing 10%  FBS under twelve different conditions 
(according to the groupings) for 72 h after 24 h of serum 
deprivation (0.5% FBS). All manipulations were performed 
in dim lighting, and the plates were wrapped in aluminum 
foil to protect them from the light. Cells were sub‑cultured 
after they had grown to confluence. All experiments were 
performed in triplicate. 

The cells were divided into the following groups: i) normal 
glucose (NG) (NG 1.0 g/l; Gibco; Thermo Fisher Scientific, 
Inc.); ii)  NG  + Hemin (hemin 5  µM; MilliporeSigma); 
iii) NG + chromium mesoporphyrin (CrMP) (CrMP 20 µM; 
MilliporeSigma); iv)  NG  + Hemin  + CrMP; v)  AGEs  + 
NG (AGEs 100  µg/ml; Gibco; Thermo Fisher Scientific, 
Inc.); vi) AGEs + NG + Hemin; vii) AGEs + NG + CrMP; 
viii) AGEs + NG + Hemin + CrMP; ix) AGEs + HG (HG 
4.5 g/l); x) AGEs + HG + Hemin; xi) AGEs + HG + CrMP; 
and xii) AGEs + HG + Hemin + CrMP group (9‑11).

Determination of HO‑1 mRNA expression. Rat fibroblasts were 
cultured in 6‑well plates at a density of 1.0‑2.0x105 cells/well 
and harvested after 72 h of treatment. HO‑1 mRNA expres‑
sion was determined via reverse transcription‑quantitative 
PCR. RNA extraction was performed using Trizol reagent 
(cat. no  R0016; Beyotime Institute of Biotechnology) 
according to the manufacturer's guidelines. Then the 
M‑MLV Reverse Transcriptase Kit (cat. no.  MLV100K; 
ProFoldin) was used for the reverse transcription of RNA 
samples according to the manufacturer's guidelines. The 
primers were designed by Invitrogen (Thermo Fisher 
Scientific, Inc.), according to the sequences of rat HO‑1 and 
EF2 in GenBank (http://www.ncbi.nlm.nih.gov/), as follows: 
HO‑1 (forward, 5'‑AGA​GTC​CCT​CAC​AGA​CAG​AGT​TT‑3' 
and reverse, 5'‑CCT​GCA​GAG​AGA​AGG​CTA​CAT​GA‑3'); 
EF2 (forward, 5'‑GAC​ATC​ACC​AAG​GGT​GTG​CAG‑3' and 
reverse, 5'‑TCA​GCA​CAC​TGG​CAT​AGA​GGC‑3').

Amplification was performed according to the instructions 
of the SYBR PrimeScript RT‑PCR Kit (cat. no. RR055A; 
Takara Bio, Inc.). Briefly, 10 µl SYBR Premix Ex Taq™ (2X), 
0.4 µl PCR forward primer (10 µM), 0.4 µl PCR reverse frimer 
(10 µM), 0.4 µl ROX reference dye (50X) and 2.0 µl cDNA 
template were added into a microfuge tube along with distilled 
water to make a total volume of 20.0 µl. The PCR reactions 
were performed in a LightCycler 480 real‑time‑PCR system 
(Roche Diagnostics), with denaturation at 95˚ for 30  sec, 
followed by 40 cycles of 95˚ for 5 sec and 60˚ for 20 sec. A 
melting curve analysis was performed to ensure the specificity 

of the amplification, and the products were quantified using 
the 2‑ΔΔCq method (12). The difference between the Ct value 
of HO‑1 and the corresponding EF2 value in each sample was 
used to determine the relative HO‑1 value (10,11).

Determination of HO‑1 protein expression. HO‑1 protein 
expression was measured using western blot analysis. 
Proteins were extracted from fibroblasts with 100 µl RIPA 
and 1 µl PMSF (Beijing Solarbio Science & Technology 
Co., Ltd.). The lysate centrifuged at 11,000 x g for 20 min 
at 4 ,̊ and the supernatant was stored at ‑80 .̊ Protein concen‑
trations were determined using a BCA kit (Beijing Solarbio 
Science & Technology Co., Ltd.). A total of 40 µg protein 
were electrophoresed in 10% denaturing SDS‑PAGE. The 
proteins were transferred to PDVF membranes and incu‑
bated in blocking buffer [5% nonfat milk in PBS containing 
0.1% Tween 20 (PBS‑T)] for 1.5 h at room temperature, 
followed by an overnight incubation at 4˚C in 1:1,000 dilu‑
tion of monoclonal antibody to HO‑1 (cat. no. SAB5700731; 
Sigma‑Aldrich; Merck KGaA). The membrane was PBS 
washed three times and incubated with a 1:1,000 dilution 
of horseradish peroxidase‑linked goat anti‑rabbit IgG 
(cat. no. SR134; Beijing Solarbio Science & Technology 
Co., Ltd.) in PBS‑T containing 1% nonfat milk for 1.5 h 
at room temperature. Membranes were washed again and 
developed with a chemiluminescent agent (cat. no. SW2010; 
Beijing Solarbio Science & Technology Co., Ltd.). The 
band densities were measured using TINA image software 
(Elysia‑raytest GmbH) (10).

Determination of HO‑1 activity. HO‑1 activity in fibroblast 
microsomes was measured using bilirubin generation based 
on the instructions of the bilirubin kit (cat. no. BS‑E11055R2; 
Jiangsu Boshen Biological Technology Co., Ltd.). The level of 
extracted bilirubin was calculated based on the difference in 
absorption at 510 nm (extinction coefficient 40/mmol/cm for 
bilirubin). HO‑1 activity was expressed as pmol bilirubin/mg 
protein/h, as previously reported (10).

Analysis of oxidative stress and inflammatory insult markers. 
Rat fibroblasts were cultured in 6‑well plates at a density of 
1.0‑2.0x105 cells/well and the supernatants were collected after 
72 h treatment. The levels of 8‑OHdG (cat. no. E4442‑100; 
BioVision, Inc.), ROS (cat. no. MS‑21264R2; Shanghai Maisha 
Biological Technology Co., Ltd.), MDA (cat. no. KTE100650; 
Abbkine Scientific Co., Ltd.), TNF‑α (cat. no. PT516; Beyotime 
Institute of Biotechnology), IL‑6 (cat. no. ab100772; Abcam) 
and IL‑1β (cat. no. ab100767; Abcam) were measured using 
ELISA according to the manufacturers' instructions and a plate 
reader (SpectraMax 340PC; Molecular Devices, LLC) (4,7,10). 

Collagen (hydroxyproline) secretion and viability assay. 
Rat fibroblasts were cultured in 6‑well plates at a density of 
1.0‑2.0x105 cells/well. After treatment for 72 h as aforemen‑
tioned, collagen (hydroxyproline) secretion was measured 
via ELISA. Hydroxyproline was measured according to 
the instructions of the rat hydroxyproline ELISA kit (cat. 
no. RTEB1742; Assay Genie). Cell viability was assessed 
using a CCK‑8 kit (cat. no. ER0808; Wuhan Fine Biotech 
Co., Ltd.). The cells were inoculated into 96‑well plates at a 
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density of 2.0‑3.0x103 cells/well. Premixed CCK‑8 reagent and 
complete cell culture medium (10 µl:100 µl) was added into 
the 96‑well plates, and the cells were incubated for 0.5‑1 h 
at 37˚C, and A450 values were obtained subsequently with a 
3550 automatic detector (Beckman Coulter, Inc.) (10,13).

Proliferation and apoptosis assay. Rat fibroblasts were 
cultured in 6‑well plates at a density of 1.0‑2.0x105 cells/well 
and were harvested after 72 h of treatment as aforementioned. 
Cells were centrifuged at 11,000 x g for 6 min at 4˚C, and 
the supernatant was discarded. Cells were resuspended with 
1.5 ml PBS. Subsequently, 300 µl of the cell suspension was 
added into 800 µl ice‑cold ethanol, and fixed overnight at 4˚C 
in dark. The next day, the cell suspension was centrifuged 
at 11,000 x g for 10 min at 4˚C, and the supernatant was 
discarded. The cells were resuspended again with 500 µl PBS 
containing RNase A (100 U/ml), and incubated for 30 min at 
37˚C. Then, ethidium bromide (2 mg/ml) was added to a final 
concentration of 50 µg/ml and incubated for 30 min in dark at 
4˚C. Cell cycle was detected by standard procedures of flow 
cytometry (FACSCalibur; BD Biosciences), and the S‑phase 
cell ratio and proliferation index were calculated at the same 
time. S‑phase cell ratio was calculated as S/(G0/G1 + S + 
G2/M), and proliferation index was calculated as (S + G2/M)/ 
(G0/G1 + S + G2/M) (10).

Cell apoptosis was assessed with Annexin V‑fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) Apoptosis 
Detection Kit (Beyotime Institute of Biotechnology) according 
to the manufacturer's guidelines. Briefly, cells were collected 
and then resuspended as aforementioned. Subsequently, 5 µl 
AnnexinV‑FITC and 5 µl PI were added and maintained for 
15 min in the dark at room temperature. Lastly, cell apoptosis 
was examined with a FACScan flow cytometry analyzer (BD 
Biosciences). The results were expressed as the mean ± SD of 
three determinations per sample for each experiment, as previ‑
ously reported (10). 

Migration assay. Horizontal migration was assessed using the 
scratch test. Rat fibroblasts were cultured in 6‑well plates at 
a density of 1.0‑2.0x105 cells/well. After 72 h of treatment as 
aforementioned, the bottom of 6‑well plates were scratched 
with a 10‑µl tip. Subsequently, the cells were cultured for 24 h 
without serum. Five different horizontal areas were selected 
and the width of the wound at 0 and 24 h after scratching was 
measured. The mean distance was the horizontal migration 
rate, which was calculated as follows: (Width at 0 h‑width at 
24 h)/width at 0 h x100% (10).

Statistical analysis. Data are presented as the mean ± SD. 
Comparisons between two groups were performed using 
unpaired Student's t‑test. Pairwise comparisons among three 
groups were performed using one‑way ANOVA followed by 
Student‑Newman‑Keuls post hoc analysis. Pairwise compari‑
sons among >3 groups were performed using one‑way ANOVA 
followed by Tukey's post hoc test. Data were analyzed with 
Microsoft Excel 2003 (Microsoft Corporation) and SPSS 13.0 
(SPSS, Inc.) for Windows. Statistical analyses were performed 
using the average results of three experimental repeats under 
identical conditions. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Establishment of the fibroblast functional disorder model. 
Compared with normal glucose conditions, AGEs induced 
oxidative stress, inflammation and biological behavioral disor‑
ders in fibroblasts, and more severe cell damage was caused by 
the combination of AGEs and HG conditions.

ELISA was used to measure markers of oxidative stress 
(ROS, MDA and 8‑OHdG) and inflammatory insult (TNF‑α, 
IL‑6 and IL‑1β). ROS, MDA and 8‑OHdG levels in the AGEs + 
NG group were 4.2‑, 2.6‑ and 2.8‑fold higher, respectively, 
compared with those in the NG group at 72 h (all P<0.05). 
ROS, MDA and 8‑OHdG levels in the AGEs + HG group were 
5.5‑, 3.6‑ and 3.7‑fold higher, respectively, compared with those 
in the NG group (all P<0.05), and were 1.3‑, 1.4‑ and 1.3‑fold 
higher, respectively, in the AGEs  + HG group compared 
with the AGEs + NG group (all P<0.05) (Table I). TNF‑α, 
IL‑6 and IL‑1β levels in the AGEs + NG group were 3.6‑, 
3.8‑ and 3.2‑fold higher, respectively, compared with those in 
the NG group at 72 h (all P<0.05). In the AGEs + HG group, 
TNF‑α, IL‑6 and IL‑1β levels were 4.7‑, 4.6‑ and 3.9‑fold 
higher, respectively, compared with those in the NG group (all 
P<0.05), and were 1.3‑, 1.2 and 1.2‑fold higher, respectively, 
in the AGEs + HG group compared with the AGEs + NG 
group (all P<0.05) (Table I). These results indicated that AGEs 
caused oxidative stress and inflammatory insult in fibroblasts, 
and severe damage was caused by the combination of AGEs 
and HG conditions.

Subsequently, ELISA was used to measure fibroblast 
collagen secretion and viability. Cell proliferation and apop‑
tosis were measured by flow cytometry, and the scratch test 
was used to evaluate cell migration. Fibroblast collagen secre‑
tion (595.37±61.26 pg/ml), viability (1.46±0.18), the S‑phase 
cell ratio (14.93±1.97%), the proliferation index (18.10±1.93%) 
and the horizontal migration rate (0.47±0.12%) were inhib‑
ited in the AGEs + NG group compared with the NG group 
(943.61±92.17 pg/ml, 1.87±0.21, 23.67±2.67%, 29.14±2.55% 
and 0.73±0.19%, respectively; all P<0.05). Early apoptosis 
(9.87±1.99%) and end‑stage apoptosis and death (10.53±2.02%) 
were increased in the AGEs  + NG group compared with 
the NG group (4.36±1.42 and 5.37±1.63%, respectively; 
both P<0.05). Collagen secretion (354.21±49.34 pg/ml), cell 
viability (1.09±0.17), the S‑phase cell ratio (12.00±1.67%), the 
proliferation index (17.90±2.54%) and the horizontal migra‑
tion rate (0.28±0.11%) were inhibited in the AGEs + HG group 
compared with the NG group (all P<0.05). Early apoptosis 
(14.12±2.38%) and end‑stage apoptosis and death (20.72%±4.18) 
were increased in the AGEs + HG group compared with the 
NG group (both P<0.05). Collagen secretion, cell viability 
and migration rate were inhibited in the AGEs + HG group 
compared with the AGEs + NG group (P<0.05). Cell apoptosis 
rate was increased in the AGEs + HG group compared with 
the AGEs + NG group (both P<0.05) (Table II) (Fig. 1). In 
the presence of AGEs, fibroblast collagen secretion, viability, 
proliferation and migration were decreased, and apoptosis was 
increased. Severe fibroblast biological behavioral disorders 
were caused by the combination of AGEs and HG conditions.

HO‑1 expression in AGE‑treated models. HO‑1 expression 
exhibited time‑dependent alterations and was the lowest at 
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72 h in the AGEs + NG and AGEs + HG group compared 
with the NG group (Fig. 2A). HO‑1 mRNA levels, protein 
levels and protease activity decreased by 52.1, 61.6 and 44.7%, 
respectively, at 72 h in the AGEs + NG group compared with 
the NG group (Fig. 2A, E, F and G; all P<0.05), and were 
decreased by 67.5, 80.2 and 58.7%, respectively, in the AGEs + 
HG group compared with the NG group (Fig. 2A, E, F and G; 
all P<0.05). HO‑1 protein expression and protease activity 
decreased by 46.3 and 28.7%, respectively, in the AGEs + HG 
group compared with the AGEs + NG group (both P<0.05) 
(Fig. 2E‑G). The results also demonstrated that hemin induced 
high HO‑1 expression at least within 72 h of treatment 
(Fig. 2B‑D). HO‑1 mRNA expression, protein expression and 
protease activity in the NG + Hemin group were 9.9‑, 9.7‑ and 
10.1‑fold higher, respectively, than those in the NG group at 
72 h (Fig. 2B, E, F and H; all P<0.05), were 9.0‑, 10.5‑ and 
9.2‑fold higher, respectively, in the AGEs + NG + Hemin group 
compared with the AGEs + NG group (Fig. 2C, E, F and I; all 
P<0.05), and were 8.6‑, 9.7‑ and 10.2‑fold higher, respectively, 
in the AGEs + HG + Hemin group than in the AGEs + HG 
group (Fig. 2D, E, F and J; all P<0.05). CrMP exerted selective 
effects against HO‑1 activity. HO‑1 protease activity decreased 
by 25.2 and 10.7% in the NG + CrMP group and NG + Hemin 
+ CrMP group, respectively, compared with the NG group at 
72 h (Fig. 2H; both P<0.05), decreased by 28.7 and 8.1% in the 
AGEs + NG + CrMP group and AGEs + NG + Hemin + CrMP 
group, respectively, compared with the AGEs + NG group 
(Fig. 2I; both P<0.05), and decreased by 24.3 and 10.3% in the 
AGEs + HG + CrMP group and AGEs + HG + Hemin + CrMP 
group, respectively, compared with the AGEs + HG group 
(Fig. 2J; both P<0.05). These results suggested that hemin 
treatment induced HO‑1 expression, and CrMP abolished the 

effects of hemin. Therefore, a fibroblast model of high HO‑1 
expression was successfully established. 

HO‑1 alleviates fibroblast oxidative stress. Hemin treatment 
for 72 h inhibited ROS, MDA and 8‑OHdG production in the 
NG + Hemin group by 36.6, 34.3 and 52.8%, respectively, 
compared with the NG group (all P<0.05). In addition, 45.6, 
36.5 and 61.6% inhibition was observed in the AGEs + NG + 
Hemin group compared with the AGEs  + NG group (all 
P<0.05), and 50.8, 47.7 and 48.7% inhibition was observed in 
the AGEs + HG + Hemin group compared with the AGEs + 
HG group (all P<0.05). CrMP abolished the effects of hemin. 
ROS, MDA and 8‑OHdG levels in NG + Hemin + CrMP 
group were 1.06‑, 1.03‑ and 1.01‑fold higher, respectively, than 
those in the NG group at 72 h, were 1.00‑, 1.06‑ and 1.02‑fold 
higher, respectively, in the AGEs + NG + Hemin + CrMP 
group than those in the AGEs + NG group, and were 1.02‑, 
1.01‑ and 1.01‑fold higher, respectively, in the AGEs + HG + 
Hemin + CrMP group than those in the AGEs + HG group. 
These results suggested that the hemin‑induced HO‑1 expres‑
sion may alleviate oxidative stress in fibroblasts, but CrMP 
abolished the effects of hemin (Table I).

HO‑1 alleviates the fibroblast inflammatory response. Hemin 
treatment for 72 h inhibited TNF‑α, IL‑6 and IL‑1β production 
in the NG + Hemin group by 59.1, 55.4 and 56.8%, respec‑
tively, compared with the NG group (all P<0.05). In addition, 
62.5, 44.9 and 52.4% inhibition was observed in the AGEs + 
NG + Hemin group compared with the AGEs + NG group (all 
P<0.05), and 61.2, 53.7 and 45.4% inhibition was observed in 
the AGEs + HG + Hemin group compared with the AGEs + 
HG group (all P<0.05). However, TNF‑α, IL‑6 and IL‑1β 

Table I. Oxidative stress and inflammatory injury index of fibroblasts under different conditions.

	 ROS, 					   
	 fluorescence	 MDA, 	 8‑OHdG, 	 TNF‑α, 		
Group	 intensity	 nmol/ml	 ng/ml	 pg/ml	 IL‑6, pg/ml	 IL‑1β, pg/ml

NG	 214.03±24.91	 2.42±0.51	 2.99±0.62	 8.51±1.84	 10.56±2.13	 15.25±3.48
NG + Hemin	 135.73±12.42a	 1.59±0.23a	 1.41±0.20a	 3.48±0.82a	 4.71±0.82a	 6.59±1.97a

NG + CrMP	 238.46±27.31	 2.68±0.65	 3.55±0.71	 10.72±1.98	 12.92±2.99	 18.65±4.09
NG + Hemin + CrMP	 227.52±23.74	 2.51±0.42	 3.02±0.63	 9.13±1.79	 11.37±2.11	 16.99±4.31
AGEs + NG	 892.48±50.27a	 6.27±0.78a	 8.39±0.85a	 30.81±4.63a	 39.88±5.97a	 48.85±6.27a

AGEs + NG + Hemin	 485.32±38.64b	 3.98±0.71b	 3.22±0.72b	 11.56±2.01b	 21.96±3.63b	 23.26±5.24b

AGEs + NG + CrMP	 917.60±62.84	 6.94±0.81	 9.78±0.96	 38.55±5.09	 42.42±6.56	 55.43±7.38
AGEs + NG + 	 901.25±60.35	 6.68±0.79	 8.52±0.84	 32.79±5.11	 40.71±6.71	 52.83±7.50
Hemin + CrMP						    
AGEs + HG	 1,183.73+79.37a,b	 8.83±0.86a,b	 10.97±1.23a,b 	 39.63±5.94a,b	 48.68±7.02a,b	 60.13±7.62a,b

AGEs + HG + Hemin	 582.16±41.38c	 4.62±0.76c	 5.63±0.88c	 15.38±2.32c	 22.53±4.39c	 32.86±5.89c

AGEs + HG + CrMP	 1,294.31±83.65	 9.41±0.92	 12.85±1.40	 45.83±6.84	 52.50±7.58	 65.73±7.97
AGEs + HG + 	 1,206.39±80.15	 8.96±0.83	 11.09±1.14	 42.09±6.58	 50.15±6.91	 62.92±7.25
Hemin + CrMP						    

Data are presented as the mean ± SD (n=3). aP<0.05 vs. NG group; bP<0.05 vs. AGEs + NG group; cP<0.05 vs. AGEs + HG group. NG, normal 
glucose; HG, high glucose; AGEs, advanced glycation end products; CrMP, chromium mesoporphyrin; ROS, reactive oxygen species; 
MDA, malondialdehyde; 8‑OHdG, 8‑hydroxydeoxyguanosine.
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levels in the NG + Hemin + CrMP group were 1.07‑, 1.08‑ and 
1.11‑fold higher, respectively, than those in the NG group at 
72 h, were 1.06‑, 1.02‑ and 1.08‑fold higher, respectively, in 

the AGEs + NG + Hemin + CrMP group compared with those 
in the AGEs + NG group, and were 1.06‑, 1.03‑ and 1.05‑fold 
higher, respectively, in the AGEs + HG + Hemin + CrMP 

Figure 1. Establishment of the fibroblast biological behavioral disorder model. AGEs (A) increased cell apoptosis and decreased (B) fibroblast proliferation 
and (C) migration. Additionally, worsened fibroblast biological behavioral disorders were caused by the combination of AGEs and HG. All experiments were 
performed in triplicate, and the data are presented as the mean ± SD. *P<0.05 NG group vs. AGEs + NG group; #P<0.05 NG group vs. AGEs + HG group; 
&P<0.05 AGEs + NG group vs. AGEs + HG group. NG, normal glucose; HG, high glucose; AGEs, advanced glycation end products.
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group compared with those in the AGEs + HG group. These 
results suggested that the hemin‑induced HO‑1 expression 
may alleviate the inflammatory insult in fibroblasts, but CrMP 
abolished the effects of hemin (Table I).

HO‑1 improves fibroblast biological behaviors. Hemin 
treatment for 72 h increased fibroblast collagen secretion 

(1823.34±118.28 pg/ml), cell viability (2.27±0.34), the S‑phase 
cell ratio (32.25±3.38%), the proliferation index (41.33±4.90%) 
and the horizontal migration rate (0.95±0.21%) in the 
NG  +  Hemin group compared with the NG group 
(943.61±92.17 pg/ml, 1.87±0.21, 23.67±2.67%, 29.14±2.55% 
and 0.73±0.19%, respectively; all P<0.05). Early apoptosis 
(2.18±0.87%) and end‑stage apoptosis and death (3.03±0.84%) 

Figure 2. Establishment of the high HO‑1 expression model. (A) HO‑1 expression exhibited time‑dependent alterations. Within 4 h, HO‑1 expression was 
increased, after which it gradually declined and reached the lowest level at 72 h. (B) Hemin induced HO‑1 mRNA expression in NG + Hemin group. (C) Hemin 
induced HO‑1 mRNA expression in AGEs + NG + Hemin group. (D) Hemin induced HO‑1 mRNA expression in AGEs + HG + Hemin group. (E and F) Hemin 
induced HO‑1 protein expression in the hemin groups, as indicated by western blotting. (G) In the AGES + NG and AGEs + HG groups, the HO‑1 activity was 
lower than that of the NG group. (H) Hemin increased HO‑1 activity, and CrMP abolished the effects of hemin in the NG group. (I) Hemin increased HO‑1 
activity, and CrMP abolished the effects of hemin in the AGEs + NG group. (J) Hemin increased HO‑1 activity, and CrMP abolished the effects of hemin in 
the AGEs + HG group. All experiments were performed in triplicate, and the data are presented as the means ± SD. *P<0.05. NG, normal glucose; HG, high 
glucose; AGEs, advanced glycation end products; HO‑1, heme oxygenase‑1; CrMP, chromium mesoporphyrin.
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were decreased in the NG + Hemin group compared with the 
NG group (4.36±1.42% and 5.37±1.63%, respectively; both 
P<0.05). Fibroblast collagen secretion (1096.15±89.25 pg/ml), 
cell viability (1.89±0.25), the S‑phase cell ratio (27.05±4.80%), 
the proliferation index (35.69±5.47%) and the horizontal 
migration rate (0.71±0.18%) were increased in the AGEs + 

NG + Hemin group compared with the AGEs + NG group 
(595.37±61.26 pg/ml, 1.46±0.18, 14.93±1.97%, 18.10±1.93% 
and 0.47±0.12%, respectively; all P<0.05). Early apoptosis 
(6.44±1.24%) and end‑stage apoptosis and death (6.94±1.65%) 
were decreased in the AGEs + NG + Hemin group compared 
with the AGEs + NG group (9.87±1.99% and 10.53±2.02%, 

Figure 3. Heme oxygenase‑1 expression partially reverses fibroblast biological behavioral disorders. (A) In the AGEs + NG + Hemin and AGEs + HG + Hemin 
group, cells apoptosis did not return to the levels of those in NG group. (B) In the AGEs + NG + Hemin group, cell proliferation was higher than that in the NG 
group. In the AGEs + HG + Hemin group, cell proliferation was lower than that in the NG group. (C) In the AGEs + NG + Hemin and AGEs + HG + Hemin 
group, cells migration did not return to the levels of those in the NG group. CrMP abolished the effects of hemin. All experiments were performed in triplicate, 
and the data are presented as the mean ± SD. *P<0.05 NG group vs. AGEs + NG + Hemin group; #P<0.05 NG group vs. AGEs + HG + Hemin group; &P<0.05 
AGEs + NG + Hemin group vs. AGEs + NG + Hemin + CrMP group.
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respectively; both P<0.05). Fibroblast collagen secretion 
(984.35±88.47  pg/ml), cell viability (1.57±0.19), and the 
horizontal migration rate (0.59±0.14%) were increased in 
the AGEs + HG + Hemin group compared with the AGEs + 
HG group (354.21±49.34  pg/ml, 1.09±0.17, 12.00±1.67%, 
17.90±2.54% and 0.28±0.11%, respectively) (P<0.05), and 
the S‑phase cell ratio (17.55%±2.24) and proliferation index 
(20.20±3.28%) were also increased. End‑stage apoptosis and 
death (17.07±2.99%; P<0.05) was decreased in the AGEs + 
HG + Hemin group compared with the AGEs + HG group 
(20.72±4.18%) (Table II).

CrMP abolished the effects of hemin. Fibroblast collagen 
secretion (912.58±98.16 pg/ml), cell viability (1.72±0.23), 
the S‑phase cell ratio (22.53±2.03%), and the horizontal 
migration rate (0.70±0.17%) were inhibited in the NG  + 
Hemin + CrMP group compared with the NG group. Early 
apoptosis (4.67±0.99%) and end‑stage apoptosis and death 
(7.12±1.98%) were increased in the NG + Hemin + CrMP 
group compared with the NG group. Fibroblast collagen 
secretion (574.47±65.13 pg/ml), cell viability (1.39±0.20), 
the S‑phase cell ratio (12.14±1.75%), the proliferation index 
(15.92±2.71%) and the horizontal migration rate (0.38±0.15%) 
were inhibited in the AGEs + NG + Hemin + CrMP group 
compared with the AGEs + NG group. End‑stage apoptosis 
and death (10.77±2.26%) was increased in the AGEs + NG + 
Hemin + CrMP group compared with the AGEs + NG group. 
Fibroblast collagen secretion (333.75±46.92  pg/ml), cell 
viability (1.01±0.13), the S‑phase cell ratio (11.17±0.89%), the 
proliferation index (16.05±1.68%) and the horizontal migra‑
tion rate (0.21±0.10%) were inhibited in the AGEs + HG + 
Hemin + CrMP group compared with the AGEs + HG group. 
Early apoptosis (13.78±2.54%) and end‑stage apoptosis and 
death (19.91±3.78%) were decreased in the AGEs + HG + 
Hemin + CrMP group compared with the AGEs + HG group 
(Table II; Fig. S1). Collagen secretion, viability, proliferation, 
apoptosis and migration are important biological behaviors 
of fibroblasts (1). The results of the present study suggested 
that the hemin‑induced HO‑1 expression may improve the 
biological behaviors of fibroblasts, but CrMP abolished the 
effects of hemin.

HO‑1 partially reverses fibroblast functional disorders. In 
the AGEs + NG + Hemin and AGEs + HG + Hemin groups, 
markers of oxidative stress (ROS, MDA and 8‑OHdG) and 
inflammatory insult (TNF‑α, IL‑6 and IL‑1β) were higher than 
those in the NG group (Table I). Compared with the NG group, 
fibroblast collagen secretion, viability and proliferation were 
increased, the horizontal migration rate was decreased, and 
the apoptosis rate was increased in the AGEs + NG + Hemin 
group (Table II) (Fig. 3). In the AGEs + HG + Hemin group, 
fibroblast collagen secretion was increased, cell viability, 
proliferation and the horizontal migration rate were decreased, 
and the cell apoptosis rate was increased compared with those 
in the NG group (Table II) (Fig. 3). 

The results suggested that in the AGEs + NG + Hemin 
group, the hemin‑induced HO‑1 expression partially restored 
cellular functions to levels similar to those of the NG group. 
However, in the AGEs + HG + Hemin group, HO‑1 expression 
hardly restored cellular functions to levels similar to those of 
the NG group.

Discussion

DFUs are nonhealing chronic wounds that are a serious compli‑
cation of diabetes (1,2). AGEs, which are harmful compounds 
associated with diabetes, induce cell apoptosis, oxidative and 
inflammatory insults, and previous studies have demonstrated 
that AGEs result in delayed or impaired wound repair in 
DFUs (14‑16). Various hyperglycemia‑induced metabolic and 
hemodynamic derangements, such as increased AGE deposi‑
tion, enhance the production of ROS, and stimulate protein 
kinase C, which may contribute to DFUs (15). AGEs act via 
their receptor for advanced glycosylation end product and 
have been implicated in chronic diabetic wounds and inflam‑
mation (16). AGEs have been implicated in diabetes‑related 
complications, including diabetic neuropathy, diabetic 
nephropathy and DFU‑related delayed wound healing (17,18). 

Diabetes is characterized by increases in oxidative and 
inflammatory insults  (19,20). A previous study indicated 
that in a HG environment, rat dermal fibroblast biological 
behavior was disrupted, and oxidative stress indices (ROS and 
8‑OHdG) were increased (10). In the present study, alterations 
in fibroblast biological behaviors, oxidative stress and inflam‑
matory insult indices were observed in the presence of AGEs. 
Oxidative stress (ROS, MDA and 8‑OHdG) and inflammatory 
insult indices (TNF‑α, IL‑6 and IL‑1β) were significantly 
increased in the present of AGEs, and the biological behav‑
iors of fibroblasts were impaired. Specific alterations were 
observed, including increased cell apoptosis and decreased 
collagen synthesis, viability, cell proliferation and migra‑
tion. AGEs caused oxidative stress, inflammatory insult and 
fibroblast biological behavioral disorders, and severe fibroblast 
functional damage was induced by the combination of AGEs 
and high glucose. High glucose toxicity and AGE deposits 
are associated with cellular dysfunction, and when combined 
these factors can cause further damage to the cells (10,14).

Previous studies have demonstrated that oxidative stress and 
chronic inflammation are involved in the damage that occurs in 
diabetes (19,20). HO‑1 is an antioxidative, anti‑inflammatory 
and cytoprotective enzyme that is expressed as a protective 
response to stress  (6). The HO system can suppress these 
injuries by generating carbon monoxide, bilirubin/biliverdin 
and free divalent iron to oppose apoptosis, inflammation and 
oxidative stress (6,10). Basal HO activity is maintained by 
HO‑2, while HO‑1 is stimulated by a wide variety of physical, 
chemical and pathophysiological stimuli, including oxidative 
and inflammatory insults, as well as metabolic and hemody‑
namic factors, such as high glucose, elevated blood pressure 
and increased lipid levels (9,10). Therefore, the expression of 
HO‑1 is an important protective response to a wide variety 
of stress types (8,9). It has been revealed that HO‑1 expres‑
sion is differentially regulated in organs under different 
disease states (6‑10). Our previous study indicated that high 
glucose could induce HO‑1 expression, but this effect was 
short‑lived (10). The present study revealed that in the pres‑
ence of AGEs, HO‑1 expression exhibited a time-dependent 
alteration. 

HO‑1 is an inducible isoform and is activated by a variety 
of stimuli, such as hemin, lipopolysaccharide and H2O2 (9). 
In the present study, hemin was used to induce HO‑1 expres‑
sion, and CrMP, which exhibits selective effects against HO 
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activity (11), was used to abolish the effects of hemin. The 
results demonstrated that hemin markedly induced HO‑1 
expression. On the other hand, the coadministration of the HO 
blocker CrMP and HO inducer hemin abolished the effects of 
hemin, whereas in the presence of CrMP alone, HO‑1 exhib‑
ited reduced expression. These results suggested that a high 
HO‑1 expression model was successfully established.

Inducible HO‑1 functions in a wide range of processes that 
may be important in the resolution phase of wound healing, 
such as the amelioration of oxidative injury and inflammation 
and protection against cell apoptosis (8,10). Oxidative stress 
serves an important role in the development of diabetic foot, 
and the disruption of the redox balance contributes to poor 
healing (5,19). The present study demonstrated that AGE treat‑
ment increased the cellular ROS, MDA and 8‑OHdG levels. 
ROS are common oxidative damage indicators that are highly 
expressed in diabetic conditions (4,8). MDA is a marker of 
oxidative stress that is a product of lipid peroxidation, and is 
involved in the oxidative conversion of polyunsaturated fatty 
acids. This reaction is the most studied biologically relevant 
free radical reaction (4). 8‑OHdG is a sensitive indicator of 
oxidative damage to DNA and is increased in diseases, such 
as diabetes and obesity (5,21). Oxidative stress is one of the 
causes of cell and tissue damage in diabetes (19,21). It has 
been indicated that HO‑1 exerts protective effects against 
diabetes‑induced oxidative stress, and could decrease MDA 
and ROS levels (22). The induction of HO‑1 with hemin can 
suppress oxidative stress in diabetic rats (9,23). In the present 
study, the ROS, MDA and 8‑OHdG levels were increased in 
the presence of AGEs, but hemin treatment notably reduced 
ROS, MDA and 8‑OHdG levels. On the other hand, the 
coadministration of CrMP and hemin abolished the effects 
of hemin, whereas treatment with CrMP alone increased the 
levels of ROS, MDA and 8‑OHdG. Therefore, the results 
indicated that HO‑1 alleviated AGE‑induced oxidative injury 
in fibroblasts.

Inflammatory insults serve an important role in the 
development of diabetic foot, and several proinflammatory 
cytokines have been indicated to be significantly elevated in 
diabetes (19,24). It has been demonstrated that hemin induces 
the HO‑1‑mediated suppression of proinflammatory cytokines 
(TNF‑α, IL‑6 and IL‑1β), which in turn activates the JNK and 
NF‑κB pathways, leading to a vicious circle that exacerbates 
diabetic complications (7). The effects of concomitantly acti‑
vating the HO system with hemin treatment on these cytokines 
were investigated. In the present study, the levels of TNF‑α, 
IL‑6 and IL‑1β were markedly elevated in the presence of 
AGEs. Interestingly, hemin significantly abated the increases 
in the levels of TNF‑α, IL‑6 and IL‑1β. On the other hand, 
the coadministration of CrMP and hemin abolished the effects 
of hemin, whereas treatment with CrMP alone increased the 
levels of TNF‑α, IL‑6 and IL‑1β. Therefore, it was revealed 
that HO‑1 alleviated fibroblast inflammatory insults caused 
by AGEs.

Fibroblasts act as major repair cells in skin wounds (25). 
Fibroblasts isolated from DFUs are likely to be senescent 
and exhibit slow, declining proliferative responses  (1,25). 
The present study demonstrated that fibroblast biological 
functions were impaired in the presence of AGEs. The 
specific effects included increased apoptosis and decreased 

collagen synthesis, viability, proliferation and migration, 
with severe functional damage being caused by the combi‑
nation of AGEs and HG conditions. In normal skin, type I 
and III collagen coexist in a ratio of ~3.5:1 (1,26). In certain 
pathological conditions, such as diabetic wound healing, AGE 
deposition, excessive inflammatory reactions and enhanced 
oxidative stress damage, the proportion of type III collagen 
is increased, and excessive type III collagen results in scar 
hyperplasia or fibrosis (1,26). In the present study, fibroblast 
collagen secretion decreased in the presence of AGEs, while 
HO‑1 increased fibroblast collagen secretion and decreased 
the inflammatory response and oxidative stress injury. HO‑1 
may reduce fibroblast functional disorders induced by AGEs 
and accelerate the healing of diabetic wounds by improving 
fibroblast biological behaviors and reducing oxidative stress 
and inflammatory insults. Further animal experiments on 
skin collagen components and elucidation of the associated 
mechanisms are required.

Delayed diabetic wound healing is associated with impaired 
fibroblast biological behaviors to a certain extent  (1,25). 
Keyse and Tyrrell (27) first suggested the cytoprotective role 
of HO‑1. Impaired wound healing in diabetic mice may be 
associated with delayed HO‑1 upregulation, and HO‑1 gene 
transfer has been indicated to improve wound healing (8,28). It 
was observed that the biological behaviors of fibroblasts were 
impaired in the presence of AGEs for 72 h. However, the HO‑1 
inducer hemin increased fibroblast collagen synthesis and cell 
viability, improved proliferation and migration and decreased 
cell apoptosis. On the other hand, the coadministration of 
CrMP and hemin abolished the effects of hemin, whereas 
treatment with CrMP alone exacerbated the disordered fibro‑
blast biological behaviors. It was hypothesized that HO‑1 
alleviated the disordered fibroblast biological behavior caused 
by AGEs. HO‑1 is a protective enzyme that is highly expressed 
in response to stress (6‑8). In the present study, the antioxida‑
tive, anti‑inflammatory and cytoprotective effects of HO‑1 
were investigated. The results suggested that HO‑1 alleviated 
the fibroblast functional disorders induced by AGEs, but it was 
difficult to reverse the functional disorders and restore cellular 
functions to normal levels.

In conclusion, the results of the present study indicated 
that compared with normal glucose conditions, AGEs induced 
fibroblast oxidative stress, inflammatory insult and biological 
behavioral disorders, and severe cell damage was caused by 
the combination of AGEs and HG conditions. Hemin treat‑
ment induced HO‑1 expression, reduced oxidative stress 
(ROS, MDA and 8‑OHdG) and inflammatory insult indica‑
tors (TNF‑α, IL‑6 and IL‑1β) and improved cell biological 
behaviors, including increased cellular collagen synthesis, 
viability, proliferation and migration and decreased cell 
apoptosis. These findings suggested that HO‑1 may reduce 
fibroblast functional disorders and accelerate the healing of 
diabetic wounds by improving fibroblast biological behaviors 
and reducing oxidative stress and inflammatory responses. 
Increasing HO‑1 expression may represent a feasible strategy 
for improving diabetic wound healing.
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