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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA) mastitis poses a significant threat to dairy herds 
worldwide, given its resistance to methicillin and other b-lactam antibiotics, which often leads to 
treatment failure. Consequently, there is an urgent need for safe and effective alternative therapeutic 
approaches. Recent investigations have highlighted the potential of baicalein, a natural flavonoid known 
for its potent anti-inflammatory and antibacterial properties, especially its synergistic effects with 
b-lactam antibiotics against MRSA. However, the limited solubility and bioavailability of baicalein hinder 
its biomedical utility. The present study assessed the therapeutic efficacy of encapsulated baicalein 
in chitosan, forming a tricomplex with a b-lactam antibiotic, using a murine model of MRSA-induced 
mastitis. The experimental design comprised seven groups, each consisting of six mice. We evaluated 
the ability of various treatment regimens to mitigate histopathological alterations and bacterial burden 
induced by MRSA infection, aiming to elucidate underlying mechanisms. Our results revealed that 
tricomplex treatment significantly reduced bacterial load in mammary tissue and preserved tissue 
integrity, resulting in decreased inflammatory responses post-MRSA inoculation. In addition, tricomplex 
treatment markedly reduced mean leukocyte and neutrophil counts in blood and suppressed the 
matrix metalloproteinase-9 (MMP-9) concentration and C-reactive protein (CRP) response. Notably, 
the synergistic interaction between baicalein and amoxicillin was particularly pronounced. Our findings 
suggest that chitosan-encapsulated baicalein combined with a b-lactam antibiotic holds promise as 
a therapeutic option for MRSA-induced mastitis. Further investigations, particularly in target animal 
species, are warranted to comprehensively evaluate its clinical feasibility.
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INTRODUCTION

 Methicillin-resistant Staphylococcus 
aureus (MRSA) stands as a formidable pathogen 
in both human and veterinary medicine, with its 
impact extending to the realm of dairy farming.1 
Mastitis, characterized by inflammation of the 
mammary gland, poses a significant challenge to 
dairy cow health and milk production worldwide.2 
Alarmingly, the incidence of MRSA-induced 
mastitis is on the rise among dairy cows, presenting 
a pressing concern for both animal welfare and 
food safety.3 Traditionally, antibiotics have served 
as the cornerstone of mastitis treatment, yet 
their efficacy is increasingly compromised by the 
emergence of antibiotic-resistant strains of S. 
aureus, including MRSA.2,3 
 The S. aureus mastitis model is frequently 
employed in research settings and holds particular 
relevance in the study of ruminant mastitis due to 
the striking parallels between murine and bovine 
mammary gland physiology and immunology.4,5 
Leveraging this model provides invaluable 
insights into the pathogenesis of MRSA mastitis, 
facilitating the development and evaluation of 
novel therapeutic interventions.5 In S. aureus 
infection of mammary gland, the downstream 

signaling molecules such as nuclear factor-kappa 
B (NF-kB) is upregulated by activating the toll-like 
receptors, leading to expression of number of 
inflammatory cytokines (TNF-a, IL-1b and IL-6).6 
NF-kB and inflammatory cytokines regulate the 
expression of matrix metalloproteinases (MMPs) 
that play a key role in recruitment of leukocytes 
and modulating inflammatory mediators in 
mammary gland.7 The MRSA expresses higher 
proportion of Panton-Valentine leukocidin gene 
that induces marked inflammatory response, 
resulting in acute phase response.8 The elevated 
level of inflammatory markers, C-reactive protein 
(CRP) and matrix metalloproteinase activities in 
milk and serum has been reported in mastitis.9

 Flavonoids, the natural products from 
plant secondary metabolites, are known for its 
broad spectrum of health promoting effects 
owing to their anti-inflammatory, anti-bacterial, 
antioxidant and anticarcinogenic properties.10 
Baicalein is a prominent flavonoid compound 
derived from Scutellaria baicalensis Georgi, a 
traditional Chinese medicinal herb, has garnered 
significant attention for its therapeutic potential 
in combating bacterial infections.11 Studies 
have demonstrated its efficacy in inhibiting 
biofilm formation, bacterial quorum sensing, and 
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virulence gene expression, thereby exerting potent 
antibacterial effects.12 Moreover, baicalein exhibits 
anti-inflammatory properties by suppressing the 
MAPK pathway and reducing the expression of pro-
inflammatory cytokines such as MMPs, highlighting 
its multifaceted pharmacological profile.13 Despite 
its promising therapeutic attributes, baicalein 
faces challenges stemming from its inherent poor 
solubility and low bioavailability, which hamper 
its clinical utility.14 However, research has shown 
that baicalein can synergistically enhance the 
antimicrobial efficacy of b-lactam antibiotics 
against MRSA, offering a potential solution to its 
limited efficacy when used alone.15 To address the 
solubility and bioavailability issues associated with 
baicalein, novel approaches such as nanoparticle-
based drug delivery systems have emerged as 
promising strategies.16 
 Chitosan is a naturally-occurring linear 
polysaccharide that is an ideal nanoparticle for 
antimicrobial drug delivery apart form its own 
antibacterial property.17 Our study used chitosan to 
encapsulate baicalein and a b-lactam antibiotic to 
evaluate its therapeutic efficacy in MRSA-induced 
mouse mastitis. We hypothesized that treatment 
of chitosan encapsulated baicalein and b-lactam 
will reduce the inflammation, pathological changes 
and bacterial load of mammary tissue and improve 
the therapeutic efficacy as compared to baicalein 
or b-lactam alone in mouse mastitis. The present 
study investigated whether chitosan encapsulated 
baicalein and b-lactam antibiotic can be used to 
attenuate MRSA induced mastitis by accelerating 
the resolution of mammary tissue pathology and 
reducing bacterial load in mammary gland.

MATERIALS AND METHODS

Bacterial strain 
 MRSA (S. aureus R1/BOV - Accession 
No. - KX181857) was isolated earlier from mastitis 
affected cows by our laboratory and preserved at 
-80°C as 30% glycerol stock. 

Experimental animals
 Forty-two adult healthy Swiss albino 
female and fourteen male mice of 6-8 weeks 
(weight > 25 grams) were obtained from laboratory 
animal resource section of the institute. The mice 
were housed in animal housing facility, Division 

of Medicine, ICAR-IVRI, Izatnagar as per CPCSEA 
guidelines. The protocol of the experiment No: 
F.1-53/2012-13/JD(R) was approved by the 
Institutional Animal Ethics Committee. 

Induction of mastitis in murine model
 The MRSA isolate from glycerol stock was 
sub cultured continuously to get the pure culture 
and then serial dilution of MRSA suspension was 
prepared and dose of bacteria was calculated by 
surface viable count.18 

Experimental protocol
 The preparation and characterization of 
baicalein green biomolecule were done as per 
the established protocol.19 Before initiation of 
experiment, the mice were allowed to acclimatize 
for 7 days. Then female and male (3:1) mice were 
kept for breeding. After 7 days of parturition, the 
pups were weaned from mice. On 8th day, 50 µL of 
MRSA culture (105 CFU/mL) was inoculated in each 
test of 36 female mice to induce mastitis whereas, 
6 female mice were kept as health control that 
received no bacterial inoculation. 
 In total 42 mice were randomly allocated 
into seven groups and six mice of each group was 
allotted one of the following treatment protocol: 
(Group A) 100 µL sterile phosphate buffer saline 
(PBS, pH 7.2 ± 0.2) by oral route (healthy control 
group); (Group B) 100 µL sterile PBS by oral route 
(PC; positive control group); (Group C) 500 µL of CH 
suspension by oral route (2.0 mg/mL; CH group); 
(Group D) 200 µL of baicalein suspension by oral 
route (5.0 mg/mL; BC group); (Group E) 200 µL 
of CH encapsulated baicalein and amoxicillin by 
oral route (Tricomplex group); (Group F) 10 mg/
kg body weight of amoxicillin by intramuscular 
route (AMX group); and (Group G) 8.0 mg/kg body 
weight clindamycin by intramuscular route (CLIN 
group). All the treatments were administered 
consecutively for seven days.

Analysis of blood samples
 Blood was collected from each mouse by 
puncturing the retrobulbar venous plexus using 
microcapillary tubes and transferred into the tubes 
with and without anticoagulant. Total leukocyte 
count (TLC) and differential leucocyte count (DLC) 
in unclotted blood were measured manually.20 
The concentrations of matrix metalloproteinase-9 



  www.microbiologyjournal.org1549Journal of Pure and Applied Microbiology

Soni et al | J Pure Appl Microbiol. 2024;18(3):1546-1557. https://doi.org/10.22207/JPAM.18.3.04

(MMP-9) in serum were measured at 0, 24, 48 and 
72 hours by using Immunotag™ MMP-9 ELISA kit (G 
Bioscience, Cat. # ITI4032, Geno Technology Inc., 
USA) according to the manufacturer’s instructions. 
The concentration of MMP-9 was expressed as 
nanogram/milliliter of serum. The C-reactive 
protein (CRP) in the serum samples was measured 
at 0, 48, and 72 hours by latex agglutination 
method (Lifescreen™–CRP, Kamineni Life Sciences 
Pvt. Ltd, India) following the manufacturer’s 
instructions. The reaction was graded as 0 to +4 
based on the degree of agglutination.

Gross examination and estimation of bacterial 
load in mammary glands
 The mammary glands were grossly 
examined for any lesions before and after the 
challenge.21 Gross examination of mammary 
glands was performed according to the standard 
clinical score card considering parameters like 
swelling, discoloration and exudation of mammary 
glands.9 For bacterial load, the mammary glands 
(R4) were removed and homogenized using pre-
cooled sterile grinders with the addition of sterile 
PBS at a ratio of 1:5 (w/v). The mammary gland 
homogenates (10-fold serial dilution) were plated 
on mannitol salt agar plates, incubated at 37°C. 
Then S. aureus colonies were counted.22 Total 
bacterial count of the mammary gland was studied 
after sacrificing the mice.

Histological examination of mammary glands
 The mammary tissues were collected 
at 10 days after initiation of treatment and 
fixed in 10% formaldehyde solution for paraffin 
embedding. After staining with hematoxylin and 

eosin (H and E), the histopathological alterations 
were examined using a light microscope (Olympus, 
Japan).23

Statistical analysis
 Data were reported as the mean ± 
standard error of the mean (SEM). The obtained 
data were analyzed by statistical package for 
the social sciences (SPSS) version 20. Statistical 
significance was evaluated using one-way factorial 
analysis of variance (ANOVA) along with Tukey’s 
multiple-comparisons test. Values of p < 0.05 were 
considered to be statistically significant.

RESULTS

Total leukocyte count and differential leucocyte 
count 
 Haematological findings are included 
in Tables 1-4. The mean TLC and neutrophil (N) 
% were significantly (p < 0.05) increased at 48, 
72, and 240 hours and lymphocyte (L) % were 
significantly (p < 0.05) decreased at 48 to 240 
hours as compared to 0 hour in positive control 
group (Table 1). A persistently increased level of 
mean TLC from 24 to 240 hours and N % from 48 
to 240 hours and significantly decreased level of 
mean L % was noted from 24 to 240 hours in both 
CH and BC-treated groups. In tricomplex–treated 
group, the mean TLC initially increased (p < 0.05) 
till 48 hours and thereafter it decreased (p < 0.05) 
to pretreatment value at 72 and 240 hours. The  
L % significantly dropped at 48, 72, and 240 hours 
whereas, the N% remained unaltered from 0 to 240 
hours. The mean TLC and N % were significantly 
elevated and L % was significantly decreased at 72 

Table 1. Total leukocytic count (Mean ± SD) in mice of different groups at 0, 24, 48, 72, and 240 hours post-challenge

Group (n=6) 0 hour 24 hours 48 hours 72 hours 240 hours

Group A 4533 ± 167b 4592 ± 191.56b 4538 ± 158.39b 4573 ± 210b 4735 ± 214b

Group B 4353 ± 146b 5545 ± 425b 7075 ± 1202.34a 10200 ± 1215a 10305 ± 1367b

Group C 5467 ± 148ab 9517 ± 216.67a 9183 ± 285ab 8983 ± 247ab 8287 ± 258ab

Group D 5765 ± 160ab 8866 ± 365ab 8265  ±  365ab 8147  ±  419ab 7998  ±  416ab

Group E 5760  ±  93ab 10483  ±  217a 9467  ±  424ab 7182  ±  483ab 6253  ±  462ab

Group F 4787  ±  242a 6825  ±  936b 7130  ±  717a 7239  ±  827ab 8127  ±  1040ab

Group G 4689  ±  83a 6766  ±  1012b 7216  ±  678a 8067  ±  540ab 6000  ±  611ab

*Values with different superscripts are significant at level (p < 0.05), in rows (a, b, c)
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to 240 hours as compared to 0 hour in both AMX 
and CLIN-treated groups. However, statistically, no 
significant changes in the mean monocyte (M) %, 
eosinophils (E) % and basophil (B) % were observed 
across the groups from 0 to 240 hours. When mean 
TLC, N % and L % were compared between positive 
control and treatment groups, it was observed 
that the mean TLC at 72 and 240 hours and N% at 
48, 72, and 240 hours were significantly lower in 
tricomplex group and L% was significantly higher 
at 24 and 72 hours in tricomplex and at 48 and 
240 hours in CLIN-treatment groups than other 
treatment groups (Table 1-4). 

C-reactive protein
 The agglutination reaction of CRP was 
negative for all the groups at 0 hour. The CRP 
response was significantly increased at 24 and 
72 hours from 0 hour in positive control, CH, 
BC and AMX-treated groups. However, the CRP 
response was initially increased at 24 hours and 
thereafter the response was markedly decreased 
at 72 hours in both tricomplex and CLIN-treated 
mice. When mean scores of CRP were compared 
between positive control and treatment groups, 
it was observed that the mean CRP score was 
significantly lower in 24 hours in CLIN and at 72 

Table 2. Relative percentage of lymphocytes (Mean ± SE) in mice of different groups at 0, 24, 48, 72 and 240 
hours post challenge

Group (n=6) 0 hour 24 hours 48 hours 72 hours 240 hours

Group A 78 ± 0.56a 76 ± 1.08b 74 ± 0.87b 71 ± 0.49b 74 ± 0.42ab

Group B 76 ± 0.79b 52 ± 2.75ab 51 ± 2.23ab 46 ± 1.53c 36 ± 1.53c

Group C 78 ± 0.71a 71 ± 1.15b 68 ± 2.76ab 65 ± 2.36ab 61 ± 3.59a

Group D 75 ± 1.01b 69 ± 0.33b 68 ± 0.76ab 65 ± 0.71ab 64 ± 1.26a

Group E 77 ± 0.61ab 73 ± 1.34b 71 ± 1.41b 68 ± 0.98b 70 ± 2.01ab

Group F 76 ± 0.84b 68 ± 0.54b 67 ± 0.6b 64 ± 1.28ab 61 ± 1.89a

Group G 77 ± 0.95ab 73 ± 1.65b 72 ± 1.35b 67 ± 1.96b 69  ±  0.79ab

*Values with different superscripts are significant at level (p<0.05), in rows (a, b, c)

Figure 1. Concentration of matrix metalloproteinase-9 (MMP-9) in serum in healthy, treated and untreated infected 
groups of mice
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hours in tricomplex and CLIN-treatment groups as 
compared to positive control and other treatment 
group. 

Matrix metalloproteinase-9
 The average concentration of MMP-9 
was persistently elevated (p<0.05) till 72 hours in 
positive control, CH, BC and AMX-treated groups. 
In tricomplex and CLIN-treated groups, the mean 
MMP-9 concentration was initially increased at 
24 hours but the value gradually decreased at 72 

hours. When mean MMP-9 concentrations were 
compared between positive control and treatment 
groups, it was observed that the mean MMP-9 
concentration was significantly lower at 24 hours 
in CLIN and at 72 hours in tricomplex and CLIN-
treatment groups as compared to positive control 
and other treatment groups (Figure 1).

Gross examination of mammary glands
 The clinical score card of animals in 
different groups are given in Table 5. Mice in all 

Figure 2. (A) Gross appearance of a normal healthy mammary gland in group A. (B) Mammary gland having swelling 
and redness in group B. (C) Mammary gland showing swelling and inflammation in group C. (D) Mild swelling of 
the mammary gland in group D. (E) Mammary gland of group E appearing normal. (F) Swollen mammary gland in 
group F. (G) Mammary gland of group G
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Table 4. Relative percentage of eosinophil (Mean ± SE) in mice of different at 0, 24, 48, 72 and 240 hours post 
challenge

Group (n=6) 0 hour 24 hours 48 hours 72 hours 240 hours

Group A 0.83  ±  0.31 1.00  ±  0.37 1.00  ±  0.26 0.67  ±  0.42 1.00  ±  0.37
Group B 1.33  ±  0.49 1.50  ±  0.72 2.50  ±  0.34 2.83  ±  0.70 3.00  ±  0.37
Group C 2.17  ±  0.54 2.33  ±  0.42 2.00  ±  0.45 2.50  ±  0.50 2.33  ±  0.61
Group D 3.00  ±  0.58 2.17  ±  0.60 2.00  ±  0.00 1.33  ±  0.33 2.17  ±  0.40
Group E 1.67  ±  0.67 1.50  ±  0.56 0.83  ±  0.40 1.00  ±  0.37 2.00  ±  0.52
Group F 2.00  ±  0.45 2.67  ±  0.56 1.33  ±  0.21 1.50  ±  0.34 1.67  ±  0.49
Group G 2.50  ±  0.34 2.50  ±  0.56 2.83  ±  0.95 2.67  ±  0.76 1.00  ±  0.00

Table 3. Relative percentage of neutrophils (Mean ± SE) in mice of different at 0, 24, 48, 72 and 240 hours post 
challenge

Group (n=6) 0 hour 24 hours 48 hours 72 hours 240 hours

Group A 22.83 ± 1.14 24.83 ± 1.33* 28.00 ± 1.83* 27.00 ± 2.74*** 30.00 ± 5.11*
Group B 24.00 ± 1.39 25.83 ± 2.14* 43.17 ± 3.37*** 48.17 ± 3.22* 58.50 ± 3.19***
Group C 24.67 ± 0.61 28.00 ± 1.75* 36.67  ±  0.61*** 41.17  ±  2.81* 54.83  ±  2.07**
Group D 23.50  ±  1.61 24.33  ±  2.04* 31.50  ±  5.43*** 33.17  ±  5.47** 41.50  ±  2.72**
Group E 23.83  ±  0.91 26.83  ±  1.28* 25.83  ±  1.45** 26.83  ±  1.90*** 24.67  ±  1.09*
Group F 22.00  ±  0.86 29.67  ±  0.99* 37.00  ±  2.27*** 30.33  ±  2.82** 40.00  ±  1.51**
Group G 24.33  ±  0.76 29.17  ±  1.45* 36.67  ±  1.50*** 31.67  ±  2.70** 23.50  ±  2.42*

*Values with different superscripts are significant at level (p < 0.05)

Table 5. The clinical score card of animals in different groups

Group (n=6) 0 hour 24 hours 48 hours 96 hours 168 hours

Group A 21.5a 4b 3.5b 4.5b 5.5b

Group B 21.5a 13ab 21.3ab 33.9a 37a

Group C 21.5a 32.08a 29.25a 21.25ab 25.75ab

Group D 21.5a 27a 23.41a 17.75ab 18.83ab

Group E 21.5a 22.5ab 13.91ab 13.33ab 7.5b

Group F 21.5a 29a 32.25a 35a 34.75a

Group G 21.5a 24.42ab 21.83a 12.75ab 5.16ab

*Values with different superscripts are significant at level (p < 0.05), in rows (a, b, c)

the groups were active and alert with normal 
appearance of mammary gland prior to bacteria 
inoculation. At 24 hours, the mice became dull and 
depressed with appreciable swelling and reddish 
discoloration in the mammary glands of positive 
control, CH, BC and AMX-treated groups whereas, 
mild inflammatory response was observed in group 
tricomplex and CLIN-treated groups (Figure 2). 
After 48 hours of bacterial inoculation, profound 
dullness and depression were observed in positive 
control group while their mammary glands showed 

appreciable swelling, enlargement and reddish 
discoloration with extravasations of pus and 
blood-stained exudates. There was decrease in 
inflammatory response in the mammary glands 
of CH and BC-treated mice, however, decrement 
in inflammatory response was much pronounced 
in tricomplex-treated mice. Swelling and hardness 
of mammary gland of BC-treated mice were seen. 
 Subsequently, at 96 hours, the mice were 
found severely depressed with discolored, heavily 
swollen mammary glands of positive control 
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group. However, there was reduced discoloration 
and swelling and did not reveal gross pathological 
change in mammary glands of tricomplex and 
CLIN-treated mice. A decrement in inflammatory 
response was noted in BC-treated mice. At 168 
hrs, the mice were found severely depressed 
with discolored (bluish), distorted and heavily 
swollen mammary glands engorged with purulent 
secretion in positive control group. In tricomplex-
treated group, the mice were almost normal with 
no gross changes in mammary glands. 

Bacterial load and histological examination in 
mammary tissue
 The mean log10 CFU of bacteria in 
mammary tissue was significantly (p < 0.05) 
decreased at 144 hours in tricomplex and CLIN-
treated mice followed by BC, CS and AMX-treated 
mice as compared to positive control group (Figure 
3). Differences were observed after 10 days post 
inoculation with 105 CFU of MRSA per gland in 
all the groups. The tissue sections of mammary 
gland of healthy mice revealed normal healthy 
lactating alveoli with tree like structures of the 
mammary lobules. Lactiferous ducts and acini 
in the lobules were well demarcated. Acini and 
ducts of mammary glands are lined by cuboidal 

epithelium. Presence of pinkish secretion was 
noticed. No bacterial colonies were observed in 
the secretion (Figure 4G1).
 In positive control group, the mammary 
sections depicted abscess admixed with bacterial 
colonies necrotic alveoli, necrosis of alveoli 
with thickened interstitium, proliferation of 
mononuclear cells and classical botryomycosis 
lesions characterized by pyogranulomatous 
foci with fibrocellular reaction in the mammary 
parenchyma and dense fibrocellular reaction in 
the mammary parenchyma with inflammatory 
exudates in the lactiferous duct (Figure 4A1 and 
A2). The slides of mammary tissue depicted 
almost like healthy mammary acini with presence 
of pathological lesions, damaged mammary 
parenchyma, damaged secretory alveoli and 
associated duct showing any inflammatory lesions 
in CH-treated group (Figure 4B1 and B2). In BC-
treated mice, the H and E stained histopathological 
slides depicted necrotic alveolar lumen filled with 
numerous bacterial colonies, alveolar lumen 
dilated with necropurulent exudates, thickened 
mammary interstitium showing marked congestion 
with heavy infiltration of mononuclear cells (Figure 
4C1 and C2). Interestingly, the histopathological 
examination revealed no inflammatory reaction 

Figure 3. The mean log10 CFU of bacteria in mammary tissue of different treatment groups (Groups A-G) at 144 hours
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with almost normal mammary parenchyma, 
normal secretory alveoli and associated duct with 
little presence of showing any inflammatory cells 
surrounding the acini in Tricomplex-treated group 
(Figure 4D1 and D2). 
 In AMX-treated group, the slides depicted 
marked increase in neutrophil infiltration, 
extensive diffused necrotic changes and the 
normal architecture of the mammary alveolar 
was disrupted. The thickened inter-acinar septum, 
multiple focal abscesses typical of S. aureus was 
predominated and cellular exudates were evident. 
The acini were necrosed with the thickened 
parenchyma, presence of inflammatory exudates 
in the lactiferous duct with necrosed mammary 
epithelium and dense fibrocellular reaction in the 
mammary parenchyma (Figure 4E1 and E2). The 

histopathological sections depicted intact acini 
and ducts of mammary glands lined by cuboidal 
epithelium. Presence of pinkish secretion was 
noticed. No bacterial colonies were observed 
in the secretion. No inflammatory lesions were 
present in CLIN-treated group (Figure 4F1).

DISCUSSION

 Methicillin and other b-lactam antibiotics, 
once mainstays in mastitis therapy, now face 
formidable resistance from MRSA strains, 
rendering conventional treatment regimens 
often ineffective.24 This escalating threat has 
prompted a surge of interest in the exploration 
of novel therapeutic modalities to combat MRSA 
mastitis. Among these approaches is the quest 

Figure 4. H and E stained section of mouse mammary gland (group B) showing (A1) classical botryomycosis 
lesions characterized by pyogranulomatous foci with fibrocellular reaction in the mammary parenchyma and (A2) 
Inflammatory exudates in the lactiferous duct. Group C shows the presence of (B1) inflammatory cells and proliferated 
fibroblasts along with (B2) heavy infiltration of mononuclear cells and thickened interstitium. Group D shows the 
presence of (C1) marked congestion and thickened interstitium along with (C2) damaged acini, purulent exudates 
in the alveoli and infiltration of a large number of neutrophils and mononuclear cells. Group E shows (D1) intact 
acini with well-maintained sheet of alveolar epithelial cells and (D2) Few inflammatory cells and complete acinar 
wall. Group F shows the presence of (E1) inflammatory exudate with necrotic abscess and thickened interstitium 
along with (E2) dense presence of inflammatory cells in the alveoli and damaged alveolar walls. Group G shows 
(F1) normal mammary intact alveoli, no inflammatory cells and exudates. Group A shows (G1) healthy lactating 
mammary glands with tree like structures, lactiferous ducts and acini in the lobules, The acini and ducts of mammary 
glands are lined by cuboidal epithelium
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for antimicrobial agents capable of circumventing 
bacterial resistance mechanisms or reducing the 
necessity for high-dose and prolonged antibiotic 
therapy, thereby mitigating the risk of antimicrobial 
resistance.25 In this pursuit, drug combinations 
have emerged as a promising strategy to overcome 
bacterial resistance and enhance treatment 
outcomes in MRSA mastitis. By combining multiple 
agents with complementary mechanisms of action, 
synergistic effects can be achieved, effectively 
targeting MRSA while minimizing the likelihood 
of resistance development.26 Furthermore, 
drug combinations offer the flexibility to tailor 
treatment regimens to individual cases, optimizing 
efficacy while minimizing adverse effects. 
 By encapsulating baicalein within 
nanoparticles, its intracellular delivery can be 
enhanced, thereby augmenting its therapeutic 
efficacy and circumventing issues related to poor 
solubility and bioavailability.27 Furthermore, 
the development of bioactive and antimicrobial 
coatings presents another avenue for overcoming 
the limitations of baicalein.16,27 Such coatings 
could serve to enhance the stability and efficacy 
of baicalein, while also providing antimicrobial 
protection against bacterial colonization and 
biofilm formation, thereby improving its overall 
performance as a therapeutic agent.16,27

 Despite the fact that baicalein is a 
potentially useful pharmaceutical compound, 
its commercialization is impeded by limitations 
such as low water solubility, bioavailability, 
and pharmacokinetic properties.28 Previous 
research has shown that self-assembled 
nanoparticles can improve the oral bioavailability 
of baicalein.29 Chitosan, a natural polysaccharide, 
has attracted the interest of researchers due to 
its high biocompatibility and biodegradability.30 
In the current study, encapsulated baicalein 
and a b-lactam antibiotic was assessed for its 
ameliorative potential in MRSA-induced mastitis 
in mouse model.
 The tricomplex group decreased the 
bacterial load in mammary tissue and lessened 
pathological damage in histopathology. Baicalein 
and b-lactam have a synergistic antibacterial 
effect in vitro, resulting in MRSA sensitivity at 
relatively low b-lactam concentrations.15 The 
b-lactam-baicalein synergism against S. aureus 

is due to contributions from two different types 
of activities: preventing b-lactamase hydrolysis 
of susceptible penicillin, which restores penicillin 
sensitivity, and inhibiting interactions between 
b-lactams and penicillin-binding proteins.13,15 
In our study, the encapsulation of baicalin and 
amoxicillin within chitosan may have facilitated 
enhanced internalization and prolonged 
intracellular persistence of baicalin, particularly 
when administered orally.31,32 Recent research has 
indicated that encapsulating baicalin in lactobionic 
acid-modified chitosan further enhances the local 
bioavailability of therapeutic agents following 
oral administration.33 Another study showed that 
intracellular killing capacity of S. aureus increases 
by six-fold by chitosan loaded with antibiotic 
than the antibiotic alone in the infected site by 
increasing the efficiency of drug uptake by the 
macrophage and the epithelial cells.34  
 The ameliorative effect of chitosan 
encapsulated baicalein with b-lactam on MRSA-
induced mouse mastitis likely stems from their 
synergistic antibacterial effects. These results 
underscore the potential of chitosan-encapsulated 
baicalein in combination with b-lactam antibiotics 
as a promising therapeutic intervention for 
mastitis. Nonetheless, further investigations 
involving target animal species are necessary 
to validate its clinical utility before widespread 
application.

CONCLUSION

 In conclusion, the encapsulation of 
baicalein and a b-lactam antibiotic using chitosan 
demonstrated significant efficacy in reducing 
bacterial load and mitigating pathological damage 
in a mouse model of MRSA-induced mastitis. 
The observed synergistic antibacterial effect of 
baicalein and b-lactam in vitro, combined with 
the potential for enhanced bioavailability and 
intracellular persistence of baicalein through 
chitosan encapsulation, supports the therapeutic 
potential of this approach. Our findings indicate 
that chitosan-encapsulated baicalein with b-lactam 
could be a promising candidate for the treatment 
of mastitis caused by MRSA. Further research, 
particularly in target animal species, is warranted 
to fully evaluate its clinical applicability.
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