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Background: Methicillin-resistant Staphylococcus aureus (MRSA) is a very damaging and
widespread pathogen, which is associated with many diseases and causes serious infections.
MRSA infection can modulate the effects of drugs, which may occur through an influence on
cytochrome P450 (CYP450), the drug-metabolizing enzyme in the liver. In this study, we evalu-
ated the underlying mechanism of drug failure or poisoning in MRSA infection.

Materials and methods: Mice were infected with three different doses of MRSA and the
changes in CYP450 expression, cytokines, and oxidative stress markers were evaluated.
Results: The administration of an attack dose of MRSA caused serious symptoms of infec-
tion and resulted in a 40% mortality rate in the mice. MRSA induced strong inflammation
and oxidative stress in the mice, predominantly caused by significant increases in interleukin
(IL)-1B, IL-4, IL-6, macrophage inflammatory protein, glutathione S-transferase (GST), and
malondialdehyde, and decreases in oxygen radical absorbance capacity and glutathione levels
in the liver. The expression of IL-2, tumor necrosis factor-a, and GST was briefly suppressed,
but increased on days 3 and 7. The increased inflammation and oxidative stress further induced
a significant decrease in the mRNA levels and activities of CYP450 1A2, 2D22, 2E1, and 3A1
in MRSA-infected mice within the first day of infection.

Conclusion: These results show that MRSA infection leads to inflammation and oxidative
stress, and reduces the expression levels and activities of drug metabolism enzymes, which
decreased drug metabolism in patients infected with MRSA. Therefore, to avoid a drug overdose,
the plasma concentration of patients with MRSA infection should be continuously monitored.
Keywords: MRSA, infection, cytokines, oxidative stress, CYP450

Introduction

Staphylococcus aureus has been a notorious human pathogen throughout history and
continues to be one of the most common disease-causing bacteria in humans worldwide.
S. aureus can infect a variety of body sites, leading to skin and soft tissue infections,
bacteremia and endocarditis, bone and joint infections, pneumonia, and infections of
the central nervous system.! Methicillin-resistant S. aureus (MRSA) is responsible
for an increase in severe nosocomial and community-acquired infections.? Overall,
~20% of S. aureus isolates in Europe have been reported as methicillin-resistant; in
hospitals in the USA, the prevalence ranges from 33% to 55%.? In order to avoid future
potential harm from MRSA infections, research has been devoted to the development
of new drugs to control MRSA infection.*> Owing to the broad resistance of MRSA,
these infections have become more difficult to control and represent a significant
public health challenge.®* MRSA is present not only in hospitals but has also appeared
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in other environments and food; therefore, there are many
more opportunities for individuals to come into contact with
MRSA.710

MRSA is a serious human pathogen responsible for
life-threatening septicemia, endocarditis, and toxic shock
syndrome; furthermore, MRSA toxins are responsible for
the symptoms of vomiting, fever, and diarrhea.'' The levels
of inflammatory cytokines are shown to be significantly
increased in mice after MRSA infection.!?!* Usually, the
occurrence of inflammation is also accompanied by oxidative
stress;'*! indeed, MRSA has also been shown to increase
the level of malondialdehyde (MDA) in mice.'*!” Therefore,
MRSA infection can be considered to initiate the concurrent
processes of inflammation and oxidative stress.

There are many causes for change in the expression of
liver drug metabolic enzymes; the most important is the
inflammation and oxidative stress caused by pathogenic
microbial infection.'®?° Studies have shown that a component
of the gut microbiome, Citrobacter rodentium, the hepatitis
C virus, and other infectious agents modulate the expression
of hepatic cytochrome P450 (CYP450).2-2> Matsumoto et al**
reported that MRSA infections influenced the pharmaco-
kinetics and pharmacodynamics of teicoplanin in patients.
We speculated that this effect was a result of changes in the
expression of the cytochrome P450 enzyme caused by MRSA
infection. As MRSA is a major causative pathogen of hospital
infections, MRSA-infected patients often take a variety of
drugs to treat other diseases, which greatly increases the prob-
ability of MRS A—drug interactions. In this study, to assist in
unnecessary treatment failure or poisoning, we examined the
changes in CYP450 expression in mice infected with MRSA
and assessed whether the underlying mechanism was related
to the associated changes in cytokines and oxidative stress.

Materials and methods

Materials

Phenacetin, dextromethorphan, chlorzoxazole, and testoster-
one were obtained from Aladdin Biochemical Technology Co.
Ltd (Shanghai, People’s Republic of China). Citral (>99%
pure) was purchased from Sigma-Aldrich Co. LLC. (St.
Louis, MO, USA). The liver microsomal incubation system
was purchased from Puleite Biomedical Technology Co. Ltd
(Wuhan, People’s Republic of China). All molecular biology
reagents were purchased from Bio-Rad Laboratories Inc.
(Hercules, CA, USA), all analytical kits were purchased from
Jiancheng Biology Engineering Institute (Nanjing, People’s
Republic of China), and all other chemicals and reagents were
of analytical grade and obtained commercially. ProcartaPlex

mouse multifactor kits were purchased from eBioscience
(Thermo Fisher Scientific Inc., Waltham, MA, USA).

Animals

Male KM mice (specific pathogen-free [SPF]-grade, 6-week-
old, and weighing18-22 g) were purchased from Dossy
Biological Technology Co. Ltd (Chengdu, People’s Republic
of China). The animals were housed in polypropylene animal
cages in a ventilated room maintained at 25°C £ 2°C, 70% %
10% relative humidity, and under a 12-hour light/dark cycle in
the SPF test room. Water and food were provided ad libitum.
The mice were first acclimatized to the environment for 7 days
before treatment and then divided into four groups (n= 10 per
group): the control group (C group), and three groups of mice
administered different concentrations of MRSA (obtained
from the American Type Culture Collection [ATCC] 43300)
via a single intraperitoneal injection of 1 X 10 colony-forming
units (CFU)/kg (L group), 2 x 10° CFU/kg (M group), and
4 x 106 CFU/kg (H group). Our previous study confirmed that
8 x 10 CFU/kg MRSA was the minimum lethal dose (MLD)
for mice, so we selected 0.125, 0.25, and 0.5 times the MLD
as the high, medium, and low infective doses, respectively, for
the present study. The symptoms of the animals were recorded
and the survival rate was assessed daily. Animal experiments
were conducted under the principles of good laboratory animal
care and performed in compliance with the Animal Ethics
Review Committee of Chengdu Medical College, and this
committee also approved the experiments.

Sample collection

On the first, third, and seventh day of the experiment, after
an 8 h overnight fast, all mice groups were anesthetized by
ether and blood samples were collected.

CYP450 enzymes were isolated and prepared by differ-
ential centrifugation and analyzed for their activity by the
use of liver microsomes.?. The liver was excised, rinsed with
ice-cold saline (0.9% NaCl w/v), weighed, and homogenized
in 0.05 mM Tris/KCl buffer (pH 7.4). The homogenate was
centrifuged at 10,000 xg at 4°C for 30 min and the superna-
tant was centrifuged at 105,000 xg at 4°C for 60 min. The
pellet was reconstituted in 0.05 mM Tris/KCl buffer (pH
7.4) and stored at —80°C until analysis. The protein content
in the liver microsomes was determined by the Bradford
protein assay kit (Beyotime Biological Technology Co. Ltd,
Shanghai, People’s Republic of China).

A portion of the liver tissue (0.5 g) was snap-frozen in
liquid nitrogen and stored at —80°C until cytokine analysis,
mRNA extraction, and gene expression analysis.
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Cytokine analysis

The levels of liver interleukin (IL)-1p, IL-2, IL-4, IL-6, tumor
necrosis factor-alpha (TNF-a), and macrophage inflam-
matory protein (MIP)-1aw were analyzed using MAGPIX
(Luminex Corporation, Austin, TX, USA) in accordance
with the manufacturer’s instructions.

Oxidative stress

The levels of oxidative stress were evaluated through the
measurement of superoxide dismutase (SOD), glutathione
S-transferase (GST), glutathione peroxidase (GSH-Px),
oxygen radical absorbance capacity (ORAC), and the con-
tents of MDA, and nitric oxide (NO) in the livers of mice
in accordance with the manufacturer’s instructions for the
appropriate kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, People’s Republic of China).

RNA extraction and gene expression
analysis in the liver by real-time

polymerase chain reaction

RNA extraction and gene expression in the liver tissue were
analyzed as previously described.?® The quality and quantity
of the extracted RNA were determined using an ultraviolet-
visible spectrophotometer (NanoDrop 2000 UV-Vis spectro-
photometer; Thermo Fisher Scientific). The expression levels
of the following target genes were analyzed: CYP450 1A2,
2D22,2E1, and 3A11. The housekeeping gene GAPDH was
used for data normalization; all primers are shown in Table 1.
An arbitrary scale was used for statistical comparisons. Melt-
ing curves and PCR efficiency were used as the standard
quality criteria for each real-time PCR run.

Activities of CYP450 1A2,2D22, 2EIl, and

3All enzymes
The activities of the CYP450 1A2, 2D22, 2E1, and 3Al11
enzymes were assessed as previously described, with

Table | PCR primers used for gene expression analysis

Target Primer sequence (5’ to 3’) Primer
size (bp)

CYP450 A2 CAGGAGCACTACCAAGACTTCA 179
TGGATCAACCTCTGCACGTT

CYP450 2D22  CAGTGTCCAGATGGCAGA 135
AGGACAGGTTGGTGATGAGG

CYP450 2EI TTCCCTAAGTATCCTCCGTGA 194
CGTAATCGAAGCGTTTGTTG

CYP450 3AIl1  ACAAACAAGCAGGGATGGAC 150
GGTAGAGGAGCACCAAGGTG

GAPDH GATGGAAGGTCGGTGTG 131
ATGAAGGGGTCGTTGATGG

Abbreviation: CYP450, cytochrome P450.

slight modifications.?””-*® All microsomal incubations were
conducted for 60 min at 37°C in a final volume of 500 pL
containing pooled microsomes (1 mg/mL protein) and an
NADPH-regenerating system. A mixture of MgCl, (10 mM),
glucose-6-phosphate (10 mM), NADP* (1 mM), and pyruvate
dehydrogenase (2 U/mL) was used to regenerate NADPH.
The probe substrates specific for the four CYPs tested were
added during the microsomal incubations. The final concen-
tration of the organic solvent (methanol or acetonitrile) used
in the reaction was adjusted to 1% (v/v). All incubations were
terminated by the addition of 500 uL ice-cold acetonitrile
containing tinidazole (20 ng/mL) as an internal standard. The
samples were thoroughly mixed, centrifuged (18,000 xg at
4°C for 10 min), and 10 pL of the supernatant was subjected
to high-performance liquid chromatography (HPLC) analy-
sis. The relevant enzyme activities were evaluated based on
the reduction in concentrations of the four probe substrates:
phenacetin, dextromethorphan, chlorzoxazole, and testoster-
one for CYP450 1A2, 2D22, 2E1, and 3A11, respectively.
The HPLC analyses of phenacetin, dextromethorphan,
chlorzoxazole, testosterone, and tinidazole (internal standard)
were performed on an Agilent 1260 series instrument with a
diode array detector at 230 nm. An Agilent reversed-phase
C18 column (ZORBAX SB-C18, 4.6 x 250 mm, 5 pm),
with a C18 guard column, was used with a mobile phase of
acetonitrile and water (0.01 M acetic acid) in a 40:60 ratio
at 30°C and a flow rate of 1 mL/min.

Data analysis

The incubation assays were conducted in triplicate. The
statistical significance of the data was evaluated by one-way
analysis of variance computed in SPSS 19.0, and least sig-
nificant differences were calculated after the comparison of
the mean values with those of the control group.

Results

Symptoms and survival rate

The main symptoms of mice infected with MRSA were apa-
thy, anorexia, curled up position, fatigue, and constipation.
No deaths occurred in groups C, T, and L. The survival rates
in groups M and H were 80% and 60%, respectively, on the
seventh day (Figure 1).

Cytokines

Different cytokines showed different patterns of change after
MRSA infection, as demonstrated in Figure 2. For the surviv-
ing mice, the level of IL- 1 was significantly increased in the
H group on the first day and then continuously increased by
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Figure | Survival rates of mice infected with MRSA and the uninfected controls.
Abbreviations: C, control group; H, high-dose group (4 x 10° CFU/kg); L, low-
dose group (I x 10¢ CFU/kg); M, middle-dose group (2 x 10¢ CFU/kg); MRSA,
methicillin-resistant Staphylococcus aureus.

3 and 7 days in the L and M groups. The level of IL-2 was
significantly increased in the L group, but was significantly
decreased in the M and H groups on day 1; subsequently,
on days 3 and 7 after MRSA infection it was continuously
increased in the L and M groups. The level of IL-4 was sig-
nificantly increased in the M and H groups on day 1, but then
decreased in the H group at days 3 and 7. The level of IL-6
was increased by MRSA in all three groups at day 7. The
level of TNF-o was significantly increased in the L group on
days 1 and 3, but was significantly decreased in the H group.
The MIP level showed a dose-dependent increase on days 1
and 3 for all three treatment groups, but was not changed in
the H group on day 7.

Oxidative stress

The levels of oxidative stress markers are shown in Figure 3.
The ORAC level was significantly decreased in the M and
H groups on day 3 and showed a continuous decrease in the
H group until day 7. The GSH-Px level was decreased when
the mice were infected with MRSA, with GSH most strongly
suppressed on the first day. The SOD level was decreased in
the H group on day 1. The level of GST was significantly
suppressed by MRSA on day 1, but was then increased on
days 3 and 7. The levels of NO and MDA were induced by
MRSA in a dose-dependent manner, with larger changes
observed in MDA.

mRNA expression of CYP450s

The mRNA expression levels of CYP450s are shown in
Figure 4. For CYP450 1A2 and 3A11 mRNA, a significant
decrease was observed in all groups on day 1. The mRNA
level of CYP 1A2 in the L and H groups was significantly
decreased on days 3 and 7, but increased on day 7 in group
M. The mRNA level of CYP450 3A11 was decreased

significantly on day 3 and remained low in group L on day 7,
but was significantly induced in groups M and H. The mRNA
level of CYP450 2D22 was significantly suppressed by
MRSA in the M and H groups on day 1, but was increased
in the M group on day 7. The mRNA level of CYP450 2E1
was significantly reduced by MRSA in the M and H groups
on day 1, increased in the L and M groups, but reduced in
the H group on day 3, and then significantly increased in the
M and H groups on day 7.

CYP450 activities

As shown in Figure 5, the trends in the activities of CYP450s
were consistent with the observed mRNA levels. The
activities of CYP450 1A2 and CYP450 3A11 decreased
significantly in the infection groups on day 1. The activity
of CYP450 1A2 was consistently suppressed on days 3 and
7, but recovered to normal levels in the M and L groups on
day 3. The activity of CYP450 3A11 was continuously sup-
pressed from day 3. CYP450 2D22 activity was decreased in
the M and H groups on day 3. The activity of CYP450 2E1
was decreased significantly in the M and H groups for 7 days.

Discussion
MRSA infection remains a serious hazard to global health;
the complications caused by MRSA infection currently
represent an unavoidable problem in clinical treatment and
the toxins produced by the pathogen contribute to the most
severe forms of the disease.?’ The degree of infection will also
depend on the patient’s physical condition, as older patients
with other diseases are particularly prone to MRSA self-
infection and may easily become a source of cross-infection.*
The three experimental doses applied in the present study
were thought to reflect three different levels of infection;
our results showed that 0.5x and 0.25x the MLD of MRSA
resulted in 40% and 20% mortality in mice. The lethal dose
was estimated to be 1.2 x 10 CFU by intraperitoneal injection
with MRSA in C57-BL6 and BALB/c mice.?! MRSA invades
the bloodstream and produces acute systemic infections
caused by toxins and other metabolites that lead to death.
If a patient has low immunity, the MRSA infection will be
more serious and the complexity of treatment will increase.*
Oxidative stress has been implicated in many chronic
diseases.*® The process of chronic low-grade inflammation
plays a central role in the pathogenesis of several chronic dis-
eases.* Oxidative stress and inflammation are closely related
to pathophysiological processes, either of which can be easily
induced by the other. Thus, both processes occur simultane-
ously in many pathological conditions.?*3¢ Several studies
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Figure 2 Effect of MRSA on liver IL-1B (A), IL-2 (B), IL-4 (C), IL-6 (D), TNF-o. (E), and MIP-o. (F) expression levels in mice.

Note: *p < 0.05, **p < 0.0] compared with the control group.

Abbreviations: C, control group; H is high-dose group (4 x 10® CFU/kg); L, low-dose group (I x 10° CFU/kg); M, middle-dose group (2 x 10¢ CFU/kg); MRSA, methicillin-
resistant Staphylococcus aureus; IL, interleukin; TNF-o, tumor necrosis factor-o; MIP-¢,, macrophage inflammatory protein alpha.

have indicated that MRSA infection could induce systemic

inflammation and production of a large number of inflamma-

tory mediators in both patients and experimental animals.?”

The Toll-like receptor (TLR) family and nucleotide-binding
oligomerization domain-containing proteins (NOD) family
are the two main receptor families involved in the recognition
of pathogen-associated molecular patterns and the induction
of the inflammatory immune response,* which causes the pro-
duction of proinflammatory cytokines, such as IL-6, TNF-a,
IL-1B, chemokines, interferons, and the anti-inflammatory
cytokine IL-10.%° Our results indicated that MRS A induced a
continuously high expression of proinflammatory cytokines,
whereas the levels of IL-2 and TNF-a significantly decreased

on the first day after MRSA infection. Given that a previous
study showed that MRSA produced the short-term inhibition
of white blood cells,*! we speculated that the mechanism of
inhibition for some cytokines may be related to this effect.
There are few reports to show that MRSA directly causes
oxidative stress in vivo; however, given the link between
inflammation and oxidative stress, we were unsurprised to
find that MRSA leads to serious inflammation and oxidative
stress in mice.

CYP450s are the main enzymes responsible for drug
metabolism in the liver;*? their expression is regulated by
various factors, including infection, disease, age, food, and
stress.®* Inflammation and oxidative stress are the main
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Figure 3 Effect of MRSA on liver ORAC (A), GSH-Px (B), SOD (C), GST (D), NO (E), and MDA (F) levels in mice.

Note: *p < 0.05, ¥p < 0.0] compared with the control group.

Abbreviations: C, control group; H, high-dose group (4 x 10° CFU/kg); L, low-dose group (I x 10¢ CFU/kg); M, middle-dose group (2 x 10° CFU/kg); MRSA, methicillin-
resistant Staphylococcus aureus; ORAC, oxygen radical absorbance capacity; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; GST, glutathione transferase; NO,

nitric oxide; MDA, malondialdehyde.

causes for the changes of CYP450 caused by infection and
other diseases.*® Researchers have found that infection and
inflammation increase the expression of TNF-q, IL-2, and
IL-6, which subsequently downregulated the expression
of CYP450s.*” In addition to the inflammation caused by
Escherichia coli, lipopolysaccharide is also a major cause
of CYP450 enzyme inhibition.*® Therefore, the inhibition
of CYP450s is caused by microbial infection and the toxins
released by the pathogenic microorganisms. MRSA not only
causes inflammation but also releases a variety of toxins in
the host body, which lead to various deleterious effects.**
Jiang et al have reported that MRSA induced the produc-
tion of IL-6, TNF-o,, MCP-1, and IL-10, and caused liver
damage in mice.”’ MRSA can be recognized by TLR2 on

the cell surface and by NOD?2 in the cytosol, leading to the
activation of NF-kB and MAPKSs, which are responsible
for the induction of proinflammatory cytokines by innate
immune cells, including macrophages, dendritic cells, and
neutrophils.®? The PI3K/Akt signaling pathway, together with
the NF-xB and MAPK pathways, plays an important role in
the peptidoglycan (PGN)-induced production of proinflam-
matory cytokines, chemokines. NF-xB has been implicated
in the regulation of P450s through interaction with their
induction mechanisms.™*>* Our results demonstrated that
MRSA has a strong inhibitory effect on the mRNA levels and
enzyme activities of CYP450 enzymes. The inhibitory effect
of CYP450 1A2 and 3A11 was detected from 3 days after
infection and resumed on the seventh day, whereas the inhibi-
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Figure 4 The relative mRNA expression levels of CYP450 A2 (A), 2D22 (B), 2El (C), and 3Al | (D) in the liver of mice.

Note: *p < 0.05, **p < 0.0] compared with the control group.

Abbreviations: C, control group; CYP450, cytochrome P450; H, high-dose group (4 x 10¢ CFU/kg); L, low-dose group (I x 10° CFU/kg); M, middle-dose group (2 x 10°

CFUlkg).
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Figure 5 The activities of CYP450 |A2 (A), 2D22 (B), 2El (C), and 3Al | (D) in the liver.

Note: *p < 0.05, **p < 0.0 compared with the control group.

Abbreviations: C, control group; CYP450, cytochrome P450; H is high-dose group (4 x 10° CFU/kg); L, low-dose group (I x 10¢ CFU/kg); M, middle-dose group (2 x 10°

CFUlkg).

tion effect of CYP450 2D22 and 2E1 lasted until 7 days after
infection. MRSA infection caused the strongest inhibitory
effects on the expression and activity of all enzymes on the
first day of infection, and then decreases in IL-1f3, IL-4, IL-6,

and MIP-o. were subsequently observed in the mouse liver.
This inhibition of CYP450 enzymes was also accompanied
by an increase in oxidative stress in the livers of mice infected
with MRSA. As noted previously,*® different liver cytokine
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profiles are induced by different infectious or inflammatory
stages; thus, it is to be expected that different infectious
or inflammatory disease stages will have distinguishable
effects on P450 expression and drug metabolism in the liver.
Conversely, different cytokines will be responsible for the
changes in P450 expression in different inflammatory states.
Different doses of MRS A induce different release patterns of
cytokines and oxidative stress at different infectious stages,
which account for the changes in CYP450s.5’

The CYP450 enzyme, a key determinant of drug—drug
interactions, forms the basis of clinically personalized drug
monitoring.*® For hospital-acquired infections that require
anti-MRSA treatment, the infections are mostly accompanied
by other diseases, so a variety of drugs are used concurrently.
To avoid drug inefficiency or poisoning, it is important to
consider the potential effects of pathogenic microorganisms
on the host enzymes during the process of anti-infective
treatment, especially for microorganisms which are con-
stantly changing, to determine whether they will result
in enhanced induction or inhibition of drug-metabolizing
enzymes.

Conclusion

In conclusion, severe MRSA infection can cause strong
inflammation and oxidative stress of the liver. This is mainly
manifested by increased inflammatory factors, decreased
antioxidant enzymes, and increased oxidative metabolites,
which are accompanied by liver CYP450 enzyme expression
and a rapid decrease in activity. Our results indicated that the
drug treatment will be affected in the liver in cases of MRSA
infection. Therefore, drug monitoring should be conducted
to avoid unnecessary drug reactions in patients with MRSA.
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