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Abstract

BACKGROUND

Skin wounds are highly common in diabetic patients, and with increasing types of
pathogenic bacteria and antibiotic resistance, wounds and infections in diabetic
patients are difficult to treat and heal.

AIM

To explore the effects of betaine ointment (BO) in promoting the healing of skin
wounds and reducing the inflammation and apoptosis of skin cells in microbially
infected diabetic mice.
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METHODS

By detecting the minimum inhibitory concentrations (MICs) of betaine and plant monomer components such as
psoralen, we prepared BO with betaine as the main ingredient, blended it with traditional Chinese medicines such
as gromwell root and psoralen, and evaluated its antibacterial effects and safety in vitro and in vivo. The skin
infection wound models of ordinary mice and diabetic mice were constructed, and the OTC drugs mupirocin
ointment and Zicao ointment were used as controls to evaluate the antibacterial effects in vivo and the anti-inflam-
matory and anti-apoptotic effects of BO.

RESULTS

The MICs of betaine against microorganisms such as Staphylococcus aureus (S. aureus), Candida albicans and Crypto-
coccus neoformans ranged from 4 to 32 pg/mL. Gromwell root and psoralea, both of which contain antimicrobial
components, mixed to prepare BO with MICs ranging from 16 to 64 pg/mL, which is 32-256 times lower than those
of Zicao ointment, although the MIC is greater than that of betaine. After 15 days of treatment with BO for USA300-
infected ordinary mice, the wound scab removal rates were 83.3%, while those of mupirocin ointment and Zicao
ointment were 66.7% and 0%, respectively, and the differences were statistically significant. In diabetic mice, the
wound scab removal rate of BO and mupirolacin ointment was 80.0%, but BO reduced wound inflammation and
the apoptosis of skin cells and facilitated wound healing.

CONCLUSION

The ointment prepared by mixing betaine and traditional Chinese medicine can effectively inhibit common skin
microorganisms and has a strong effect on the skin wounds of sensitive or drug-resistant S. aureus-infected
ordinary mice and diabetic mice.

Key Words: Betaine ointment; Staphylococcus aureus; Drug resistance; Skin infection; Diabetes mellitus

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Antibiotic ointments are commonly used to treat wounds in diabetic patients, but the antibacterial spectrum is
narrow, resistance occurs easily or does not effectively inhibit drug-resistant bacteria, and wound healing is slow. The focus
of this study was to determine whether some natural Chinese medicines and betaine could enhance the antimicrobial, anti-
inflammatory, anti-apoptotic and accelerated wound healing effects of the ointment. Therefore, we generated a novel betaine
ointment (BO) and evaluated its effects and safety. We found that BO could reduce the colonization of pathogens, inflam-
mation and apoptosis and contribute to the proliferation of granulomas, which has good prospects for application.

Citation: Xu WY, Dai YY, Yang SX, Chen H, Huang YQ, Luo PP, Wei ZH. Betaine combined with traditional Chinese medicine
ointment to treat skin wounds in microbially infected diabetic mice. World J Diabetes 2025; 16(1): 99745

URL: https://www.wjgnet.com/1948-9358/full/v16/i1/99745.htm

DOI: https://dx.doi.org/10.4239/wjd.v16.i1.99745

INTRODUCTION

Guidelines for the management of skin and soft tissue infections (SSTIs) published jointly by the World Association of
Emergency Surgery and the European Society for Surgical Infection in 2018[1] state that SSTIs include a variety of
pathologic conditions involving the skin and potentially subcutaneous tissues, fascia, or muscle and that they are
infections caused by bacteria or fungi directly damaging the skin tissue or invading the skin soft tissue due to trauma. If
not treated promptly, it may cause local suppurative infection of tissues and organs or even systemic infection, and in
severe cases, it may lead to patient death[2]. The main reasons for the difficulty in curing infections and healing wounds
include immunodeficiency diseases, chronic diseases (such as diabetes mellitus)[3], and the emergence of drug-resistant
strains of bacteria such as methicillin-resistant Staphylococcus aureus (S. aureus)[4].

The incidence of skin defects in patients with diabetes mellitus is 2.94%, and diabetic patients have decreased immune
function[5,6]. The emergence of vascular disease easily causes blood circulation stagnation[7], and hyperglycemia
impedes the production of some inflammatory factors[8] and other problems and can prolong the healing time of
wounds. The incidence of diabetic wounds is increasing every year and has become one of the greatest global health
problems in the 21* century[9]. The corresponding changes in the pathogenic bacteria of infections as well as drug-
resistant variations have also made clinical treatment more difficult[10]; therefore, there is an urgent need to develop new
methods for the treatment of wounds infected by drug-resistant microorganisms and for the promotion of wound healing
in patients with diabetes mellitus.

Some herbal components have become important raw materials for novel drug development because of their
significant antibacterial effects, high safety and low susceptibility to drug resistance[11,12]; thus, the development of
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bacteriostatic drugs with Chinese medicines has improved application and development prospects. The Chinese
medicines frankincense and myrrh disinfect and regenerate muscle; Rehmannia glutinosa clears heat and cools blood;
Angelica sinensis nourishes blood, activates blood circulation and relieves pain; Angelica dahurica and divaricate saposh-
niovia root dispels wind and relieves pain; Huanglian, rhubarb and amur cork-tree bark have had the efficacy of clearing
heat, removing toxins and promoting anti-inflammatory effects since ancient times; Psoralen[13] warms the kidneys,
helps yang, and helps breathing to calm asthma; and cinnamon[14] can be anti-inflammatory, anti-allergy and anti-viral.
Gromwell root is also known as Zicao in China. As a traditional Chinese medicine with a long history of medicinal use,
the main active ingredients of Zicao are shikonin and its derivatives, such as acetylshikonin and B,B-dimethylac-
rylshikonin. Zicao is able to act as an antioxidant, anti-inflammatory, antithrombotic, heat remover and detoxifying agent,
decreases redness and swelling, activates the metabolic function of epidermal cells and repairs wound([15], and its
antibacterial and anti-inflammatory effects also increase its advantages in the treatment of skin wound infections. Fatty
oil is traditionally used as an extraction solvent for Zicao because of its hydrophobicity, and Zicao has been used for
wound healing in the form of an oil-based ointment containing the active ingredients[16]. Betaine is a natural product
extracted from the roots, stems, or fruits of a variety of plants, such as beets, goji berries, and cotton[17]. In addition to its
antitumor and blood pressure-lowering effects[18,19], betaine plays a role in reducing oxidative stress and the inflam-
matory response of wounds[20-22]. Betaine also has good moisturizing, cleaning and protective functions for the skin and
has recently been used in the production of skin care products. We found that some psoralen, cinnamon, and gromwell
root components and betaine can inhibit the growth of many bacteria and fungi; therefore, in this study, we combined
these Chinese medicines, which have complementary efficacies with betaine, to make a betaine ointment (BO) that can
both be antimicrobial and promote the healing of wounds. BO was compared with Zicao ointment and mupirocin
ointment to explore its therapeutic value for the treatment of skin wounds in diabetic mice infected with drug-resistant
microorganisms.

MATERIALS AND METHODS

Materials

Mupirocin ointment (approval number: H10930064, batch number: 20230316) was purchased from Sino-United States
Tianjin Shijiazhuang Pharmaceutical Co. Ltd. Zicao ointment (batch number: 23042802) was purchased from Hengxi-
antang Health Industry Company. Betaine, i.e., octadecyldimethyl betaine (model: BS16), was purchased from Huainan
Huajun New Material Technology Co. Ltd. Gromwell root, psoralen and cinnamon compounds were purchased from
Chengdu Herbpurify Co. Ltd., and the CAS numbers are shown in Table 1.

Main instruments and consumables

An ordinary incubator, centrifuge, enzyme-labeled instrument, electronic balance, UV spectrophotometer, biosafety
cabinet, vortex oscillator, homogenizer, blood glucose meter (Roche Vitality), blood glucose test strips, EP tubes, tips, and
centrifuge tubes were used.

Experimental strains

S. aureus strains (including the standard sensitive Newman strain and standard methicillin-resistant USA300 strain),
Escherichia coli, Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, Candida albicans, Bacillus subtilis,
Proteus mirabilis, Moraxella catarrhalis, Cryptococcus neoformans, Pseudomonas tropica, Staphylococcus hemolyticus and
Enterobacter cloacae were provided by the Drug-resistant Microbial Infection Prevention and Control Research Center at
Youjiang Medical University of Nationalities.

Main culture media and reagents

The following materials were used: Nutrient broth medium, Biosharp Biologicals, CAS: BS1002; phosphate buffer solution
(PBS), Biosharp, Lot: BL601A; Schar's liquid medium, Haber Biologicals, CAS: HB0379; sodium sulfide (Na,S), Nanjing
Chemical Reagent Co. Ltd., CAS: 1313-84-4; dexamethasone sodium phosphate injection, Tatsunobu Pharmaceuticals Co.
Ltd., CAS: 1313-84-4; and dexamethasone sodium phosphate injection, Cinncin Pharmaceuticals Co. Ltd., CAS: 18883-66-
4.

Experimental animals
SPF grade BALB/c female mice and SPF grade C57BL/6 male mice were used. All were 4-5-week-old, weighed 18-20 g,
and purchased from Changsha Tiangin Biotechnology Co. Ltd.

Preparation of BO

(1) Composition of traditional Chinese medicine: 10 g of gromwell root, 10 g of psoralen, 1 g of cinnamon, 1 g of
frankincense, 1 g of myrrh, 1 g of rehmannia glutinosa, 1 g of angelica sinensis, 10 g of angelica dahurica, 1 g of divaricate
saposhniovia root, 1 g of huanglian, 1 g of rhubarb, 1 g of amur cork-tree bark and 1 g of peppermint; (2) All traditional
Chinese medicines are ground into powder and sieved coarsely through a 100-mesh sieve to ensure good skin contact; (3)
Water was added at a ratio of 1:20 (g: mL), boiled three times at a constant temperature, and filtered through 100-mesh
sieve mesh for each half hour of boiling; (4) After standing for 12 hours, the supernatant in the cup was filtered once
more, and the resulting liquid was divided into freeze-dried samples; (5) The gelatin was soaked for 5 minutes to allow
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Table 1 Compound list

Compound CAS
Deoxyshikonin 43043-74-9
Shikonin 517-89-5
Lithospermoside 63492-69-3
B,B-Dimethylacrylshikonin 24502-79-2
B,B-Dimethylacrylalkannin 34539-65-6
Lithospermic acid 28831-65-4
B-Acetoxyisovalerylshikonin 69091-17-4
Isobutylshikonin 52438-12-7
Acetylshikonin 24502-78-1
Isobavachalcone 20784-50-3
Bavachin 19879-32-4
Isobavachin 31524-62-6
Bavachinin 19879-30-2
4'-O-Methylbavachalcone 20784-60-5
Psoralen 66-97-7
Corylin 53947-92-5
Psoralidin 18642-23-4
Astragalin 480-10-4
Methoxsalen 298-81-7
Bakuchiol 10309-37-2
Angelicin 523-50-2
Neobavaisoflavone 41060-15-5
Cinnamaldehyde 104-55-2
Cinnamic acid 621-82-9
Cinnamon alcohol 104-54-1
Cinnamyl acetate 103-54-8
Trans-cinnamic acid 140-10-3
p-Hydroxy-cinnamic acid 7400-08-0
2-Methoxycinnamic acid 6099-03-2
Methyl 4-hydroxycinnamate 3943-97-3
3,4,5-Trimethoxycinnamic acid 90-50-6

for expansion and then heated in a water bath to dissolve it into a gelatin slurry (concentration of 0.01 g/mL); (6) The
betaine mixture, gelatin slurry and lyophilized powder were coarsely extracted at a ratio of 10:2:1 and then weighed and
mixed; and (7) Camellia oil and beeswax were weighed in proportion (mixture obtained in the previous step: Camellia
oil: beeswax ratio = 13:2:1), mixed, heated to 60-80 °C, added to the mixture, stirred well, and then poured into a prepared
container to cool to obtain BO.

Detection of the main active ingredients of BO and the minimum inhibitory concentrations of BO for each strain via

the microdilution method

(1) Psoralen, cinnamon, and gromwell root compounds (4 mg/mL), betaine, and BO (32 mg/mL) were prepared; (2) For
the minimum inhibitory concentrations (MICs) plate preparation, 173.6 pL of culture medium and 6.4 pL of drugs were
added to the first well, which was subsequently diluted to the 10* well; for the 11" well, only culture medium was added,
and the 12" well was used as a control for adding bacteria without drugs; (3) To prepare the bacterial solution, the strains
growing in the logarithmic phase on the solid plate were removed, and a bacterial suspension was made with the corres-
ponding medium. The adjusted concentrations of Helicobacter pylori (H. pylori), other bacteria and fungi were 1 x 10" CFU/
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mL, 1 x 10° CFU/mL and 1 x 10°* CFU/mL, respectively; (4) The bacterial mixture was inoculated as follows: 10 pL was
added to wells 1-10 (concentrations of the bacterial solution =1 x 10> CFU/mL for fungi, 1 x 10° CFU/mL for H. pylori,
and 1 x 10° CFU/mL for other bacteria). H. pylori was cultured for 72 hours, the fungi were cultured for 48 hours, and the
other strains were cultured for 24 hours to evaluate the results; and (5) The lowest concentration of drug that completely
inhibited the growth of bacteria in small wells was considered the MIC. The results are meaningful when there is
significant growth of bacteria in the 12" well but not in the 11" well. The experiment was repeated 3 times.

Detection of BO cytotoxicity

(1) Ges-1 cell suspensions were prepared, and the concentration was adjusted to 2 x 10% (2) A total of 100 pL of cell
suspension was inoculated into each well of a 96-well plate, and 3 replicate wells were generated; (3) The samples were
cultivated in a 37 °C incubator for 24 hours; (4) An experimental group and a control group were established by adding
the same volume of BO, Zicao ointment or PBS solution at working concentrations of 256 pg/mL, 128 pg/mL, 64 pg/mL,
32 pg/mL, 16 pg/mL, 8 pg/mL, or 0 pg/mL, respectively, and a pure medium group was established; (5) The mixture
was incubated in an incubator at 37 °C for 24 hours; (6) A total of 10 pL of MTT was added to each well, mixed, and
incubated for 4 hours; and (7) The absorbance at 490 nm was determined, and the survival rate was calculated according
to the following formula: Cell survival rate = [(As-Ab)]/[(Ac-Ab)] x 100%. For the wells containing cell culture medium,
drugs, and MTT, Ac was used for the wells containing cell culture medium, MTT, and no drugs, and Ab was used for the
wells containing no cells or drugs, only culture medium and MTT. Survival curves were established on the basis of
survival rates.

Construction of a common mouse skin soft tissue infection model

Groups of mice: The mice were divided into unwounded and wounded groups (infected with the Newman strain and
the USA300 strain, respectively). The wounded groups included the mupirocin ointment group, the Zicao ointment group
and the BO group, with 6 mice in each group and 7 groups total. The mice in the unwounded group were subjected to BO
on the back skin to observe the effect on the skin surface; the mice in the mupirocin ointment group (positive control),
Zicao ointment group (negative control), and BO group (experimental group) were treated with each ointment after
wounding and infection, and the ointment was administered twice a day with an interval of 8 hours. The mice in the
unwounded group were treated with each ointment after wounding and infection and were treated with each ointment
twice a day with an interval of 8 hours.

Immunosuppressant injection: Mice were given intraperitoneal injections of dexamethasone (1 mg/5 mL) before the
wound infection experiments at a dose of 0.1 mL per injection, once every two days, for a total of three injections after the
wound infection. After infection, dexamethasone was injected 3 times at the same dose in the same manner.

Wound and infection experiments and specific processing operations: For animal hair removal, a disposable cotton
swab dipped in 4.0% Na,S was applied to the backs of the mice and were allowed to stand for 3-5 minutes until the hair
on the backs of the mice fell off; next, a cotton swab was used to remove the hair, and the area was subsequently washed
with saline. One day after hair removal, the state of the mice was observed, and the wound and infection experiments
were carried out while the mice were in good condition. The mice in the wound group were anesthetized via intraperi-
toneal injection of avertin (0.2 mL/10 g); after the mice were anesthetized, 1 round wound 0.5-0.8 cm in diameter was cut
at the spine of the positive back of each mouse with sterilized scissors, and the excess blood in the wound was handled
with sterile cotton balls. A 1 x 10° CFU/mL S. aureus bacterial mixture was prepared, and the bacterial mixture was
applied to the wound to establish an infection model. No wound or infection treatment was performed in the
unwounded group, and the same injection of dexamethasone and subsequent dehairing were carried out.

Diabetic mouse skin soft tissue infection model construction

Diabetic mouse model construction: (1) For the preparation of citrate buffer, 21 mg/mL citric acid solution (liquid A)
and 29.4 mg/mL trisodium citrate solution (liquid B) were mixed at a ratio of 1:1.32, and a pH meter was used to
determine and adjust the pH value to 4.2-4.5 for the 0.1 mol/L sodium citrate buffer; and (2) Streptozotocin (STZ) was
administered as follows: STZ was prepared with citrate buffer and incubated on ice away from light. STZ was
administered to mice by intraperitoneal injection at a dose of 75 mg/kg after 10 hours of fasting for 3 consecutive days,
maintaining a 90-minute state of fasting but not water fasting after each intraperitoneal injection. On the end of the 9"
day, blood was taken from the tail vein of the mice after 10 hours of fasting, the fasting blood glucose (FBG) was
measured with a Roche glucose meter, and the mice with an FBG concentration > 11.1 mmol/L were considered
successfully constructed for the diabetes mellitus model.

Construction of a diabetic mouse skin soft tissue infection model: The experimental mice were divided into the
unwounded group and the wounded group (infected with the USA300 strain), and the wounded group was further
divided into the PBS group, the mupirocin ointment group, and the BO group, with 5 animals in each group, for a total of
4 groups. The drug administration method was the same as constructing the common mouse skin soft tissue infection
model.

Treatment of infected wounds and detection of in vivo treatment effects: (1) On the 1 day after wounding, wound
healing and suppuration in each group were observed and recorded. The corresponding drugs were applied at the
wound location for treatment on the 2" day after wounding, the drugs were administered for 15 days, and the wound
healing situation was observed and recorded every day; (2) Mice were sacrificed on the 16" day, and the skin wound
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tissues were removed to generate pathological sections (formaldehyde-fixed), ground and coated with culture plates to
count the number of colonies; and (3) The wound healing and scab removal times of each group of mice were recorded;
the bacterial colonization of the skin wound tissues after dissection was determined; the recovery, inflammation and
apoptosis of the skin tissues were observed through pathological sections; and HE staining, TUNEL immunohisto-
chemistry, and fluorescence detection of immune factors and apoptotic factors were performed. The samples were
submitted to Wuhan Servicebio Technology Co. Ltd. for testing.

Statistical analysis

All values are expressed as the means + SD. SPSS 26.0 software was used for statistical analysis via one-way ANOVA, and
differences were considered statistically significant when P < 0.05. Graphs were generated via GraphPad Prism 8
software.

RESULTS

Bactericidal effects of the main active ingredients of Chinese medicines in BO

The compounds of gromwell root include shikonin, lithospermoside, B,-dimethylacrylalkannin, acetylshikonin, and
deoxyshikonin, which have better antibacterial effects against Candida albicans and Cryptococcus neoformans, with MICs of
4-32 pg/mL; the compounds of psoralen include isobavachalcone, bavachin, neobavaisoflavone, isobavachin, bokuchiol
and methoxsalen, which have better antibacterial effects on S. aureus, Candida albicans, and Cryptococcus neoformans, with
MICs of 1-64 pg/mL; and the cinnamon compounds include cinnamaldehyde, cinnamic acid, trans-cinnamic acid, o-
methoxycinnamic acid, 2-methoxycinnamic acid, and methyl 4-hydroxycinnamate, which have better inhibitory effects on
S. aureus, Candida albicans, and Cryptococcus neoformans, with MICs of 64-128 png/mL. These findings indicate that there are
many broad-spectrum antibacterial components in gromwell root, psoralin and cinnamon (Tables 2, 3, and 4). The MIC of
betaine was 4-32 pg/mL, and the addition of betaine improved the antimicrobial effect (Table 5).

In vitro antibacterial effect of BO

The MIC of BO against common skin-infecting microorganisms, such as S. aureus, Candida albicans, and Cryptococcus
neoformans, was 16-64 pg/mL, whereas the MICs of traditional Zicao ointment were all > 2048 pg/mL, significantly
increasing the antimicrobial effect (Table 6).

Safety evaluation of BO

BO at a concentration of 1-16 times the MIC had low toxicity and high safety for Ges-1 cells (Figure 1A). In addition, the
surface skin growth of the mice after coating was normal, and there was no allergic phenomenon such as redness,
swelling or burning, which indicates safety (Figure 1B).

Evaluation of the therapeutic effect of BO on the skin wounds of ordinary mice infected with S. aureus

(1) Wound healing: Among the sensitive Newman strain-infected mice, those in the mupirocin ointment group presented
the best wound healing conditions, followed by those in the BO group, but both groups experienced the same scab
removal, which occurred earlier than that in the Zicao ointment group. Among the drug-resistant USA300 strain-infected
mice, the highest rate of scab removal was observed in the BO group of mice, with a wound healing scab removal rate of
83.3% after 15 days of treatment. Compared with 66.7% and 0% for mupirocin ointment and Zicao ointment, respectively,
the difference was statistically significant. Wound healing is shown in Figure 2, and the time of scab removal is shown in
Table 7; (2) Bacterial colonization of skin wound tissues: For the mice infected with the sensitive Newman strain, the BO
group had the lowest bacterial colonization and the best antibacterial effect, which was comparable to that of the
mupirocin ointment group and significantly better than that of the Zicao ointment group; for the mice infected with the
drug-resistant USA300 strain, the BO group had the lowest bacterial colonization, and the difference from the other two
groups was even more obvious. Compared with the other two ointments, BO strongly inhibited the drug-resistant strains
(Figure 3A and B); and (3) Degree of inflammation and apoptosis: The skin surface of normal mice was intact, and no
inflammation or edema occurred. The skin wound surface of the mice in the Zicao ointment group was incomplete, and
there was a severe inflammatory reaction, with high levels of inflammatory cell infiltration and aggregation and severe
apoptosis. The wound surfaces of the mice in the mupirocin ointment group and the BO group were relatively intact,
with no obvious inflammatory cell infiltration, and there was no difference from those of the normal skin tissues
Figure 3C and D). Therefore, BO can reduce the apoptosis of skin tissue cells and promote the healing of wounded tissues
with an effect comparable to that of mupirocin ointment, and the effect is more remarkable in the case of infection with
the drug-resistant USA300 strain. The results of the fluorescence staining of inflammatory and apoptotic factors revealed
that the levels of the inflammatory factors IL-1B, IL-6, and TNF-a were greatly reduced in the skin of the BO and
mupirocin ointment groups, whereas Zicao ointment did not have anti-inflammatory effects.

The apoptosis-related factors BAX and Bcl-2 were not expressed in normal tissues, and the proapoptotic factor BAX
was abundantly expressed in the skin tissues of the wounds of the mice in the Zicao ointment group; however, the
apoptosis-inhibiting factor Bcl-2 was weakly expressed, whereas BAX was not expressed in the skin tissues of the
mupirocin group or the BO group, and Bcl-2 was more strongly expressed than in normal tissues (Figure 4). The skin was
wounded to create skin tissue cells expressing inflammatory factors and apoptosis-promoting factors in large quantities,
whereas BO reduced inflammation in skin wounds, inhibited the expression of inflammatory factors and BAX, and
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Figure 1 Safety evaluation of betaine ointment. A: Toxicity to normal cells; B: Picture of mice after application of the ointment. BO: Betaine ointment; PBS:
Phosphate buffer solution.
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Figure 2 Wound healing of mice in the in vivo antibacterial experiment.

promoted the expression of Bcl-2, indicating that it plays good anti-inflammatory and antiapoptotic roles in promoting
wound healing.

Evaluation of the therapeutic effect of BO on skin wounds in diabetic mice infected with S. aureus

The total number of scabs removed after treatment for 15 days was the same in the BO group and the mupirocin group of
diabetic mice, and the rate of scab removal was 80.0% in both groups. The difference was statistically significant, and the
speed of wound healing was comparable (Table 8 and Figure 5). The ointment treatment reduced the amount of skin
tissue strains colonizing the wounds of the mice, and the two ointments were equally effective (Figure 6A). The results of
HE and TUNEL staining of the skin tissues revealed that the wounds of the mice in the BO group recovered more
completely without obvious inflammatory cell infiltration or apoptosis of the skin cells, which were not different from
those of the normal skin tissues. Skin tissues in the mupirocin group exhibited mild apoptosis (Figure 6B and C). The
results of the analysis of inflammatory and apoptotic factors (Figure 7) verified the efficacy of BO, the expression of
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Figure 3 Detection results of wound-infected mouse skin tissue. A: Newman strain colonization; B: USA300 strain colonization; C: HE staining; D:
TUNEL staining. P < 0.05; %P < 0.01. BO: Betaine ointment.

_Bﬁ’@ WID | https://www.wjgnet.com 8 January 15,2025 | Volume16 | Issuel |



Xu WY et al. Ointment for the treatment of diabetic wounds

Table 2 The minimum inhibitory concentrations of gromwell root compounds (pg/mL)

@i KIebsieIIa. Pseuc{omonas Acinetoba?f:ter Staphylococcus Car.rdida Cryptococcus HeIic?bacter
pneumoniae  aeruginosa baumannii aureus albicans  neoformans pylori
Shiconin >128 >128 >128 >128 >128 >128 2
Lithospermoside >128 >128 >128 >128 8 4 >128
B,B-Dimethylacrylshikonin > 128 >128 >128 >128 >128 >128 32
B,B-Dimethylacrylalkannin > 128 >128 >128 >128 32 8 32
Lithospermic acid >128 >128 >128 >128 >128 >128 >128
B-Acetoxyisova- >128 >128 >128 >128 >128 >128 8
lerylshikonin
Isobutylshikonin >128 >128 >128 >128 >128 >128 8
Acetylshikonin >128 >128 >128 >128 >128 8 4
Deoxyshikonin >128 >128 >128 >128 >128 8 2

Table 3 The minimum inhibitory concentrations of psoralen compounds (ug/mL)

G KIebsieIIa. Pseud.omonas Acinetoba"cter Staphylococcus  Cryptococcus Carlldida HeIic?bacter
pneumoniae  aeruginosa baumannii aureus neoformans albicans  pylori
Isobavachalcone >128 >128 >128 8 1 8 8
Bavachin >128 >128 >128 >128 >128 >128 8
Bavachinin >128 >128 >128 16 32 >128 16
4'-O-Methylbavach-  >128 >128 >128 >128 >128 >128 8
alcone
Neobavaisoflavone >128 >128 >128 64 32 >128 16
Isobavachin >128 >128 >128 16 32 >128 >128
Bakuchiol >128 >128 >128 32 16 >128 >128
Methoxsalen >128 >128 >128 64 >128 >128 >128
Angelicin >128 >128 >128 >128 >128 >128 >128
Psoralen >128 >128 >128 128 >128 >128 >128
Corylin >128 >128 >128 >128 >128 >128 >128
Psoralidin >128 >128 >128 >128 >128 >128 >128
Astragalin >128 >128 >128 >128 >128 >128 >128

Table 4 The minimum inhibitory concentrations of cinnamon compounds (pug/mL)

Compound Staphylococcus Pseudomonas  Klebsiella Acinetobacter ~ Candida  Cryptococcus  Helicobacter
. aureus aeruginosa pneumoniae  baumannii albicans  neoformans pylori

Cinnamaldehyde 64 >128 >128 >128 128 64 8
Cinnamic acid >128 >128 >128 >128 >128 128 128
Cinnamon alcohol >128 >128 >128 >128 >128 >128 128
Cinnamyl acetate >128 >128 >128 >128 >128 >128 >128
Trans-cinnamic acid >128 >128 >128 >128 128 64 128
p-Hydroxy-cinnamic > 128 >128 >128 >128 >128 >128 128
acid
2-Methoxycinnamic ~ >128 >128 >128 >128 >128 128 >128
acid
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Methyl 4-hydroxycin- > 128 >128 >128 >128 >128 128 > 128
namate

Ethyl 4-methoxycin- >128 >128 >128 >128 >128 128 16
namate

3,4,5-Trimethoxy- >128 >128 >128 >128 >128 >128 >128

cinnamic acid

Table 5 Antibacterial spectrum of betaine (ug/mL)

Strain MIC (pg/mL)
Bacillus subtilis 4
Newman 4
USA300 8
Candida albicans 16
Cryptococcus neoformans 16
Candida tropicalis 32
Escherichia coli >1024
Staphylococcus haemolyticus > 1024
Pseudomonas aeruginosa > 1024
Proteus mirabilis >1024
Acinetobacter baumannii > 1024
Klebsiella pneumoniae > 1024
Morganella morganii subsp. morganii > 1024
Enterobacter hormaechei > 1024

MIC: Minimum inhibitory concentration.

Table 6 The minimum inhibitory concentrations of betaine ointment (ug/mL)

MIC (pg/mL)
Strain

BO Zicao
Newman 16 > 2048
USA300 32 > 2048
Candida albicans 64 > 2048
Cryptococcus neoformans 64 > 2048
Candida tropicalis 64 > 2048
Staphylococcus haemolyticus > 512 > 2048
Pseudomonas aeruginosa >512 > 2048
Proteus mirabilis > 512 > 2048
Acinetobacter baumannii > 512 > 2048
Klebsiella pneumoniae > 512 > 2048

MIC: Minimum inhibitory concentration; BO: Betaine ointment.
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Figure 4 Fluorescence staining of inflammatory factors and apoptotic factors in the skin wound tissue of mice in the in vivo antibacterial
experiment. A: Fluorescence microscopy view; B-F: Fluorescence quantification. °P < 0.01. BO: Betaine ointment.
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Figure 5 Wound healing of mice in the in vivo antibacterial experiment. PBS: Phosphate buffer solution; BO: Betaine ointment.

inflammatory factors was lower than that in the mupirocin ointment group, and the expression of antiapoptotic factors
was greater. Therefore, BO can significantly reduce inflammation, decrease apoptosis in diabetic wounds and promote
wound healing more effectively than mupirocin ointment.

DISCUSSION

The skin is the first immune barrier of an organism, and skin disease caused by skin infection has become a common and
frequent disease. Subcutaneous tissue is not protected after skin defects, which can cause wound contamination in a short
period of time, and if the wound contamination is severe or bacterial virulence is strong, bacterial infection can easily
occur, which can then lead to tissue necrosis and systemic infections. While chronic diabetic wounds are among the most
serious chronic complications in diabetic patients[23], the problem of delayed wound healing in diabetic patients is
becoming increasingly apparent worldwide due to the lack of effective treatment strategies. Antimicrobial topicals and
antibiotics for the treatment of skin infections are readily available along with increasing demand. Although some
antibacterial ointment preparation techniques are well established, their efficiency in exerting antimicrobial activity and
promoting wound healing and scab removal is not comprehensive enough, and the antibiotic resistance situation is
serious[24,25], which presents great challenges for clinical treatment. To enable patients with skin infections to receive
timely and effective treatment before further deterioration and to prevent pathogenic bacterial infections in daily life,
drugs with broad-spectrum antimicrobial effects and toxicity that are not easy to resist are needed for daily use and to
promote wound healing. Plant-derived herbs have natural components, many of which have been shown to have good
antimicrobial effects, and ointments made from Chinese medicines have been widely used in wound repair[26,27], with
many clinical reports of their efficacy.

Normal skin wound healing is a complex process divided into a coagulation phase, an inflammatory phase, a prolif-
erative phase, and a tissue remodeling phase, during which a series of reactions occur, including the inflammatory
response, granulation tissue formation, regenerative epithelialization, angiogenesis and matrix remodeling[28,29]. In this
study, a variety of Chinese medicinal ingredients with antibacterial and anti-inflammatory efficacy and betaine were
combined to prepare BO, which was verified to have stronger and more comprehensive efficacy from multiple
perspectives. While evaluating wound recovery, in addition to the intuitive wound healing phenomenon, the inflam-
matory infiltration phenomenon and the expression of inflammatory factors in the tissues directly reflect the degree of
inflammation in the wound. In addition, the role of apoptosis in wound healing should not be ignored. Apoptosis is
involved in the process of transforming granulation tissue to scar tissue, and it may also be the reason for the reduction or
even disappearance of inflammatory cells in granulation tissue[30,31]. Abnormal apoptosis plays a crucial role in wound
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Figure 6 Colonization of bacterial strains, inflammation, and apoptosis in the skin tissues of diabetic mice with traumatic infection. A:
Colonization of the USA300 strain; B: HE staining; C: TUNEL staining. ®P < 0.01; 'P < 0.05. PBS: Phosphate buffer solution; BO: Betaine ointment.

healing, and excessive apoptosis slows healing. BAX is a common proapoptotic factor, while Bcl-2 significantly inhibits
apoptosis by maintaining the permeability of the mitochondrial membrane; thus, Bcl-2 and BAX play antagonistic roles in
apoptosis[32,33], which means that BAX expression decreases when Bcl-2 expression is increased. During the inflam-
matory phase of skin wounds, the number of inflammatory cells within the wound increases, and BAX expression
increases, promoting apoptosis and elimination of inflammatory cells, whereas Bcl-2 expression decreases. BO treatment
alleviated the inflammatory infiltration phenomenon in skin wounds, reduced the expression of inflammatory factors and
proapoptotic factors, and increased the expression of antiapoptotic factors, indicating that BO promotes wound healing.
The results of in vivo and in vivo antibacterial experiments show that BO is able to exert bacteriostatic effects against a
wide range of microorganisms, reduce the amount of colonization of strains of drug-resistant S. aureus-infected wounds,
and have a significant effect on antidrug-resistant bacteria. The results of the cytotoxicity and dermatotoxicity
experiments revealed that BO has no side effects on normal cells or skin tissues and that its composition is natural and
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Figure 7 Fluorescence staining of inflammatory factors and apoptotic factors in skin wound tissues from diabetic mice. A: Fluorescence
microscopy view; B-F: Fluorescence quantification. P < 0.05; /P < 0.05; 9P < 0.01. PBS: Phosphate buffer solution; BO: Betaine ointment.

low in cost. However, owing to the possible species differences in the physical conditions of humans and mice, the
variability of the environment for clinical use, such as the diversity of infective strains and drug resistance, the presence
of disease complications in patients and the possible irritation of drugs on the wounds. There are many unknowns
concerning the human health effects of long-term use. We still need to validate the efficacy and safety of BO in human
diabetic wound treatment through clinical trials. In this work, the healing effect of BO on diabetic wounds was verified
mainly in terms of reducing the amount of pathogenic bacteria colonized and reducing inflammation and apoptosis,
which promotes the proliferation of wound granulomas and has good prospects for application, and the efficacy and
mechanism of the other aspects need to be further researched. The mechanism underlying the anti-inflammatory and
antiapoptotic effects may be related to the promotion of diabetic wound healing through the regulation of the PI3K/Akt,
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Table 7 Effect of betaine ointment on scab removal in skin wounds infected with Staphylococcus aureus

Number of mice shed scabs (pcs)

Strain Group
Day 10 Day 11 Day 12 Day 13 Day 14 Day 1 Total Rate (%)
Newman Mupirocin 0 2 0 0 1 155 5 83.3%
Zicao 0 0 0 0 1 1 2 33.3°
BO 0 1 0 0 2 0 3 50.0°
USA300 Mupirocin 2 0 0 2 0 0 4 66.7°
Zicao 0 0 0 0 0 0 0 0.0°
BO 2 0 0 1 0 2 5 83.3"
P < 0.0001.
PP < 0.0001.

BO: Betaine ointment.

Table 8 Effects of betaine ointment on scab removal from skin wounds in diabetic mice infected with Staphylococcus aureus

Number of mice shed scabs (pcs)

S Day 10 Day 11 Day 12 Day 13 Day 14 Day 15 Total Rate (%)
PBS 0 0 0 0 0 0 0 0.0
Mupirocin 1 1 2 0 0 0 4 80.0°

BO 0 1 1 1 1 0 4 80.0°

P < 0.05 vs phosphate buffer solution.
PBS: Phosphate buffer solution; BO: Betaine ointment.

NF-kB and other signaling pathways[34]. It is still necessary to search for the action targets of each component of the
ointment through network pharmacology, molecular docking and interactions and to carry out subsequent experiments
to validate and obtain more comprehensive research results to provide basic research and clinical management of diabetic
wound treatment in a new direction.

CONCLUSION

In summary, we combined these Chinese medicines, which have complementary efficacies with betaine, to make a BO
that can both be antimicrobial and promote the healing of wounds. The MIC assay and model construction and treatment
proved that it has a good effect of inhibiting bacteria and promoting diabetic wound healing. In vivo and in vitro safety
assessment evidenced that it has few side effects and high safety, which makes it an ointment with high application
potential and provides a new direction for clinical diabetic wound treatment.
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