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Abstract

Methylglyoxal (MGO) is a highly reactive dicarbonyl compound formed during
hyperglycaemia. MGO combines with proteins to form advanced glycation end
products (AGEs), leading to cellular dysfunction and organ damage. In type
2 diabetes mellitus (T2DM), the higher the plasma MGO concentration, the
higher the lower extremity amputation rate. Here, we aimed to identify the
mechanisms of MGO-induced dysfunction. We observed that the accumulation
of MGO-derived AGEs in human diabetic wounds increased, whereas the
expression of glyoxalase 1 (GLO1), a key metabolic enzyme of MGO,
decreased. We show for the first time that topical application of pyridoxamine
(PM), a natural vitamin B6 analogue, reduced the accumulation of MGO-
derived AGEs in the wound tissue of type-2 diabetic mice, promoted the influx
of macrophages in the early stage of tissue repair, improved the dysfunctional
inflammatory response, and accelerated wound healing. In vitro, MGO dam-
aged the phagocytic functions of M1-like macrophages induced by lipopolysac-
charide (LPS), but not those of M0-like macrophages induced by PMA or of
M2-like macrophages induced by interleukins 4 (IL-4) and 13 (IL-13); the
impaired phagocytosis of M1-like macrophages was rescued by PM administra-
tion. These findings suggest that the increase in MGO metabolism in vivo
might contribute to macrophage dysfunction, thereby affecting wound healing.
Our results indicate that PM may be a novel therapeutic approach for treating
diabetic wounds. MGO forms protein adducts that cause macrophage dysfunc-
tion. These adducts cause cell and organ dysfunction that is common in diabe-
tes. Pyridoxamine scavenges MGO to ameliorate this dysfunction, promoting
wound healing. Pyridoxamine could be used therapeutically to treat non-
healing diabetic wounds.
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1 | INTRODUCTION

According to the 2019 prevalence data from the Interna-
tional Diabetes Federation, lower extremity complica-
tions of diabetic foot influence 40 to 60 million diabetic
patients worldwide.! It has been estimated that, globally,
a lower limb is fully or partially lost to amputation every
30 seconds as a consequence of diabetes.? However, the
precise molecular mechanisms through which type 2 dia-
betes mellitus (T2DM) results in impaired wound healing
remain unknown.

Methylglyoxal (MGO) is a highly reactive dicarbonyl
compound formed during hyperglycaemia and is the
most important precursor in the spontaneous modifica-
tion of proteins and nucleic acid molecules, resulting in
the generation of advanced glycation end products
(AGEs).>* The glycation capacity of MGO is ~20 000
times higher than that of glucose.” MGO mainly reacts
with the arginine residues of proteins,”’ which are usu-
ally present in the functional domains; this modification
induced by MGO contributes to alterations in cellular
proteins and results in cellular dysfunction, subsequently
leading to various health problems. A recent clinical
study showed that the amputations rate of lower extrem-
ity in T2DM patients is connected to an elevation of
MGO levels in the plasma,® providing evidence of the role
of MGO in persistent foot ulcerations. Normally, more
than 99% of MGO is detoxicated by glyoxalase,'®
through which MGO is converted to D-lactate,"’ with
glyoxalase 1 (GLO1) as the rate-limiting enzyme."® Pro-
longed exposure to MGO leads to microvascular damage
and impaired wound healing."® In diabetic mice, treat-
ment with the small-molecule formulation of GLO1
induced the acceleration of wound healing via trans-res-
veratrol- and hesperetin-mediated pathways by enhanc-
ing angiogenesis.'* These phenomena indicate that the
quenching of MGO could accelerate the healing of dia-
betic wounds.

Macrophages play a pivotal role in wound repair
in the early stage, they secrete inflammatory cytokines
and aid in the clearance of pathogens and environmental
debris, whereas in the later stage of wound healing, mac-
rophages help to resolve inflammation and promote tis-
sue repair.'”'® Thus, macrophages play a dual role, as
they not only contribute to tissue destruction, but they
also promote later repair.'® Disturbances in macrophage
function can lead to aberrant repair mechanisms.” In
diabetic mice, increased AGE formation results in
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treat non-healing diabetic wounds

impaired macrophage infiltration and phagocytosis,
leading to prolonged inflammation and impaired wound
healing. We speculate that MGO, as the most important
precursor of AGEs, might be a critical factor in regulating
macrophage dysfunction in the process of diabetic wound
repair.

Pyridoxamine (PM) is the most important scavenger
of MGO,* which can reduce MGO-induced glycation.**
In a clinical trial in T2DM patients with overt nephropa-
thy, PM restrained the accumulation of AGEs and ame-
liorated kidney function.* In another clinical trial, PM
administration reduced the accumulation of AGEs and
inhibited inflammation in osteoarthritis patients.*> In
diabetic mouse models, impaired glucose metabolism
was restrained by PM administration.?® Overall, these dis-
coveries emphasise the latent role of PM as an anti-
glycating agent that acts via the targeting of MGO. Thus,
we aimed to determine the mechanisms through which
MGO induces such dysfunction and to determine how
PM can protect against these changes.

2 | MATERIALS AND METHODS

2.1 | Human subjects

This research included patients who were diagnosed with
T2DM who had non-healing wounds on the lower limbs
lasting at least 3 months. The diabetic wound tissue
(n = 3) was collected through the debridement or ampu-
tation of non-healing lower limb wounds. The wound tis-
sue from healthy patients (n = 3) was obtained during
debridement following acute traumatic injury; in such
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cases, the tissue was removed from the margin of the
wound. Residual full-thickness skin grafts were obtained
from the abdominal skin of patients with T2DM (n = 3)
and non-diabetic (n = 3) patients who were admitted to
the hospital to undergo plastic and reconstructive surger-
ies. Each patient provided informed consent. All proce-
dures involving human subjects were approved by the
Ethics Review Board of Ruijin Hospital affiliated with
Shanghai Jiao Tong University [(2019) NLS No. (85)] and
were performed in accordance with the tenets of the Dec-
laration of Helsinki and its later amendments.

2.2 | Animals

Male db/db T2DM mice (BKS-Leprem2Cd479/Gpt,
[Lepr] ko/ko, 12 weeks of age, plasma glucose concentra-
tion >33.3 mmol/L) and their age- and sex-matched,
non-diabetic, healthy littermates were purchased from
GemPharmatech. Co., Ltd (Nanjing, China). Experiments
involving animals were performed according to the regu-
lations of the Animal Care Committee of Shanghai Jiao
Tong University, School of Medicine (SJITUSM). All
experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of the STTUSM.

2.3 | Induction of cutaneous wounds and
treatment

All mice were shaved dorsally. The dorsal surface of the
skin was sterilised with povidone-iodine and erased with
alcohol cotton ball after anaesthetic induction with iso-
flurane. Subsequently, the mice were subjected to excisional
wounding with a sterile 6 mm punch biopsy tool. Normal
saline-treated wild-type control mice (WT-NS, n = 24) and
diabetic control mice (db/db-NS, n = 24) were topically
applied with 20 pL. normal saline (NS) every 24 hours for
10 consecutive days. The diabetic experimental mice (db/
db-PM, n = 24) were topically applied with PM (Sigma,
P9158-1G) dissolved in normal saline (100 puM, 20 pL) at
the same points in time. Finally, the wound was covered
with a transparent dressing (3M, 1624W), which was rep-
laced every day until day 10 post-injury.

2.4 | Analysis of the wound closure rate
On days 0, 1, 3, 5, 7, 10, and 14 post-injury, the mice were
anaesthetised using isoflurane. To analyse the closure
rate, the wounds were photographed at the specified time
points. ImageJ software (National Institutes of Health)
was performed to measure the wound areas.

2.5 | Preparation of wound tissue
samples and histological evaluation

Human specimens were obtained as described above.
Mice wound tissue samples were excised at 3, 7, 10, and
14 days after wounding. About 5 mm from the edge of
the wound, the entire wound of mouse was removed.
Samples were divided into two groups. Half of the sam-
ples were stored at —80°C. The other half of the samples
were fixed using 10% formalin buffer for 24 hours. The
fixed tissues were embedded in paraffin and sectioned to
a thickness of 5 pm using a microtome. The sections were
stained with haematoxylin and eosin (H&E) for histologi-
cal evaluation.

2.6 | Immunohistochemistry

Human specimen sections were deparaffinised and
rehydrated. Antigen retrieval was performed using
10 mM citrate sodium buffer (10 minutes at 100°C).
Endogenous peroxidase was blocked by 3% hydrogen per-
oxide. At room temperature, the non-specific staining
was blocked with 5% BSA for 1 hour. The sections were
then incubated overnight with primary antibodies at 4°C.
The primary antibodies are anti-MGO-AGEs (1:1000; Bio-
sciences, Inc., SMC-516D, Canada) and anti-GLO1
(1:500; Santa Cruz, sc-133144). Subsequently, the sections
were incubated with a horseradish peroxidase-conjugated
secondary antibody (K5007, Dako, Denmark). 3,3'-
diaminobenzidine was used for chromogenic develop-
ment. Then, the sections were counterstained with
haematoxylin. Three sections from each human were
examined. Under the microscope, brown granules were
positive. Images were taken in six fields per section (X100
and x400 magnification).

2.7 | Cell culture, assessment of
differentiation, and MGO stimulation

Human monocytic THP-1 cell line was purchased from
the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultured in a 37°C
incubator under 5% CO, in RPMI 1640 medium
(Thermo, 11875093) supplemented with 10% foetal
bovine serum (Thermo, 10099141C). To induce differenti-
ation of macrophages, the cells were cultured in the pres-
ence of phorbol 12-myristate 13-acetate (100 ng/mL,
Sigma, P1585-1MG) for 24 hours. Lipopolysaccharide
(100 ng/mL; SIGMA, L4391-1MG) was applied for
24 hours to induce the differentiation of macrophages
into an Ml-like phenotype. Interleukin 4 (20 ng/mL;
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PeproTech, 200-04-20) and interleukin 13 (20 ng/mL;
PeproTech, 200-13-20) were applied for 24 hours to
induce the differentiation of macrophages into an
M2-like phenotype. MGO (Sigma, M0252-25ML) at a con-
centration of 10 pM was used to reflect the estimated
MGO levels in the plasma of T2DM patients. PM (Sigma,
P9158-1G) at a concentration of 100 pM was used to
quench MGO. MGO (10 pM) or MGO (10 pM) + PM
(100 pM), using H,O as a control, was applied to THP-
1-derived macrophages in serum-free RPMI 1640 for
24 hours.

2.8 | Immunoblotting analysis
Immunoblotting analyses were performed as described
previously.?”?® In brief, total protein was extracted from
the THP-1 macrophages and the mouse wound tissues.
Equal amounts of denatured protein (20 pg) were sepa-
rated by SDS-PAGE. Subsequently, the proteins were
transferred to polyvinylidene fluoride membranes
(Merck Millipore, ISEQ00010). The membranes were
then incubated overnight with primary antibody at 4°C.
The primary antibodies are MGO-derived AGEs (1:1000;
StressMarq, SMC-516D), GLO1 (1:500; Santa Cruz, sc-
133144), the macrophage-specific antigen marker F4/80
(1:1000; AbD Serotec, MCA497GA), and f-actin
(1:10000; Proteintech, 66 009-1-Ig-100 pL). After wash-
ing with TBST, the membranes were incubated with
horseradish peroxidase-conjugated specific secondary
antibody, either anti-mouse immunoglobulin G (IgG)
(1:3000, CST 7076S) or anti-rat IgG (1:3000, CST 7077S)
for 1 hour at room temperature. The proteins were vis-
ualised via electrochemiluminescence (ECL) using a
commercially  available kit (Merck  Millipore,
WBKLS0100). Quantification was performed using a
densitometer.

2.9 | Flow cytometry

The percentage of phagocytic cells was determined for
each sample by evaluating the cellular endocytosis of
1 pm sized carboxylate-modified microspheres (Thermo
Fisher Scientific, F8814). The microspheres were added
to the cell cultures (~0.5 x 10° cells/mL) at a ratio of
30 microspheres per cell. The cultures were maintained
at 37°C for 1 hour and washed three times with pre-
cooled phosphate-buffered saline (PBS; Thermo Fisher
Scientific, Inc., 10010023); the cells were harvested by
trypsinization. The percentage of phagocytic cells was
analysed by flow cytometry (BD LSRFortessa X-20 cell
analyser).

P wWiLEy-L =

2.10 | Immunofluorescence

The cells were seeded in glass slides (Merck Millipore,
PEZGS0816), and immunostaining was performed using
an anti-MGO-derived AGE antibody (1:200; StressMarq,
SMC-516D). The samples were incubated with a
fluorescent-conjugated secondary antibody (1:500; Invi-
trogen, Alexa Fluor 488 goat anti-mouse, A11001) at
room temperature for 1 hour, followed by the addition of
ProLong Gold Antifade Mountant with DAPI
(Invitrogen, P36931) to label cell nuclei. The sections
were visualised using an ultra-high resolution scanning
confocal microscope (Leica TCS Sp8 STED, Germany).

211 |
assay

Enzyme-linked immunosorbent

Tumour necrosis factor alpha (TNF-a) (SXMO063), inter-
feron gamma (IFN-y) (SXMO021), interleukin 12 (IL-12)
(SXM036), interleukin 10 (IL-10) (SXMO035), and interleu-
kin 6 (IL-6) (SXM032) levels in the wound tissues protein
extracts of mice were quantified according to the manu-
facturer's instructions (Senxiong Biotech, Shanghai,
China). The total protein concentration of mice wound
tissues were measured in advance.

212 | Statistical analysis

All experiments were reduplicated not less than three
times. Comparisons between two groups were conducted
using Student's ¢ tests. Comparisons among multiple
groups were conducted via one-way analysis of variance.
The GraphPad prism 7 software (GraphPad Software, La
Jolla, California) was performed for statistical analysis.
Statistical significance was established for P values <.05.
All values are shown as the means + SDs.

3 | RESULTS

3.1 | The accumulation of AGEs derived
from MGO is increased in human diabetic
skin and wound tissue

Considering that the level of MGO in serum cannot accu-
rately reflect the level of MGO in the skin and wound tis-
sue, quantifying AGEs derived from MGO may more
accurately reflect the consequences of altered MGO con-
centrations. Thus, we investigated the expression of
AGEs derived from MGO through immunohistochemical
labelling. We found that the accumulation of
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MGO-derived AGEs in the diabetic skin and wound tis-
sue samples was increased. In contrast, fewer MGO-
derived AGEs were observed in the non-diabetic skin and
wound samples (Figure 1A,B).

3.2 | The expression of GLO1 is
decreased in human diabetic skin and
wound tissue

Because of the potentially harmful physiological effects of
MGO, MGO detoxification is essential. Through immuno-
histochemical analysis, we found that GLO1 expression
was more abundant in non-diabetic skin and wound tis-
sue than in diabetic tissues, the latter of which exhibited
significantly reduced GLO1 levels (Figure 2A,B). This
decreased expression of GLO1l can at least partially
explain the increase in AGEs derived from MGO in the
diabetic skin and wound tissue.

3.3 | PM accelerates wound healing and
improves delayed macrophage infiltration
in diabetic mice

Diabetic wounds treated topically with PM exhibited sig-
nificantly faster rates of closure (Figure 3A,B), and more
granulation tissue was observed on day 7 after injury
(Figure 3C). Wound macrophage infiltration was assessed
by immunoblotting analysis to quantify the expression of
F4/80. On day 7 post-wounding, the WT-NS group dis-
played a high level of F4/80 expression, whereas the
db/db-NS group hardly expressed F4/80, and the expres-
sion of F4/80 in the db/db-PM group was partially
restored (Figure 3D,E). On day 14 post-wounding, the
WT-NS and db/db-PM groups rarely expressed F4/80,

(A) 100X

Normal T D

Diabetic | £

Skin " Bar = 50pm

FIGURE 1

whereas the db/db-NS group showed a high level of
F4/80 expression (Figure 3F,G). These findings suggest
that administration of PM can improve the infiltration
and loss of macrophages during wound healing in
diabetic mice.

3.4 | PM reduces the accumulation of
MGO-derived AGEs in vivo and in vitro

To verify whether PM could reduce the accumulation of
MGO-derived AGEs in diabetic wounds, we used immu-
noblotting experiments to evaluate the expression of
AGEs derived from MGO. We collected the wound tissue
of each group on day 7 post-wounding and extracted the
total protein for immunoblotting analysis. The outcomes
of the immunoblotting experiments suggested that com-
pared with the WT-NS group, the glycation of proteins in
the db/db-NS group was enhanced at different molecular
weights; however, this was ameliorated in the db/db-PM
group after topical application of PM, with concentra-
tions equivalent to those of the WT-NS group
(Figure 4A). In the In vitro experiments, compared with
the control group, enhanced protein glycation of THP-1
M1-like macrophages was observed at different molecular
levels in the MGO-treated group, whereas the level of
protein glycation in the group that received MGO + PM
was equivalent to that of the control group (Figure 4B).
Consistent with the immunoblotting results, the immu-
nofluorescent labelling experiments showed similar
changes in the concentrations of MGO-derived AGEs in
the control, MGO-treated, and MGO + PM-treated
groups. These findings confirm that the changes in gly-
cated proteins occurred not only in the cytoplasm, but
also at the level of the cell membrane and nucleus
(Figure 4C).

(B) 100 X

Control |. : D

Diabetic|

X : ey Ry o

S - N
Wound tissue Bar = 50um

The accumulation of advanced glycation end products (AGEs) derived from methylglyoxal (MGO) in human diabetic skin

and wound tissue. A, The expression of AGEs derived from MGO in normal and diabetic skin of human through immunohistochemical

labelling. B, The expression of AGEs derived from MGO in non-diabetic (control) and diabetic (diabetic) wound tissues of human through

immunohistochemical labelling. Representative images of three independent experiments (x100 and x400). Scale bar = 50 pm
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FIGURE 2 The expression of glyoxalase 1 (GLO1) in human diabetic skin and wound tissue. A, The expression of GLO1 in normal and
diabetic skins of human through immunohistochemical labelling. B, The expression of GLO1 in non-diabetic (control) and diabetic
(diabetic) wound tissues of human through immunohistochemical labelling. Representative images of three independent experiments (X100
and x400). Scale bar = 50 pm
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FIGURE 3 Topical application of pyridoxamine (PM) accelerates wound healing and improves delayed macrophage infiltration in
diabetic mice. WT-NS (normal saline-treated wild-type control mice). db/db-NS (normal saline-treated diabetic control mice). db/db-PM
(pyridoxamine-treated diabetic experimental mice). A, Representative wounds images. Scale bar = 1.5 mm. B, Comparisons of the wound
closure rate. **P < .01, the WT-NS group compared with the db/db-NS group. #P < .05, ##P < .01, the db/db-NS group compared with the
db/db-PM group. n = 6. C, Representative images of granulation tissue stained with haematoxylin and eosin (x50). Scale bar = 50 pm. D and
E, Levels of F4/80 in mice wounds tissue of each group on day 7 post-wounding were assessed by immunoblotting analysis. *P < .05
compared with the WT-NS group. #P < .05 compared with the db/db-NS group. n = 3. F and G, Levels of F4/80 in wounds tissue of each
group on day 14 post-wounding were assessed by immunoblotting analysis. *P < .05 compared with the WT-NS group. #P < .05 compared
with the db/db-NS group. n = 3. Proteins levels were normalised to f-Actin levels
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3.5 | PM decreases the expression of
GLO1 in vivo and in vitro

To evaluate whether the application of PM would aug-
ment GLO1 expression, thereby accelerating the detoxifi-
cation of MGO, we used western blot analysis to evaluate
the GLO1 concentrations. The wound tissue of each group
was collected on day 7 post-wounding and the total pro-
tein was extracted. Surprisingly, the western blot analysis
confirmed decreased GLO1 protein expression in diabetic
wound tissue after treatment with PM (Figure 5A,B).
Consistently, when THP-1 MI1-like macrophages were
cocultured with MGO and PM, the GLO1 levels were

MGO-AGEs

& OO
SE¥ ¥
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Bar =25um
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<«——55kDa
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FIGURE 4
(PM) reduces the accumulation

Pyridoxamine

of advanced glycation end
products (AGEs) derived from
methylglyoxal (MGO) in
diabetic wounds and M1
macrophages. WT-NS (normal
saline-treated wild-type control
mice). db/db-NS (normal saline-
treated diabetic control mice).
db/db-PM (pyridoxamine-
treated diabetic experimental
mice). Cells were treated with
MGO (10 pM) or MGO (10 pM)
+ PM (100 pM), using H,O as
control, for 24 hours. A, Levels
of AGEs derived from MGO in
total proteins of mice wounds
tissue of each group on day

7 post-wounding were assessed
by immunoblotting analysis.

B, Levels of AGEs derived from
MGO in M1 macrophages of
each group were assessed by
immunoblotting analysis.

C, Immunofluorescence staining
of AGEs derived from MGO in
M1 macrophages of each group
was shown in green and blue
nuclear were stained with DAPI
(x630). Representative images
from three independent
experiments are shown. Scale
bar = 25 pm

down-regulated compared with the control and MGO
groups (Figure 5C,D).

3.6 |

PM improves the impairment of

macrophage phagocytosis induced by MGO

in vitro

To verify whether pathophysiological concentrations of
MGO would affect the phagocytic function of macro-
phages, we first used flow cytometry to confirm that the
administration of 10 pM MGO caused a decrease in the
phagocytic function of THP-1 M1l-like macrophages
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levels in the db/db-NS group remained at a high level on
day 10 post-injury. The expression of IFN- y in the WT-
NS group remained at a low level at various time points
post-injury, whereas its expression in the db/db-NS group
reached a high level on day 7 after injury. Similarly, after
wounding, the db/db-NS group exhibited a higher IL-12/
IL-10 ratio than the other two groups, and the ratio
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FIGURE 5
glyoxalase 1 (GLO1) in diabetic wounds and M1 macrophages.
WT-NS (normal saline-treated wild-type control mice). db/db-NS
(normal saline-treated diabetic control mice). db/db-PM
(pyridoxamine-treated diabetic experimental mice). Cells were
treated with MGO (10 pM) or MGO (10 pM) + PM (100 pM), using
H,O0 as control, for 24 hours. A and B, Levels of GLO1 in mice
wounds tissue protein of each group on day 7 post-wounding were

Pyridoxamine (PM) decreases the expression of

assessed by immunoblotting analysis. *P < .05 compared with the
WT-NS group. #P < .05 compared with the db/db-NS group. n = 3.
C and D, Levels of GLO1 in M1 macrophages of each group were
assessed by immunoblotting analysis. n = 3. Proteins levels were
normalised to p-actin levels

induced by LPS (Figure 6C,D), without affecting the
functions of THP-1 MO-like macrophages (Figure 6A,B)
or THP-1 M2-like macrophages (Figure 6E,F) induced by
PMA and IL-4 and IL-13, respectively. Secondly, we
found that when PM (100 pM) and MGO (10 pM) were
coincubated with M1-like macrophages, the altered per-
centages of phagocytic cells could be rescued and
restored to a level comparable to that in the control group
(Figure 6G,H).

3.7 | Topical application of PM alleviates
excessive inflammation in vivo

To observe the outcome of inflammation during wound
healing after the topical application of PM, we collected
mouse wound tissues from day 3, day 7, and day 10 after
wounding in each group, extracted the total protein con-
tent, and measured the protein concentrations via
enzyme-linked immunosorbent assays. The concentra-
tions of TNF-a (Figure 7A), IFN-y (Figure 7B), IL-6
(Figure 7C), IL-12 (Figure 7D), and IL-10 (Figure 7E)
were quantified separately, and we calculated the
IL12/10 ratios (Figure 7F) at three time points after
wounding. We observed that the expression of TNF-a
and IL-6 in the WT-NS group was higher on day 3 post-
injury, then gradually decreased, whereas the expression

Glycation, a prevalent non-enzymatic covalent modifica-
tion, results in the accumulation of proteins; it is the hall-
mark of diabetes and is associated with an array of other
pathophysiologies,**~° including certain cancers and age-
related changes.’’ Increased levels of the metabolite
MGO have also been reported in patients with T2DM.*
Our study showed that in diabetic wounds, the produc-
tion of MGO is up-regulated, whereas the expression of
GLO1 is decreased; thus, there was a disequilibrium
between MGO and its metabolic enzyme GLO1l. We
observed that disrupting MGO accelerated the healing
rate of diabetic wounds, which might be mediated
through the reduction of MGO-related stress, and the
improved migration of macrophages and the restoration
of their phagocytic and secretory functions.

Previous studies have shown that MGO is an impor-
tant pathological factor that contributes to the impair-
ment of mechanisms that promote diabetic wound
healing.&13 First, we confirmed that the concentration of
AGE:s derived from MGO in the skin and wound tissue of
those with T2DM was increased, which reflects the
abnormal accumulation of MGO and indicates that the
healing microenvironment of the diabetic wound had
been altered. It has been reported that impaired wound
healing associated with ageing is relevant to lessened
GLO1 expression.>®> We confirmed these results, as we
found that in T2DM, the expression of GLO1 in the skin
and wound tissue was reduced.

A previous report demonstrated that PM enhanced
GLOL1 activity in the erythrocytes of diabetic rats,* and
in a diabetic mouse cutaneous wound model, the clear-
ance of MGO through the induction of GLO1 was shown
to promote wound healing.14 However, we believe that
the direct quenching of MGO through the administration
of PM can alleviate MGO-associated cellular stress more
quickly, and the use of PM seems more clinically valu-
able. Interestingly, our study found that the expression of
GLO1 in wound tissue of diabetic mice and THP-1
M1-like macrophages decreased after the application of
PM, although this might have been due to the direct
quenching of MGO by PM, thereby reducing the need to
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Pyridoxamine (PM) improves the impairment of M1 macrophages phagocytosis induced by methylglyoxal (MGO). Cells

were treated with MGO (10 pM, using H,O as control) for 24 hours. M1 macrophages were treated with MGO (10 pM) or MGO (10 uM)

+ PM (100 pM), using H,O as control, for 24 hours. A-C, Representative results of phagocytosis percentage. D-F, Phagocytosis percentage
was analysed by flow cytometry. **P < .01 compared with the control group. n = 3. G, Representative images of phagocytosis percentage.
H, Phagocytosis percentage was analysed by flow cytometry. *P < .05 compared with the control group. ##P < .01 compared with the MGO
group.n =4

produce more GLO1 for MGO detoxification. Indeed, PM
is currently considered the most important scavenger of
MGO,*® and the beneficial effects of PM have been

demonstrated clinically. For example, in a phase II clini-
cal trial, PM not only ameliorated kidney function, but it
also inhibited the formation of AGEs in T2DM patients
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with overt nephropathy.®* In another clinical trial, the
administration of PM reduced inflammation, pain, and
the formation of AGEs in patients with osteoarthritis
without any adverse effects.”> Consistent with these pre-
vious observations, the topical application of PM to the
wounds of type 2 db/db diabetic mice in this study
reduced the accumulation of AGEs derived from MGO,
and the rate of wound healing was restored to the rate
seen in the WT mice.

The degree of macrophage infiltration affects the out-
comes of wound healing®® and the increased accumulation
of AGEs in the wounds of diabetic mice has been shown
to affect the timely infiltration of macrophages.”* Our
study indicated that the quantity of macrophages in the
wounds of the diabetic mice was lower than that in the
wounds of WT control mice during tissue regeneration
phases, whereas the quantity remained at apparently
greater levels in the tissue during the remodelling periods,
which is consistent with former research studies.””*” After
the topical application of PM, however, this dysfunction
was improved. PM promotes macrophage infiltration in
the process of diabetic wound healing, which is at least
partly related to the reduced formation of MGO-derived
AGEs. Phagocytosis of macrophages is considered to be
crucial for the resolution of inflammation and the initia-
tion of wound repair.'>*® In vitro, we discovered that the
phagocytic function of M1 macrophages was damaged by
MGO, which could be reversed by the administration of
PM. Interestingly, the phagocytosis of macrophages with
an MO or M2 phenotype was not affected by MGO. It has
been reported that M1 macrophages mainly promote

inflammation, phagocytosis, and sterilisation, whereas M2
macrophages mainly involved in the resolution of inflam-
mation and the promotion of mechanisms resulting in
wound closure."® These functional differences may explain
why the phagocytic functions of M0- and M2-type macro-
phages were not significantly disrupted by MGO. These
experiments contribute to the mechanistic understanding
of the role of topically applied PM in the regulation of
macrophage dysfunction to accelerate the rate of wound
healing in diabetic mice. Besides, the phenotype of macro-
phages in the wound is affected by its function and local
environment.' Therefore, we paid more attention to the
study of macrophage function here.

Voll et al demonstrated that the coculture of LPS-
activated macrophages with apoptotic lymphocytes
inhibited the release of pro-inflammatory cytokines such
as TNF-a from macrophages and increased the expres-
sion of anti-inflammatory mediators.”® In our animal
experiments, the concentrations of inflammatory factors
in the wound tissue of the db/db-PM group were higher
than those in the db/db-NS group in the early stage of tis-
sue repair. However, in the late stage of repair, the
expression of inflammatory factors in the db/db-PM
group decreased significantly, whereas the concentrations
of inflammatory factors in the db/db-NS group remained
at a high level. Thus, the topical application of PM pro-
moted early-stage inflammation and alleviated late-stage
inflammation in the wound healing process of diabetic
mice, facilitating the transition from inflammation to tis-
sue repair, possibly by ameliorating the dysfunction of
macrophages.
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In conclusion, based on our experiments, there exists an
imbalance between MGO and its metabolic enzyme
GLO1. PM application directly quenches MGO, reducing
MGO-mediated stress and macrophage dysfunction, pro-
moting the formation of granulation tissue, and accelerat-
ing wound closure. Future studies should focus on the
underlying mechanisms of these relationships in the
healing of diabetic wounds. Once formed, AGEs are sta-
ble and the process is difficult to reverse; thus, targeting
MGO, the precursor of AGEs, may be a feasible and via-
ble method to reduce their accumulation. Ultimately, the
MGO scavenging properties of PM provide new insights
into a possible therapy to treat diabetic wounds, and fur-
ther exploration could extend the pharmacological appli-
cations of PM for clinical treatment.
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