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Although berberine alkaloids (BAs) are reported to be with broad-spectrum antibacterial and antiviral activities, the interactions
among BAs have not been elucidated. In the present study, methicillin-resistant Staphylococcus aureus (MRSA) was chosen as a
model organism, and modified broth microdilution was applied for the determination of the fluorescence absorption values to
calculate the anti-MRSA activity of BAs. We have initiated four steps to seek the optimal combination of BAs that are (1) deter-
mining the anti-MRSA activity of single BA, (2) investigating the two-component combination to clarify the interactions among
BAs by checkerboard assay, (3) investigating themulticomponent combination to determine the optimal ratio by quadratic rotation-
orthogonal combination design, and (4) in vivo and in vitro validation of the optimal combination. The results showed that the
interactions among BAs are related to their concentrations. The synergetic combinations included “berberine and epiberberine,”
“jatrorrhizine and palmatine” and “jatrorrhizine and coptisine”; the antagonistic combinations included “coptisine and epiberber-
ine”.The optimal combination was berberine : coptisine : jatrorrhizine : palmatine : epiberberine = 0.702 : 0.863 : 1 : 0.491 : 0.526, and
the potency of the optimal combination on cyclophosphamide-immunocompromised mouse model was better than the natural
combinations of herbs containing BAs.

1. Introduction

To seek a multicomponent drug from traditional medicine is
one of the research directions for treating MRSA infections.
Rhizoma Coptidis has been used formore than two thousand
years in China, and it was known as “the antibiotics in
traditional Chinese medicine”. Although many studies were
conducted on antimicrobial activities of berberine alkaloids
(BAs) in the past fewdecades [1–7], fewof thempaid attention
to the interactions among BAs. As we know, BAs are the
active components of several traditional medicines, such as
Rhizoma coptidis, Phellodendri Chinensis, and Berberidis
Radix [8, 9], and the awareness of the interactions among BAs
is of great value for the exploitation of such multicomponent
drugs.

In the present study, methicillin-resistant Staphylococcus
aureus (MRSA) was chosen as a model organism to study
the interactions among BAs. MRSA is one of the pathogenic
clinically separated strains leading to high morbidity and
mortality [10]. Due to its multidrug-resistant genotype,

MRSA is not sensitive to the𝛽-lactamantibiotics, and it is also
resistant to aminoglycosides, fluoroquinolones, chloramphe-
nicol, and macrolides [11–13], but not glycopeptides such
as vancomycin and teicoplanin [14]. Single-drug treatment
modalities have slowed down into bottle neck, alternatively
the multi-component natural medicine might be one of the
directions of the future antibacterial drug development [15].
We are expecting to clarify the synergetic and antagonistic
actions and to seek the optimal combination of BAs which
manifests the strongest anti-MRSA activity. We are initiating
four steps to seek the optimal combination of BAs, that is, (1)
determining the anti-MRSA of single BA, (2) investigating
the two-component combination to clarify the interactions
among BAs by checkerboard assay, (3) investigating the
multi-component combination to determine the optimal
ratio by quadratic rotation-orthogonal combination design,
and (4) validation of the optimal combination.

There are several methods for the compatibility study
such as tubes serial dilution method and agar checker-
board dilutionmethod. Among thesemethods, checkerboard
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microdilution is one of the commonly used assays for two-
component combinations that can quickly screen the antimi-
crobial activity [16]. The detection sensitivity of this method
could be much improved by adding the fluorescent dye of
resazurin, which makes it an accurate method for determin-
ing the anti-MRSA activity of BAs. However, checkerboard
microdilution is not suitable for the investigation of multi-
component combinations, and hence the quadratic rotation-
orthogonal combination design (QRCD) was adopted to seek
optimal combinations. Compared to unifactor experiment
and orthogonal design, QRCD basically retained the advan-
tages of less experiments, simple calculation and absence of
the correlation between regression coefficients. In addition,
the optimal region of the concentration could be directly
obtained [17, 18]. This study can help to clarify the interac-
tions among BAs and provide a new idea for the exploitation
of multi-component drugs.

2. Materials and Methods

2.1. Materials. Rhizoma Coptidis, Phellodendri Chinensis,
and Berberidis Radix were collected in the place of pro-
duction. Berberine (Ber, LOT: 110713-200911) and palmatine
(Pal, LOT: 110732-200907), with the purity of ≥98%, were
provided by National Institutes for Food and Drug Control.
Jatrorrhizine (Jat), coptisine (Cop), and epiberberine (Epi),
with the purity of ≥97%, were purchased from Zelang Med-
ical Technology Co., Ltd., Nanjing, China. Their structures
were given in Figure 1. All other chemicals used were of
analytical grade and available locally.

2.2. Culture. MRSA Srain (ATCC43300), Escherichia coli
(E. coli, CCTCC AB91112), Staphylococcus aureus (S. aureus,
CCTCC AB910393), Shigella dysenteriae (S. dysenteriae,
CCTCC AB210562), Streptococcus pneumoniae (S. pneumo-
nia, ATCC49619), andCandida albicans (C. albicans, CCTCC
C091101) were provided by China Center for Type Culture
Collection and were cultivated in microbiological laboratory
of 302 Military Hospital of China, Beijing, China. Briefly
the broth culture medium contained 10 g peptone, 6 g beef
extract, and 5 g NaCl dissolving in 1000mL deionized water
(pH 7.0–7.2). Then, this culture medium was sterilized in
high-pressure steam (0.1MPa) at 121∘C for 30min. Initially,
the strains were inoculated into 25mL broth culture medium
in 100mL wide-mouthed glass bottle and incubated in a
shaker for 8 h at 37∘C.The rotation speed of incubator shaker
was 110 rpm. The flask was enveloped with a cotton plug,
so there was enough oxygen to be used by the strains. For
the experiment, the bacteria were transformed and grown in
cation-adjusted Mueller Hinton broth (CAMHB), which was
prepared from 17.5 g casein acid hydrolysate, 3 g beef extract,
and 1.5 g starch dissolving in 1000mL distilled water (final pH
7.1–7.5 at 25∘C). Then, this culture medium was sterilized in
high-pressure steam (0.1MPa) at 121∘C for 30min and stored
in a refrigerator at 4∘C.

2.3. Determination of the Activity of Single Alkaloid. Anti-
MRSAactivity of BAswas determined by brothmicrodilution
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Figure 1: Molecular structures of berberine alkaloids.

according to a modified version of the Clinical and Labo-
ratory Standards Institute (CLSI) protocol that included flu-
orescent determination using resazurin [19]. Resazurin is a
blue dye that is nonfluorescent until it is reduced to the
pink colored and highly red fluorescent resorufin. It has
a large change in perceived color hue when the thickness
or concentration of an observed sample increases or dec-
reases. The fluorescence intensity of different growth stages
of bacteria was determined by Synergy H1 hybrid multi-
mode microplate reader (BioTek, Winooski, USA). The con-
centration of resazurin sodium salt (Sigma, Saint Louis, MO,
USA) in the assay was 2.84 𝜇g/mL, and the excitation and
emission wavelengths were set to 544 nm and 590 nm, res-
pectively. Fluorescence intensity was determined 17 h after
the experiment (when the fluorescence intensity peaked).
The concentrations of the extracts of BAs were 2048, 1024,
512, 256, 128, 64, 32, 16, 8, and 4 𝜇g/mL for rows 1–10,
respectively. Rows 11 and 12 were set as infected control (con-
taining bacteria but no extract) and noninfected medium
control (containing neither extract nor bacteria). Following
fluorometric measurement, the 50% effective concentration
(EC
50
) was calculated using the fluorescence intensity of rows

1–10 and the infected control.

2.4. Two-Component Combination Assay. The checkerboard
assay was adopted for this assay. All 10 possible two-com-
ponent combinations of these 5 active compoundswere tested
in duplicate in 36-point dose matrices (six doses for each
compound, representing 720 data points) for their effects on
the proliferation of MRSA. The five test concentrations for
each compound were chosen by first determining the EC

50

of each compound as a single agent in this assay, and then
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selecting 4-fold and 16-fold higher and lower concentrations,
and the study is performed as Figure 2. Each combination
was then scored to identify antibacterial effects that were
greater than the effects of the individual components by
using a resazurin proliferation assay. For each combination,
we calculated the difference between the observed effect of
each combination of doses and the predicted effect based
on two models of additivism [20]. The highest single agent
(HSA) model is the larger of the effects produced by each of
the combination’s single agents at the same concentrations
as in the mixture. In contrast, the Bliss additivism model
[21] predicts that the combined response C for two single
compounds with effects A and B is C = A + B −A × B, where
each effect is expressed as fractional inhibition between 0 and
1. These effect-based synergy models make no assumptions
about the functional form of the dose-response curves and
do not require dose-response information that lies outside
the range sampled by each screening matrix. To determine
whether the readout of the combination therapy is addi-
tive, synergistic, or indifferent, we calculated the fractional
inhibitory concentration indices (FICI) by the checkerboard
assay. The FICI represents the sum of the FICs of each drug
tested, where the FIC is determined for each drug by dividing
the MIC of each drug when used in combination by the MIC
of each drug when used alone:

FICI = (
MICdrug A in combination

MICdrug A alone
)

+ (
MICdrug B in combination

MICdrug B alone
) .

(1)

2.5. Multicomponent Combination Assay. The QRCD was
adopted to investigate the multicomponent combination of
BAs. In this study, the 5 components were set as 5 factors and
each factor contained 5 levels (from 100 to 500 𝜇g/mL with
the interval of 100 𝜇g/mL) coded as −2, −1, 0, +1, and +2. The
factor level table was designed for the experimental design
of combination, and the inhibition ratios were calculated by
determining the fluorescence of each combination test. The
regression equation was established upon the principle of
drug combination and the optimal combination could be
obtained using Data Processing System (DPS, V12.01).

2.6. Application and Validation of the Optimal Combina-
tion. The antimicrobial activity of the optimal combination
obtained from this study was compared to three herbal
medicines including Rhizoma Coptidis (the ratio of the alka-
loids: Ber : Cop : Pal : Jat : Epi = 1 : 0.23 : 0.22 : 0.09 : 0.12), Phel-
lodendri Chinensis (Ber : Pal : Jat = 1 : 0.50 : 0.06), Berberidis
Radix (Ber : Pal : Jat = 1 : 0.70 : 0.20), and geometric propor-
tion (Ber : Cop : Pal : Jat : Epi = 1 : 1 : 1 : 1 : 1). Improved broth
microdilutionwas used to investigate the antimicrobial activ-
ity of different BA combinations on E. coli, S. aureus, S. dysen-
teriae, S. pneumonia, and C. albicans. The inhibition ratios
were calculated to evaluate the antimicrobial activity of the
combinations.
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Figure 2: Schematic diagram of 36-point dose matrices for two-
component combination assay. The five test concentrations for each
compound were chosen by first determining the EC

50

of each com-
pound as a single agent in this assay, and then selecting 4-fold and
16-fold higher and lower concentrations.

2.7. Murine Model of Systemic Infection by Cyclophosphamide
(CY). Before infection, mice were rendered neutropenic by
i.p. injection of BAs daily for 3 consecutive days at a dosage
of 100mg/kg body weight before inoculation. Mice were then
infected with 0.1mL of inoculum of MRSA (2 × 106 cfu/mL)
in warmed saline (35∘C) by the lateral tail vein on day 3 after
pretreatment with BAs [22]. A group of mice were injected
with 0.1mL of 2 × 106 cfu/mL dead MRSA suspension per
mouse as negative control. In addition, a group of mice were
inoculated with 0.1ml of 2 × 106 cfu/mL suspensions per
mouse without advance BAs treatment as negative controls.
Confirmation of infection was determined in duplicate for
final isolate candidates.

Data were averaged from three experiments. All groups of
mice were observed 16 days after infection. At the end point,
all surviving mice were killed by CO

2
exposure. Different

tissues of mice that died during the observation period
and killed survivors were removed under aseptic conditions,
which were subjected to detailed necropsy examinations.
Kidneys, lungs, and brains of mice were homogenized in
sterile 0.9% saline. Serial dilutions of the homogenates were
plated onto sabouraud dextrose agar to calculate the cfus after
48 h of incubation at 35∘C.

2.8. Statistical Analyses. The data obtained fromQRCDwere
analyzed using ANOVA, and the lack of fit test of regression
equation was analyzed by using DPS (DPS, V12.01). The
change in bacterial density in tissues, expressed as change
in log

10
cfu for both treated and untreated animals, was

reported by using descriptive statistics. Effectiveness of the
combinations was undertaken with appropriate statistical
tests. The mean survival time (MST) data of each group
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of treated mice were compared with those from untreated
controls by using one-way ANOVA. Student’s t-test was used,
and the significance level was defined as 𝑃 < 0.01.

3. Results and Discussion

3.1. Determination of the Activity of Single Alkaloid. The
MRSA strain ATCC43300 contains mecA gene but no norA
gene. In the absence of drug intervention, the fluorescence
absorption reached around 40000 after 17 hours’ incubation.
In contrast, the fluorescence intensitywas inhibited by adding
the positive control cefoxitin and the alkaloids.The inhibiting
effect could be calculated by the following equation: 𝐼 =
(𝐴 −𝑋)/𝐴 × 100%, where 𝐼 represents the inhibiting ratio, 𝐴
represents the fluorescence absorption of the negative control
(row 11), and 𝑋 represents the fluorescence absorptions of
alkaloids groups (rows 1–10). After that, the EC

50
values

were calculated from the I-concentration curves. The result
showed that, among the alkaloids, berberine showed the
strongest antimicrobial activity (Figure 3), and the inhibiting
ratios reached 85.2% and 94.0% at the concentration of
512 𝜇g/mL and 1024𝜇g/mL, respectively. The sequence of the
activity of alkaloids was Ber > Cop > Jat > Pal > Epi.

This test adopted resazurin for fluorescent determination,
and it could be found from Figure 4 that this method was
reliable. When adding cefoxitin or Ber, the color of the
MRSA suspension changed regularly with the increase of the
concentration (Figures 4(a) and 4(b)); the fluorescence inten-
sity at 24 h significantly decreased when adding 64 𝜇g/mL
cefoxitin (Figures 4(b) and 4(f)). In addition, it showed
that the density of MRSA increased significantly after being
incubated for 24 h (Figures 4(c) and 4(d)); however, the
colony counts significantly decreased when adding 64𝜇g/mL
cefoxitin or 128𝜇g/mL Ber (Figures 4(g) and 4(h)).

To date, there have been some reports of drug combina-
tions on MRSA, such as tannins and polyphenols [23], bai-
calein and ciprofloxacin [24], flavones and 𝛽-lactam antibi-
otics [25], usnic acid and antimicrobial agents [26], anac-
ardic acids and methicillin [27], arbekacin and vancomycin
[28], polyoxometalates and oxacillin [29], fosfomycin and
arbekacin [30], gemcitabine and gentamicin [31], penicillin
and Salix babylonica L. [32], ciprofloxacin and Isatis tinc-
toria L. [32], ceftriaxone and Scutellaria baicalensis G. [32],
Rosmarinus officinalis and cefuroxime [33], and pannarin
and antibiotics [34]. However, to our knowledge, there have
not been any reports on the combinations of ingredients in
traditionalmedicine.The present study showed that alkaloids
had anti-MRSA activity, but the activity was relatively weak
compared with antibiotics. The reason might be that the
bacteria had multiple drug resistance which resulted in low
absolute concentration inside the cell membrane. Bacte-
ria have evolved numerous defenses against antimicrobial
agents, and drug-resistant pathogens are on the rise [35]. A
general and effective defense is conferred by ubiquitous mul-
tidrug resistance pumps (MDRs), membrane translocases
that extrude structurally unrelated toxins from the cell [36–
39].
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Figure 3: Inhibiting ratios of different concentrations of cefoxitin
and five berberine alkaloids on MRSA.

3.2. Two-Component Combination Assay. Drug interactions
generally consist of synergistic, additive, and antagonistic
effects [40]. The interactions among BAs are marked by
6 color gradations, among which purple indicates strong
antagonistic effect, orange indicates slight antagonistic effect,
dark blue indicates additive effect, light blue indicates slight
synergistic effect, brilliant yellow indicates strong slight syn-
ergistic effect, and green indicates strong synergistic effect.
The results showed two regularities. Firstly, the interactions
among BAs were related to their concentrations, and the
interactions changed along with the change of the concentra-
tions (Figures 5 and 6). For example, while the concentration
of Ber was 310.5 𝜇g/mL (EC

50
) and the concentration of

Epi was 266.4𝜇g/mL (1/4 EC
50
), 1065.4 𝜇g/mL (EC

50
), or

4261.6 𝜇g/mL (4 EC
50
), the excess over HAS > 20% and the

excess over Bliss > 10%; while the concentration of Ber was
19.4 𝜇g/mL (1/16 EC

50
) and the concentration of Epi was

66.6 𝜇g/mL (1/16 EC
50
), the excess over HAS = −7% and

the excess over Bliss = −6%. Secondly, different BAs showed
different interactions; specifically, the combinations of Ber
and Epi, Jat and Pal, Jat and Cop, Cop and Epi showed
intensive synergistic effect within the test concentrations
(MICs and FICIs were determined, and the result showed a
synergistic effect on inhibiting CP with FICI < 0.5 or 0.5 <
FICI < 1).

By combiningHAS and Bliss additivismmodels, it can, to
a large degree, avoid false-positive results. There are a num-
ber of algorithms for quantifying synergy in the screening
experiments. For example, median effect and isobolographic
analyses effectively identify combinations in which one drug
enhances the potency of the other drug. From the 36-point
dose matrix, it was illustrated that the interactions of BAs
were relevant to the proportion of each component. For
example, the combination Ber & Epi showed strong synergis-
tic effect while the proportion of Ber was 20%; the combina-
tion Pal & Epi showed obvious antagonistic effect while the
proportion of Pal was 20%.The interactions among the drugs
are the foundation of exploiting multicomponent drugs, and
the development of such drugs should retain synergistic
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Table 1: Quadratic rotation-orthogonal combination design and
results.

No. JAT COP BER EPI PAL Inhibiting ratio (%)
1 1 1 1 1 1 90.6
2 1 1 1 −1 −1 70.0
3 1 1 −1 1 −1 50.7
4 1 1 −1 −1 1 44.1
5 1 −1 1 1 −1 66.3
6 1 −1 1 −1 1 72.9
7 1 −1 −1 1 1 30.0
8 1 −1 −1 −1 −1 32.5
9 −1 1 1 1 −1 43.0
10 −1 1 1 −1 1 70.4
11 −1 1 −1 1 1 52.3
12 −1 1 −1 −1 −1 30.4
13 −1 −1 1 1 1 61.9
14 −1 −1 1 −1 −1 26.3
15 −1 −1 −1 1 −1 37.3
16 −1 −1 −1 −1 1 16.2
17 −2 0 0 0 0 20.9
18 2 0 0 0 0 40.4
19 0 −2 0 0 0 29.3
20 0 2 0 0 0 71.0
21 0 0 −2 0 0 23.9
22 0 0 2 0 0 40.4
23 0 0 0 −2 0 17.8
24 0 0 0 2 0 39.2
25 0 0 0 0 −2 9.5
26 0 0 0 0 2 30.8
27 0 0 0 0 0 23.8
28 0 0 0 0 0 41.8
29 0 0 0 0 0 42.8
30 0 0 0 0 0 28.6
31 0 0 0 0 0 39.5
32 0 0 0 0 0 44.9
33 0 0 0 0 0 39.0
34 0 0 0 0 0 30.3
35 0 0 0 0 0 41.5
36 0 0 0 0 0 36.7

proportions and exclude antagonistic proportions. Following
this principle, the interactions of the 10 combinations were
analyzed and the optimal proportion region was obtained:
Ber : Cop : Pal : Jat : Epi = 4 : 1–4 : 4–16 : 1–16 : 1–4.

3.3. Multicomponent Combination Assay. According to the
factor level table, a total of 36 experiments were designed, and
the protocol and results were shown in Table 1.The regression
equation was obtained by DPS: 𝑌 = 0.34807 + 0.06611𝑋

1
+

0.07975𝑋
2
+ 0.10040𝑋

3
+ 0.04670𝑋

4
+ 0.05185𝑋

5
+

0.01532𝑋2
1

+ 0.06406𝑋2
2

+ 0.01898𝑋2
3

+ 0.00986𝑋2
4

−

0.01093𝑋2
5

− 0.00044𝑋
1
𝑋
2
+ 0.04814𝑋

1
𝑋
3
− 0.02066𝑋

1
𝑋
4
−

0.02852𝑋
1
𝑋
5
−0.00919𝑋

2
𝑋
3
−0.01625𝑋

2
𝑋
4
+0.02793𝑋

2
𝑋
5
−

Table 2: Frequency distribution of the 1685 protocols with inhibit-
ing ratio larger than 0.41.

Weighted average 95% confidence intervals
𝑋
1

(JAT) 0.363 0.297⋅ ⋅ ⋅0.429
𝑋
2

(COP) 0.446 0.374⋅ ⋅ ⋅0.519
𝑋
3

(BER) 0.517 0.455⋅ ⋅ ⋅0.578
𝑋
4

(EPI) 0.254 0.187⋅ ⋅ ⋅0.321
𝑋
5

(PAL) 0.272 0.207⋅ ⋅ ⋅0.337

0.01545𝑋
3
𝑋
4
+0.06154𝑋

3
𝑋
5
−0.00412𝑋

4
𝑋
5
. By the analysis

of variance, it showed that the lack of fit test of regression
equation F1 = MS lack of fit/MS error = 7.0009 > F0.01 (6,
9), F3 = MS regression/MS error = 9.33 > F0.01, indicating
significant. Therefore, the regression result was reliable.

The regression coefficient was tested for its significance,
and the items that were not significant were eliminated at
the level 𝜎 = 0.10. The equation was optimized as 𝑌 =
0.34807+0.06611𝑋

1
+0.07975𝑋

2
+0.10040𝑋

3
+0.04670𝑋

4
+

0.05185𝑋
5
+0.06406𝑋2

2

. Analyzed byDPS, the programnum-
bers higher than 0.41 were 1685. Meanwhile, the weighted
mean and the 95% confidence interval were calculated
(Table 2). Standardized the weighted mean of berberine by 1,
the weighted means of other alkaloids were obtained, and the
optimal ratio was obtained as follows: 𝑋

1
:𝑋
2
:𝑋
3
:𝑋
4
:𝑋
5
=

0.702 : 0.863 : 1 : 0.491 : 0.526.
There have beenmultiple designmethods, such asCentral

Composite Design [41], Box-Behnken Design [42], and D-
optimal Design [43]. Compared with these methods, QRCD
presents two features: (1) it sacrifices partial orthogonality to
obtain rotatability, and it retains the merits of less test times,
simple calculation, and low dependency among the regres-
sion coefficients; (2) it discards the disadvantage of lacking
rotatability that cannot screen the optimal regions from
predicted values. The results of this section were consistent
to the results in 3.2.

3.4. Application and Validation. Figure 7 showed that the
optimal combination in 3.3 had the strongest inhibiting
effects on E. coli, S. aureus, S. dysenteriae, and S. pneumonia.
Specifically, the EC

50
of geometric proportion of alkaloids

on E. coli was 1.81 times larger than that of the optimal
combination; the EC

50
of Berberidis Radix on S. aureus was

1.74 times larger than that of the optimal combination; the
EC
50

of geometric proportion of alkaloids on S. dysenteriae
was 1.59 times larger than that of the optimal combination;
the EC

50
of Berberidis Radix on S. pneumonia was 1.41 times

larger than that of the optimal combination. In addition,
the antimicrobial activity of the optimal combination on
C. albicans ranked second only to Rhizoma Coptidis. The
results indicated that the optimal combination was not only
applicable for ATCC43300, but also other laboratory strains.

This study provided a fast and reliable way for the inter-
action research of chemicals, and it also laid a foundation for
the development and application of multicomponent drugs.
However, this study only involves in vitro tests, and the
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4: Fluorescent determination using resazurin. (a) 96-well fluorescent plates with 2-fold dilutions of Ber; (b) fluorescent image of
MRSA suspension without any chemical; (c) the microphotograph of MRSA at 0 h without any chemical (stained with gram stain); (d) the
microphotograph of MRSA at 24 h without any chemical; (e) 96-well translucent plates with 2-fold dilutions of Ber; (f) fluorescent image of
MRSA suspension with 64𝜇g/mL cefoxitin; (g) the microphotograph of MRSA at 24 h with 64 𝜇g/mL cefoxitin; (h) the microphotograph of
MRSA at 24 h with 128𝜇g/mL Ber.
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Figure 5: The excess over the highest single agent model, including 10 combinations of the 5 berberine alkaloids. Purple squares indicate
strong antagonistic effect, orange squares indicate slight antagonistic effect, dark blue squares indicate additive effect, light blue squares
indicate slight synergistic effect, brilliant yellow squares indicate strong slight synergistic effect, and green squares indicate strong synergistic
effect.

exploitation of multicomponent drugs still needs the valida-
tion of in vivo experiments.

3.5. Establishment of an Antibacterial Mouse Model. The
efficacy of the synergistic pairs was tested in a living immuno-
compromised animal model.We developed an immunocom-
promisedmousemodel by i.p. injection of cyclophosphamide
at a dosage of 100mg/kg (body weight) once daily for 3
consecutive days to specific pathogen-free female ICR mice.
To test the model with pathogens, mice were infected with
0.1mL of MRSA suspension of 2 × 105 blastospores per

mouse in warmed saline (35∘C) by the lateral tail vein on
day 3 after pretreatment with CY. We succeeded in causing
100% mortality within 6–8 days, which was suitable for
subsequent drug-evaluation experiments. To test whether
the BAs combinations had synergistic effects in the CY-
immunocompromised mouse model, the test compound(s)
either alone or in combination were administered orally by
gavage 6 h postinfection and once daily thereafter for 5 days.
A control group received 0.1mL of saline by the same route as
the placebo regimens. Organs of dead and killed mice at day
16 after infection were homogenized in sterile saline, diluted,
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Figure 6: The excess over Bliss additivism model, including 10 combinations of the 5 berberine alkaloids.
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Figure 7: Comparison of the antimicrobial activities of different
combinations of berberine alkaloids on five laboratory strains,
including E. coli, S. aureus, S. dysenteriae, S. pneumonia, and C.
albicans.

and spread onto sabouraud dextrose agar plates. Colony
counts were determined after 48 h at 35∘C for calculation of
geometric means. Comparative efficacy assessed by changes
in the bacterial density in kidney, lung, and brain tissue
of the infected mice after treatment, percent survival, and
MSTwere undertaken for test compound(s). Results obtained
from Figure 8 showed that the combination in Phellodendri
Chinensis Cortex and geometric proportion of alkaloids
group did not have significant therapeutic effects on the body
weight and percent survival of infected mice compared with
placebo control (𝑃 > 0.05). The course of infection indicates
that the MST was 5.1 ± 0.5, 6.8 ± 0.6, and 7.6 ± 0.5 for

the placebo control, geometric proportion of alkaloids group,
and combination in Phellodendri Chinensis Cortex group,
respectively. On the contrary, the combination in Rhizoma
Coptidis, cefoxitin, and optimal combination in this study
group showed significant therapeutic effects (𝑃 < 0.01), in
which the optimal combination in this study group showed
the strongest anti-MRSA activity in vivo.TheMSTwas 11.9±
1.2 for the optimal combination group.

After being infected by MRSA, the body weight reduced
compared with placebo control, and the hair became sparse
(Figures 9(a) and 9(b)). By counting the bacterial colony, it
were indicated that the remaining bacteria was determined
in kidney, lung, and brain tissues. Among the combinations,
cefoxitin, combination in Rhizoma Coptidis, and optimal
combination in this study significantly reduced the [log

10
cfu

(cell/g)] compared with placebo control. For the optimal
combination, the remaining bacteria [log

10
cfu (cell/g)] in

kidney, lungs, and brain reduced dramatically from 8.1 to 4.3,
4.7 to 2.6, and 2.8 to 1.8, respectively (Figure 9(g)).

4. Conclusions

In summary, this study initially investigated the anti-MRSA
activity of single berberine alkaloid on MRSA, and the indi-
vidual EC

50
was obtained. Thereafter, 4-fold and 16-fold

higher and lower concentrations of EC
50

were chosen for
their interactions among berberine alkaloids by checker-
board assay, and the synergetic and antagonistic interac-
tions were clarified. Next, the multi-component combination
was studied by QRCD and the optimal combination for
anti-MRSA activity was screened. In addition, the optimal
combination was applied for its potency on other type
strains, and it was demonstrated that the combination had
a wide versatility. Furthermore, the BAs were tested on CY-
immunocompromised mouse model to validate the thera-
peutic effects of the selected combinations.
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Figure 8: In vivo anti-MRSA effects of BAs combinations. (a) Body
weight of ICR mice from day −3 to 16; (b) percent survival of ICR
mice during the therapeutic process. (a: cefoxitin group; b: combi-
nation in Rhizoma Coptidis group; c: combination in Phellodendri
Chinensis Cortex group; d: combination in Berberidis Radix group;
e: optimal combination in this study group; f: geometric proportion
of alkaloids group; g: negative group (noninfection mice without
being given drugs); h: placebo control).
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