Original Article

Iridoid glucosides against Staphylococcus aureus infection and

inhibit inflammation on bovine mammary epithelial cells

Y.F. Zhang! P. Xu!" H. Fotina2? T. Fotina?

Abstract

Staphylococcus aureus can cause diseases in humans and livestock, destroy the body barrier, exacerbate
inflammation, and seriously threaten human health and animal husbandry development. Iridoid glucosides isolated
from Rehmannia glutinosa is an important Chinese traditional medicine widely used in various diseases. The aim of this
study was to investigate whether the iridoid glucosides were effective against S. aureus infection and inhibit
inflammation of bovine mammary epithelial cells. The antibacterial potential was determined using the in vitro broth
microdilution assay against S. aureus. Then, the antibiofilm activity was tested using a BCA protein assay, an electric
conductivity assay, and scanning electron microscopy. Finally, the anti-inflammatory activities were investigated by
measuring nitric oxide (NO), tumor necrosis factor- a (TNF-a), interleukin 6 (IL-6), and interleukin 1p (IL-1p)
production in S. aureus-stimulated MAC-T cells, respectively. Biofilm results indicated that both IMIC and 3MIC S.
aureus groups showed a significant increase in a dose-dependent manner after two hours of iridoid glucosides
treatment. This indicated that iridoid glucosides treatment caused the leakage of intracellular electrolytes. NO. ELISA
and RT- PCR results showed the iridoid glucosides inhibit the NO, TNF-a, IL-6, and IL-1p production in S. aureus-
stimulated MAC-T in a concentration-dependent manner. In summary, iridoid glucosides had antibacterial,
antibiofilm, and anti-inflammatory activity against S. aureus, and they might have application value and development
potential in therapy for bovine mastitis.
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Introduction

Staphylococcus aureus, a very common Gram-
positive pathogen, is widely present in the natural
environment (Darboe et al., 2019). S. aureus can cause a
variety of infectious diseases, such as mastitis. Mastitis,
an infection or inflammation of the parenchyma of the
mammary gland, is considered to be one of the most
frequent and troublesome diseases in dairy cows
(Bradley, 2002). S. aureus is the main pathogenic
bacteria cause of mastitis in dairy cows (Farnsworth et
al., 2015). Antibiotics were used frequently for the
treatment of clinical mastitis in cows (Peng &
Gurunathan, 2017). However, due to the extensive use
of antibacterial agents in bovine mastitis, the
emergence of antibiotic-resistant bacteria and the
frequent reoccurrence of chronic bovine mastitis have
become a critical issue (Chambers, 2001; Gomes &
Henriques, 2016). Another major reason for antibiotic
resistance and recurrence of inflammation is bacterial
biofilm formation inside the udder tissue (Atulya et al.,
2014; Davies, 2003; Olson et al., 2002). Therefore, the
capacity of S. aureus to form biofilms can result in
persistent inflammatory infection in the bovine
mammary gland, which is difficult to prevent, control,
and eradicate (Labbate et al., 2004).
S. aureus infections were previously treated with
antibiotics such as penicillin, aminopenicillin,
tetracycline, and cephalosporin. However, in recent
decades, the number of S. aureus infections has
increased dramatically, accompanied by the
emergence of resistant strains. In particular, the
emergence of multidrug-resistant (MDR) strains poses
a serious threat to public health (Branco et al., 2018).

Many traditional Chinese medicines have anti-
inflammatory effects, especially medicinal plants in the
families Scrophulariaceae, ~ Rubiaceae, ~ Lamiaceae,
Verbenaceae, and Gentianaceae, which are rich in iridoid
compounds (Dong et al, 2011). Iridoid glycosides
extracted from the Rehmannia glutinosa have a number
of pharmacologically active properties, such as anti-
cerebral ischemic injury (Li et al., 2004a; Li et al., 2004b;
Shieh et al.,, 2011), anti-senile dementia (Jiang et al.,
2008; Wang et al., 2009), anti-inflammatory (Choi et al.,
2013; Bi et al., 2013), antimicrobial, diabetes mellitus
(Wang et al., 2010; Huang et al., 2010; Li et al., 2014),
anti-tumor, and anti-apoptosis actions (Zhang et al.,
2013). Iridoid glycosides have a wide range of
pharmacological effects, with the most prominent
being their anti-inflammatory activity (Li et al., 1999).
Catalpol, belonging to iridoid glycosides, is the main
active ingredient of an extract from R. glutinosa. It has
been reported that iridoid glycosides enhance recovery
of cerebral function after cerebral ischemia through a
mechanism that involves anti-inflammation (Zhu et al.,
2015). Studies have also shown the anti-
neuroinflammatory and anti-oxidative effects of
iridoid glycosides on BV2 microglia and primary
cortical neuron cells (Yang et al., 2020). More and more
studies have proved that iridoid glycosides play an
important role in protecting against Alzheimer’s
disease (Zhang et al.,, 2009) and in neuroprotection,
microcirculation improvement, and antioxidation
(Huang et al., 2013).
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However, a protective effect of iridoid glycosides
on breast inflammation has not been reported.
Whether it can protect against S. aureus induced bovine
mammary epithelial cell inflammation remains
unknown. Therefore, the aim of this study was to
investigate the ability of iridoid glycosides against
S. aureus infection and inhibit inflammation on bovine
mammary epithelial cells.

Materials and Methods

Ethics statement: All experimental plant procedures
complied with the IUCN Policy Statement on Research
Involving Species at Risk of Extinction and the
Convention on the Trade in Endangered Species of
Wild Fauna and Flora. All experimental cell
procedures and bacterial strains were approved by the
Animal Care and Use Committee of Xinxiang
University, Xinxiang, China, and performed in
accordance with the animal welfare and ethics
guidelines.

Reagents: A BCA protein kit was purchased from
Biyuntian Biotechnology (Shanghai, P. R. China, cat.
P0010). CCK-8 kit was purchased from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, P. R. China,
cat. CK04). ELISA Kits (TNF-a, IL-6, and IL-1f3) were
purchased from Jiangsu Mei Biao Biological
Technology Co., Ltd. (Jiangsu, P. R. China, cat. MB-
4838A\MB-4905A). Nitric Oxide Assay Kit was
purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, P. R. China, cat. S0023).

Iridoid glycosides from R. glutinosa were extracted
by the reference method (Dang ef al., 2017), freeze-
dried, and stored at 4 °C.

Preparation of the Staphylococcus aureus strain: The
S. aureus strain (25923) used in this study was obtained
from the American Type Culture Collection (ATCC).
The S. aureus strain was grown on the Nutrient Broth
(NB) overnight at 37 °C under aerobic conditions. A
single colony was inoculated into LB broth and
incubated overnight at 37 °C while shaking at 180 rpm
for 10 h. In order to get the bacteria to the logarithmic
growth phase, 100 pL was transferred into 10 ml of
fresh LB broth and incubated at 37°C while shaking at
180 rpm for 4 h. Then, 1 mL of S. aureus bacteria liquid
was in a 1.5-mL centrifuge tube, centrifuged at 12,000
rpm for 1 min, and resuspended the bacterial pellet
with phosphate buffer (pH =7.4). The S. aureus bacteria
liquid was then serially diluted 10 times, seeded onto
LB plates, and placed the LB plates in a 37 °C incubator
for 12 h, and counted the number of S. aureus per
milliliter after growing visible single bacteria. The
bacteria were diluted by decimal serial dilutions one
time, and 105 CFU/mL was obtained.

Antibacterial activity: The agar diffusion test was
used to detect the antibacterial effect of iridoid
glycosides on S. aureus. S. aureus was cultured
overnight, and the supernatant was discarded by
centrifugation. The bacteria were washed with sterile
PBS and resuspended in a smaller volume to
concentrate the cells. Next, 100 pL of the bacterial
solution was pipetted into 25 mL of agar and shaken
gently to mix. The plate was poured, a puncher was
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used to make holes after the agar medium had
solidified, and 20 pL of iridoid glycosides were added
to the wells. Sterile water was used as a control. The
plates were incubated overnight at 37 °C, and the
results were observed.

The minimum inhibitory concentration (MIC) was
defined as the lowest concentration of iridoid
glycosides able to inhibit the microorganism’s growth.
To determine the MIC (Ruan et al., 2020), S. aureus was
cultured overnight and adjusted to 105 CFU/mL. Next,
100 pL of the adjusted bacterial solution was added to
each well of a 96-well polypropylene microtiter plate.
After serially two-fold dilution of the drug, 100 uL was
added to a 96-well plate to obtain concentrations from
1 to 300 mg/mL. The solutions in the wells were mixed,
and controls were established at the same time:
positive control with only the bacterial solution
without iridoid glycosides and a blank control with
only the culture medium. The plates were incubated
overnight at 37 °C to observe the antibacterial activity
results. Experiments were repeated three times with
three parallels.

Killing curve: S. aureus was cultivated, the ODggo of the
bacterial solution was adjusted to approximately 1.0,
and iridoid glycosides (1xMIC, 3xMIC) were added. In
addition, sterile water was used as a control. The
samples were incubated with shaking at 37 °C. The
ODgno value of the bacterial solution was measured
every 1 h, and plate counting was performed at the
same time to obtain the antibacterial time-killing curve
of iridoid glycosides against S. aureus (Wang ef al.,
2019). Experiments were repeated three times with
three parallels.

BCA protein assay: S. aureus was cultured overnight,
washed, and resuspended in sterile PBS. Iridoid
glycosides (1xMIC, 3xMIC) were added to the
bacterial solution. Sterile water was added as a control.
An iridoid glycoside-only group was a negative
control. The mixture was allowed to stand for 5 min,
and the supernatant was collected after centrifugation.
The effect of iridoid glycosides on the permeability of
S. aureus for protein was analyzed according to the
instructions of the BCA kit.

Electric conductivity assay: S. aureus was cultured
overnight, washed, and resuspended in sterile PBS.
Iridoid glycosides (1xMIC, 3xMIC) were added to the
bacterial solution. Sterile water was added as a control.
An iridoid glycosides-only group was a negative
control. The mixture was allowed to stand for 5 min,
and the supernatant was collected after centrifugation.
The supernatant was taken to test the solution, which
was diluted to measure the conductivity with a Lieci
conductivity meter.

Scanning electron microscopy: Bacteria were allowed
to grow naturally on the sterile slides in 6-well cell
culture plates to form a biofilm. Overnight culture
broth and fresh broth were added at a volume ratio of
1:100 and incubated at 37 °C for 24 h. Then, different
final concentrations of iridoid glycosides (1xMIC,
3xMIC) were added, and continue incubation. A 2.5%
glutaraldehyde solution was added to each well, and
the cells were fixed at room temperature for 30 min.
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The plate was rinsed 3 times with PBS for 10 min each
time. Gradient dehydration was performed with
increasing concentrations of an ethanol solution (30, 50,
70, 80, 90, 95, and 100%). After ion spray gold coating,
biofilm formation was observed by scanning electron
microscopy (SEM) (Zhong et al., 2020).

Cell culture: Bovine mammary epithelial cell line
MAC-T is epithelial cells that were isolated from breast
tissue and donated by Northwest A&F University.
Briefly, the MAC-T was cultured in Dulbecco’s
modified Eagle’s medium/Nutrient Mixture F-12
(DMEM/F12) (Gibco, USA, New York, cat. 12400-024)
supplemented with 10% fetal bovine serum (FBS)
(Biological Industries, Israel, Kibbutz Beit-Haemek,
cat. 04-011-1A/B) in 25 cm? culture dishes. Cells were
maintained in an incubator at 37 °C and 5% COx. Cells
were routinely passaged at a rate of 70-80% for all
experiments. The Cells were cultured in DMEM/F12
without FBS and then treated with catalpol for 3 h.
Then, the cells were further cultured with S. aureus for
24 h. Phosphate buffer saline (PBS) was used as a
positive control.

Cytotoxicity studies: Cell viability was determined by
the CCK-8 kit in accordance with the manufacturer’s
instructions. First, MAC-T cells were cultured in 96-
well plates at 1 x 104 cells/well and treated with the
indicated concentration (5 to 200 mg/mL) of iridoid
glycoside for 24 h. Then, the MAC-T cells were
incubated with 10 pL of CCK-8 per well in a cell culture
incubator for 2 h, and the absorbance of each well was
detected at 450 nm with a microplate reader (Dynatech
Laboratories, United States).

Griess assay: Nitric oxide (NO) levels production was
tested in the supernatant of MAC-T cultures using the
Griess reagent Nitric Oxide Assay Kit by detecting
nitrite levels (Kiemer & Vollmar, 1997). Briefly, MAC-
T cells were cultured in 96-well plates at 1x104
cells/well and treated with the indicated concentration
(0.5,1,3 MIC) of iridoid glycosides at 37 °C and 5% CO.
for 24 h. In addition, the MAC-T cells were pretreated
with iridoid glycosides for 3 h and infected with S.
aureus for 12 h. The absorbance was read at 540 nm in
a microplate reader. Nitrite level represents the NO
production.

Enzyme-linked immunosorbent assay (ELISA): The
serum levels of TNF-a, IL-6, and IL-1p in the
supernatants were determined using ELISA Kits. All
samples were measured according to the
manufacturer's instructions. The intra-assay tested one
serum 6 times in the same plate at the same period. The
inter-assay tested one serum 6 times in each plate and
each time.

Real-time PCR: The primer sequences for real-time
PCR are shown in Table 1. Total RNA was extracted
from the cells using RNAiso Plus (TaKaRa, Dalian, P.
R. China, cat. 9109) in accordance with the
manufacturer’s instructions. The assessment of the
quantity and quality of RNA was verified using a
NanoDrop 1000 (Thermo Scientific, Co., Ltd., P. R.
China). The 260: 280 nm optical density value was
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between 1.8 and 2.0. The first-strand cDNA was
synthesized using a PrimeScript™ RT reagent Kit with
gDNA Eraser (TaKaRa, Dalian, P. R. China, cat.
RR047A). Quantitative real-time PCR was performed
using TB Green Premix Ex Taq™ II (TaKaRa, Dalian, P.
R. China, cat. RR820B) on a 7500 Real-Time PCR system
(Applied Biosystems Inc., Foster City, CA, USA).
GAPDH was used as the reference gene. The relative
gene expression was calculated using the 2-°4Ct
method.
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Statistical analysis: All data are expressed as the
mean and standard error. Group comparisons were
performed by one-way analysis of variance (ANOVA)
followed by Tukey’s test for multiple comparisons,
which was used to explore the effect of Iridoid
glycosides on S. aureus and S. aureus-induced
inflammation in MAC-T cells. Statistical analyses were
performed using GraphPad Prism version 6.01
(GraphPad Software Inc., San Diego, CA, USA).
Statistical significance was declared as *p<0.05,
**p<0.01, and ***p<0.001.

Table 1 Quantitative real-time PCR primer information.
Genes Accession Number Sequence
s NMIZSB2 T CACATATCTCCITTCTCATIGS
w1p XMLOOS982 451G AGAGGAGGTGGAGAGCCTS
GADPH NM._001034034.2 F:5'-AGATGGTGAAGGTCGGAGTG-3

R:5’-CGTTCTCTGCCTTGACTGTG-3

Result

Iridoid glycosides show bactericidal activity against
S. aureus: The antibacterial activity of iridoid
glycosides against S. aureus was detected by the agar
diffusion method. It was found that iridoid glycosides
produced a zone of inhibition against S. aureus, while
the control had no zone of inhibition, indicating that
iridoid glycosides have antibacterial activity against S.
aureus. Furthermore, the MIC results showed that the

Figure 1
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MIC of iridoid glycoside against S. aureus was 10.4
mg/mL (Figure 1A). The killing curve results show
that Iridoid glycosides (1xMIC) had relatively stable
inhibition of S. aureus within 5 h. Iridoid glycosides
(3xMIC) killed 99.9% of S. aureus within 1 h and
produced good bactericidal activity. The above
experiment results showed that iridoid glycosides
have good bactericidal activity against S. aureus
(Figures 1B and 1C).
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Detection of the bactericidal activity of iridoid glycosides. (A) The agar diffusion test of the antimicrobial activity of iridoid

glycosides against S. aureus. (B) OD600 measurement of bacterial culture after the action of iridoid glycosides at different
times. (C) The determination of the number of viable bacteria after the action of iridoid glycosides at different times.

Iridoid glycosides destroy the integrity of the bacterial
cell membrane, change the membrane potential, and
release cell contents: In the previous experiments, it
was shown that iridoid glycosides have killing activity

against S. aureus. To further explore the S. aureus killing
mechanism of iridoid glycosides, the effect of iridoid
glycosides on the cell membrane structure of S. aureus
was studied. A BCA protein quantitation kit was used
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to determine the changes in the total protein content of
the bacterial supernatant after the action of iridoid
glycosides. The result showed that the total protein
content of the bacterial culture supernatant was
significantly higher than that of the control group after
5 min of iridoid glycosides acting on S. aureus (P <0.01)
(Figure 2A).

The effect of iridoid glycosides on the integrity of S.
aureus biofilms by electric conductivity assay. Biofilm
results indicated that during the whole experiment
period, there was little change in the relative electric
conductivity of the control group. However, both
IxMIC and 3xMIC groups showed a significant
increase in a dose-dependent manner after 2 h of
iridoid glycosides treatment (Figure 2B). These results
indicated that iridoid glycosides treatment caused the
leakage of intracellular electrolytes, including K+, Ca2*,
Na* and so on.

The effect of iridoid glycosides on S. aureus biofilm
formation was further observed by SEM. Iridoid
glycosides (3xMIC) were incubated with S. aureus for
12 h. In the blank control, the biofilm formed by S.
aureus was dense, and the gaps between bacteria were
small. But after the action of iridoid glycosides
(3xMIC), S. aureus biofilm formation was significantly
reduced, and the structure was loose (Figure 2C).

5

Iridoid glycosides reduce NO release and inhibit
inflammatory cytokine expression: Iridoid glycosides
cytotoxicity was evaluated by CCK-8 assay after
incubating MAC-T for 24 h. The results showed that
iridoid glycoside (<100 mg/mL) had no cytotoxic
effects on MAC-T (Figure 3A).

In this study, we measured the effects of iridoid
glycosides on NO production induced by S. aureus
(Figure 3B). The results showed that stimulation of
MAC-T with S. aureus significantly increased the
production of NO, and the increase in NO production
was suppressed by iridoid glycosides extract in a
concentration-dependent manner. The persistent
expression of iNOS leads to the production of NO.

Cytokines play a dominant role in inflammatory
response. To investigate the anti-inflammatory effects
of iridoid glycosides, the expression of inflammatory
factors in cell supernatants was measured by RT-PCR
and ELISA. As shown in Figures 3(C, D, E, F, G, H), S.
aureus significantly upregulated TNF-a, IL-6, and IL-13
gene and protein expression compared to control and
iridoid glycosides slightly increased TNF-a, IL-6, and
IL-1P gene and protein expression with an. However,
the addition of iridoid glycosides reduces the gene and
protein expression levels of inflammatory factors, and
iridoid glycosides inhibited the expression of
inflammatory mediators in S. aureus-stimulated MAC-
T in a concentration-dependent manner.
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Figure 2  The mechanism of action of iridoid glycosides activity on S. aureus. (A) The BCA kit was used to detect the results of total
protein content in bacterial supernatant. (B) An electric conductivity assay was used to detect changes in the membrane
potential of S. aureus after iridoid glycosides treatment. (C) After S. aureus was exposed to iridoid glycosides, scanning
electron microscopy was used to observe the biofilm. Error bars indicate the mean + SEM, n = 3. Statistical significance
was defined as **p < 0.01.
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3. Statistical significance was defined as **p < 0.01 and ***p < 0.001. ## p < 0.01 vs. control group, * p < 0.05, ** p <0.01 vs.
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Discussion

The virulence of S. aureus is primarily due to its
ability to produce enterotoxins and bacterial biofilm
(Figueiredo et al., 2017). Moreover, biofilm formation
can generate bacterial resistance to several classes of
antimicrobial agents, which has led to the control of S.
aureus infections increasingly difficult (Stevene, 2003;
Dantas et al., 2008; Davies, 2003). Additionally, the
emergence of antibiotic-resistant strains imposes a
high risk to consumers (Muto et al., 2003). Hence, there
is an urgent need to inhibit bacterial biofilm formation
to control bovine mastitis.

Plant-derived drugs are new biologically active
agents with antimicrobial activity (Gomes &
Henriques, 2016) and are used in the prevention and
treatment of mastitis (Xu et al., 2021a). For example, the
plant extract of ursolic acid inhibited the biofilm
formation of E. coli (Ren et al., 2005), and the ethanol
extract of Sanguisorba officinalis strongly inhibited the
biofilm formation of methicillin-resistant
Staphylococcus aureus (MRSA) (Chen et al., 2015). The
phenolic extract of T. Officinale has an inhibitory effect
on Staphylococcus aureus by destroying the integrity of
the cell walls and cell membranes (Xu et al., 2021b). In
this study, we demonstrated the antibacterial and
antibiofilm activity of iridoid glycoside against
Staphylococcus aureus. The minimum inhibitory
concentration (MIC) of iridoid glycosides against S.
aureus was 10.4 mg/mL. Furthermore, after the action
of iridoid glycosides, the electrical conductivity of S.
aureus (IMIC and 3MIC) was increased. The
conductivity of bacteria is closely related to the
permeability and integrity of their cell membranes.
When the bacterial cell membrane is damaged,
electrolytes (such as potassium ions) inside the cell
might leak out, leading to an increase in the
conductivity of the culture medium. This phenomenon
can indirectly reflect changes in bacterial intracellular
conductivity by measuring changes in the conductivity
of the culture medium. This result indicated that
iridoid glycosides have inhibitory effects on the biofilm
of S. aureus. At the same time, it weakened the
inflammatory effect induced by S. aureus.

Inflammation is an essential protective response to
the host against internal and external environmental
stimuli (Vendramini-Costa & Carvalho, 2012).
Through toll-like receptors (TLRs), macrophages can
recognize pathogen-associated molecular patrons
(PAMP) as bacterial lipoteichoic acid (LTA). In
response to LTA, macrophages release soluble pro-
inflammatory mediators such as IL-1, IL-6, TNF-a, and
NO (McGettrick & O'Neill, 2013), which activate the
mobilization and infiltration of leukocytes at the site of
injury. NO is a pro-inflammatory mediator
synthesized from L-arginine by the action of the
inducible nitric oxide synthase (iNOS). In pathological
conditions, NO acts as bactericidal tumoricidal and can
induce cytotoxicity and apoptosis (Vilar et al., 2014;
Coleman, 2001). In addition to NO, TNF-a, IL-6, and
IL-1B are important cytokines responsible for the
regulation of multiple immunological functions
(Turner et al., 2014). A study performed by Jin et al.
(2009) revealed that ethyl acetate extract of R. glutinosa
in LPS-induced RAW 2647 Cells had anti-
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inflammatory  activities. In this study, we
demonstrated the ability of iridoid glycoside from R.
glutinosa to inhibit the NO, TNF-a, IL-6, and IL-1J
production.

In conclusion, the antibacterial constituents and
antibiofilm anti-inflammatory activity of iridoid
glycosides were investigated in this study. Our results
showed that iridoid glycosides significantly reduced
the biomass and metabolic activity of S. aureus biofilm
in a dose-dependent manner, indicating the excellent
inhibitory effect of iridoid glycosides on the biofilm
formation by S. aureus. SEM analysis verified that
iridoid glycosides induced dramatic destruction of the
architecture and morphology of S. aureus biofilm.
Iridoid glycosides could be an alternative treatment for
mastitis to simultaneously regulate the spread or
infection of bacteria and to reduce the adverse effect of
S. aureus. Owing to the safety of this extract, it can be
applied as an intramammary infusion to treat local
infection or as a dietary product to control systemic
infection. A field study based on these laboratory
results is still required to confirm the safety and to
evaluate the efficacy of iridoid glycosides to reduce the
degree of S. aureus-induced cell death in vivo, which,
if successful, could provide a basis for a novel
approach for bovine mastitis therapy in the future.

Acknowledgments

This study was funded by the project of Young
Backbone Teachers in Colleges and Universities of
Henan Province (2021GGJS162), International Science
and Technology Cooperation Project in Henan
Province (Grant NO. 232102520014), Key Scientific
Research Projects of Higher Education in Henan
Province (No. 23A180025), and Major Science and
Technology Projects in Xinxiang (21ZD008).

Conflict of interest: All authors had no conflicts of
interest to declare.

References

Atulya M, Mathew AJ, Rao JV and Rao CM 2014.
Influence of milk components in establishing
biofilm mediated bacterial mastitis infections in
cattle: a fractional factorial approach. Res Vet Sci.
96: 25-27.

Bradley A 2002. Bovine mastitis: an evolving disease.
Vet ]. 164(2): 116-128.

Branco TM, Valerio N, Jesus V, Dias CJ, Neves M,
Faustino M and Almeida A 2018. Single and
combined effects of photodynamic therapy and
antibiotics to inactivate Staphylococcus aureus on
skin. Photodiagnosis Photodyn Ther. 21: 285- 93.

Chambers HF 2001. The changing epidemiology of
Staphylococcus aureus? Emerg Infect Dis. 7(2):178-
182.

Chen X, Shang F, Meng Y, Li L, Cui Y, Zhang M, Qi K
and Xue T 2015. Ethanol extract of Sanguisorba
officinalis L. inhibits biofilm formation of
methicillin-resistant Staphylococcus aureus in an
ICA-dependent manner. ] Dairy Sci. 98: 8486-8491.

Choi HJ, Jang HJ, Chung TW, Jeong SI, Cha J, Choi JY,
Han CW, Jang YS, Joo M, Jeong HS and Ha KT 2013.



Zhang Y.F. et al. / Thai | Vet Med. 2024. 54(3): 1-10.

Catalpol suppresses advanced glycation end-
products-induced inflammatory responses
through inhibition of reactive oxygen species in
human monocytic THP-1 cells. Fitoterapia. 1(14):
19-28.

Coleman JW 2001. Nitric oxide in immunity and
inflammation. Int Immunopharmacol. 1(8): 1397-
1406.

Dang JL, Guo DY, Shi Y] and Wang L 2017.
Opitimization of extraction technology for iridoid
glycosides from Radix Rehmanniae by response
surface methodlogy and its thermal stability.
Central south pharmacy. 15(6):745-749.

Dantas G, Sommer MOA, Oluwasegun RD and Church
GM 2008. Bacteria subsisting on antibiotics.
Science. 320: 100-103.

Davies D 2003. Understanding biofilm resistance to
antibacterial agents. Nat Rev Drug Discov. 2: 114-
122.

Darboe S, DobrenieckiS, Jarju S, Jallow M, Mohammed
N, Wathuo M, Ceesay B, Roy RB, Okomo U,
Kwambana BA, Antonio M, Bradbury RS, Silva TD,
Forrest K, Roca A, Lawal B], Nwakanma DC, Secka
O and Tweed S 2019. Prevalence of Panton-
Valentine Leukocidin (PVL) and Antimicrobial
Resistance in Community-Acquired Clinical
Staphylococcus aureus in an Urban Gambian
Hospital: A 11-Year Period Retrospective Pilot
Study. Front Cell Infect Microbiol. 9:170.

Domadia P, Swarup S, Bhunia A, Sivaraman ] and
Dasgupta D 2007. Inhibition of bacterial cell
division protein FtsZ by cinnamaldehyde. Biochem
Pharmacol. 74: 831-840.

Dong TJ, Cui YL, Tian JS and Yao KD 2011. Advances
in studies on natural iridoids. Chinese Traditional
and Herbal Drugs. 42(1): 185-194.

Farnsworth CW, Shehatou CT, Maynard R, Nishitani
K, Kates SL, Zuscik M]J, Schwarz EM, Daiss JL and
Mooney RA 2015. A humoral immune defect
distinguishes the response to Staphylococcus aureus
infections in mice with obesity and type 2 diabetes
from that in mice with type 1 diabetes. Infect
Immun. 83: 2264-2274.

Figueiredo AMS, Ferreira FA, Beltrame CO and Cortes
MEF 2017. The role of biofilms in persistent
infections and factors involved in ica-independent
biofilm development and gene regulation in
Staphylococcus aureus. Crit Rev Microbiol. 43(5):
602-620.

Gomes F and Henriques M 2016. Control of bovine
mastitis: old and recent therapeutic approaches.
Curr Microbiol. 72: 377-382.

Huang CL, Cui YL, Ji LL, Zhang W, Li R, Ma L, Xing
W], Zhou HP, Chen BY, Yu J and Zhang HF 2013.
Catalpol decreases peroxynitrite formation and
consequently exerts cardioprotective effects against
ischemia/reperfusion insult. Pharm Biol. 51(4):463-
473.

Huang WJ, Niu HS, Lin MH, Cheng JT and Hsu FL
2010. Antihyperglycemic effect of catalpol in
streptozotocin-induced diabetic rats. ] Nat Prod.
73(6): 1170-1172.

Jiang B, Du J, Liu JH, Bao YM and An L] 2008. Catalpol
attenuates the neurotoxicity induced by b-

9

amyloid1-42 in cortical neuron-glia cultures. Brain
Res. 1188: 139-147.

Jin CH, Lee YM, Kang MA, Park YD, Choi DS, Byun
MW and Jeong IY 2009. Anti-inflammatory
Activities of Ethylacetate Extract of Rehmannia
glutinosa in LPS-induced RAW 264.7 Cells. Food Sci
Biotechnol. 18(4): 923-927(5).

Jing B, Bo ], Zorn A, Zhao RG and An L] 2013. Catalpol
inhibits LPS plus IFN-k-induced inflammatory
response in astrocytes primary cultures. Toxicol in
Vitro. 27(2): 543-550.

Kiemer AK and Vollmar AM 1997. Effects of different
natriuretic peptides on nitric oxide synthesis in
macrophages. Endocrinology. 138: 4282-4290.

Kosti’c M, Smiljkovi‘c M, Petrovi'c J, Glamo~clija J,
Barros L, Ferreira I, Ciri’c A and Sokovi’c M 2017.
Chemical, nutritive composition and a wide range
of bioactive properties of honey mushroom
Armillaria mellea (Vahl: Fr.) Kummer. Food Funct.
8(9): 3239-3249.

Labbate M, Shu YQ, Kai SK, Rice SA, Givskov M and
Kjelleberg S 2004. Quorum sensing-controlled
biofilm development in Serratia liquefaciens MG1. ]
Bacteriol. 186: 692-698.

Li DQ, Duan YL, Bao YM, Liu CP and An L] 2004a.
Neuroprotection of catalpol in transient global
ischemia in gerbils. Neurosci Res. 6(9): 169-177.

Li DQ, Bao YM, Zhao J], Liu CP, Ying L and An L]
2004b. Neuroprotective properties of catalpol in
transient global cerebral ischemia in gerbils: does-
response, therapeutic time-window and long-term
efficacy. Brain Res. 9(41): 179-185.

Li YM, Jiang SH and Zhu DY 1999. Research progress
on plants  chemical composition and
pharmacological activity of Scrophularia. Chinese
Traditional and Herbal Drugs. 30(4): 307-310.

McGettrick AF and O'Neill LA 2013. How metabolism
generates signals during innate immunity and
inflammation. J Biol Chem. 288: 22893-22898.

Muto CA, Jernigan JA, Ostrowsky BE, Richet HM,
Jarvis WR, Boyce JM and Farr BM 2003. SHEA
guideline for preventing nosocomial transmission
of multidrug-resistant strains of Staphylococcus
aureus and Enterococcus. Infect Cont Hosp Ep. 24:
362-386.

Ohno T, Kita M, Yamaoka Y, Imamura S, Yamamoto T,
Mitsufuji S, Kodama T, Kashima K and Imanishi J
2003. Antimicrobial activity of essential oils against
Helicobacter pylori. Helicobacter. 8: 207-215.

Olson ME, Ceri H, Morck DW, Buret AG and Read RR
2002. Biofilm bacteria: formation and comparative
susceptibility to antibiotics. Can] Vet Res. 66: 86-92.

Ren D, Zuo R, Gonzélez Barrios AF, Bedzyk LA,
Eldridge GR, Pasmore ME and Wood TK 2005.
Differential gene expression for investigation of
Escherichia coli biofilm inhibition by plant extract
ursolic acid. Appl Environ Microb. 71: 4022-4034.

Ruan Z, Cui J, He Z, Guo Y, Jia X and Huang X 2020.
Synergistic ~ Effects from Combination of
Cryptotanshinone and Fosfomycin Against
Fosfomycin Susceptible and Fosfomycin-Resistant
Staphylococcus aureus. Infect Drug Resist. 13: 2837-
2844.

Shieh JP, Cheng KC, Chung HH, Kerh YF, Yeh CH and
Cheng JT 2011. Plasma glucose lowering



10

mechanisms of catalpol, an active principle from
roots of Rehmannia glutinosa, in streptozotocin-
induced diabetic rats. ] Agric Food Chem. 59: 3747-
3753.

Stevens DL 2003. Community-acquired Staphylococcus
aureus infections: Increasing virulence and
emerging methicillin resistance in the new
millennium. Curr Opin Infect Dis. 16: 189-191.

Sun D, Zhang W, Mou Z, Chen Y, Guo F, Yang E and
Wang W 2017. Transcriptome analysis reveals
silver nanoparticle-decorated quercetin
antibacterial molecular mechanism. Acs Appl
Mater Interfaces. 9: 10047-10060.

Turner MD, Nedjai B, Hurst T and Pennington DJ 2014.
Cytokines and chemokines: at the crossroads of cell
signalling and in ammatory disease. Bba-Mol Cell
Res. 1843: 2563-2582.

Vendramini-Costa DB and Carvalho JE 2012.
Molecular link mechanisms between in ammation
and cancer. Curr Pharm Des. 18: 3831-3852.

Vilar A, de Lemos L, Patraca I, Martinez N, Folch J,
Junyent F, Verdaguer E, Pallas M, Auladell C and
Camins A 2014. Melatonin suppresses nitric oxide
production in glial cultures by pro-in ammatory
cytokines through p38 MAPK inhibition. Free
Radic Res. 48:119-128.

Wang Z, Liu Q, Zhang R, Liu S and Hu Y 2009. Catalpol
ameliorates beta amyloid-induced degeneration of
cholinergic neurons by elevating brain-derived
neurotrophic factors. Neuroscience. 163(4): 1363-
1372.

Wang CF, Li DQ, Xue HY and Bo H 2010. Oral
supplementation of catalpol ameliorates diabetic
encephalopathy in rats. Brain Res. 13(7): 158-165.

Wang L, Zhao X, Xia XJ, Zhu CL, Qin W, Xu Y, Hang
BL, Sun YW, Chen SJ, Zhang HH, Jiang JQ, Hu JH,
Fotina H and Zhang GP 2019. Antimicrobial
peptide JH-3 effectively kills salmonella enterica
serovar typhimurium strain CVCC541 and reduces
its pathogenicity in mice. Probiotics antimicro. 11:
1379-1390.

Xia L, Xu Z, Jiang Z, Sun L, Ji J, Miao ] and Zhang X
2014. Hypoglycemic effect of catalpol on high-fat
diet/streptozotocin-induced diabetic mice by
increasing  skeletal muscle  mitochondrial
biogenesis. Acta Biochim Biophys Sin. 46(9): 738-
748.

Xu P, Fotina H, Fotina T and Wang SH 2021a. Use of
plant-derived drugs in the prevention and
treatment of dairy cow mastitis. Ukr ] Vet Agr Sci.
4(1): 24-28.

Xu P, Xu XB, Khan A, Fotina T and Wang SH 2021b.
Antibiofilm activity against Staphylococcus aureus
and content analysis of Taraxacum Officinale
phenolic extract. Pol ] Vet Sci. 24(2): 243-251.

Yang CJ, Shi ZY, You LT, Du YY, NiJ and Yan D 2020.
Neuroprotective Effect of Catalpol via Anti-
Oxidative, Anti-Inflammatory, and Anti-Apoptotic
Mechanisms. Front Pharmacol. 11: 690.

Yuan YG, Peng QL and Gurunathan S 2017. Effects of
silver nanoparticles on multiple drug-resistant
strains of Staphylococcus aureus and Pseudomonas
aeruginosa from mastitis-infected goats: an
alternative approach for antimicrobial therapy. Int
J Mol Sci. 18: 569-590.

Zhang Y.F. et al. / Thai ] Vet Med. 2024. 54(3): 1-10.

Zhang AH, Hao S, Bi ], Bao YM, Zhang XL, An L] and
Jiang B 2009. Effects of catalpol on mitochondrial
function and working memory in mice after
lipopolysaccharide-induced acute systemic
inflammation. Exp Toxicol Pathol. 61(5): 461-469.

Zhang X, Jin C, LiY, Guan S, Han F and Zhang S 2013.
Catalpol improves function and reduces
inflammatory cytokines in the senescent mice
induced by D-galactose. Food Chem Toxicol. 8(58):
50-55.

Zhong C, Zhu YW, Zhu NY, Liu TQ, Gou S, Zhang FY,
Yao J, Xie JQ and Ni JM 2020. Synthesis and anti-
pseudomonal activity of new [-Ala modified
analogues of the antimicrobial peptide anoplin. Int
] Med Microbiol. 310:151433.

Zhu J, Chen X, Wang H and Yan Q 2015. Catalpol
protects mice against renal ischemia/reperfusion
injury via suppressing PI3K/Akt-eNOS signaling
and inflammation. Int J Clin Exp Med. 8(2): 2038-
2044.



