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Abstract

In this study, a noninvasive and nondestructive microcalorimetric method was used to investigate the antimicrobial activity
of three anthraquinone derivatives (emodin, aloe-emodin and physcion) from Chinese Rhubarb. Additionally, we observed
a synergistic antibacterial effect of a mixture (emodin + aloe-emodin) on Staphylococcus aureus. Antibacterial effects were
further evaluated through principle component analysis and the half-inhibitory concentration (ICs;) according to the influ-
ence of the anthraquinone derivatives on eight quantitative thermokinetic parameters, which were measured by isothermal
microcalorimetry and obtained from metabolic power—time curves of Staphylococcus aureus growth at 37 °C. The inhibitory
actions of the anthraquinone derivatives varied at different concentrations. The antibacterial effect of the derivatives on S.
aureus was as follows: emodin + aloe-emodin (E + AE) >emodin (E) > aloe-emodin (AE) > physcion. Based on these results,
the combined effect of emodin and aloe-emodin was stronger than that of each anthraquinone derivative alone. The combi-
nation of emodin and aloe-emodin is a promising antibacterial agent, providing a novel avenue for antibacterial materials.
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Introduction

Staphylococcus aureus, a gram-positive commensal bacterium,
is a major human pathogen that can cause serious clinical infec-
tions, including bacteraemia and skin, soft tissue and device-
related infections [1]. S. aureus can also enter the bloodstream,
further endangering health [2]. Seven different pore-forming
protein toxins produced by S. aureus promote disease, and anti-
biotic-resistant S. aureus is closely related to high morbidity
and mortality in nosocomial infections involving severe sepsis
and septic shock [3]. As toxicity and antibiotic resistance have
rendered current drugs ineffective, it is necessary to develop
antibacterial agents with high efficacy and low toxicity [4].
Drugs that inhibit the growth of pathogenic microorgan-
isms or kill them without damaging host cells are consid-
ered promising candidates. Anthraquinone derivatives from
Chinese Rhubarb possess extensive pharmacological proper-
ties, including anti-inflammatory [5—7], antiproliferation [8,
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9], anticancer [5, 10, 11], antioxidant [12], hepatoprotective
[13, 14] and antibacterial effects [5, 15]. The major active
components of anthraquinone derivatives are emodin, aloe-
emodin and physcion, and numerous studies have focussed on
the individual pharmacological effects of these compounds
[16-18]. Conversely, synergistic effects of anthraquinone
derivatives (emodin and aloe-emodin) have attracted little
attention. In addition, traditional Chinese medicine tends
to separate and analyze the active components or effective
monomers of Chinese herbal medicine while neglecting com-
bined effects. Thus, synergistic effect among active ingredi-
ents (e.g., emodin and aloe-emodin) is worthy of study.

Microcalorimetry, which is noninvasive and nondestruc-
tive, can be employed to analyze overall dynamic changes
in microbial growth and has been well applied in mod-
ern medical research [19, 20]. Compared to conventional
microbiological methods (e.g., microplate, turbidimetry
assays, the disk diffusion method), microcalorimetry can
provide important qualitative and quantitative information
in real time, online and high-throughput screening assays
[21-24]. With good sensitivity, accuracy and reproducibility,
this approach has been widely used to discover new drugs
and evaluate antibacterial activity [21].
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Based on the above advantages, the microcalorimetric
method was used to evaluate the antibacterial effects of
emodin, aloe-emodin and physcion alone as well as the
synergistic inhibitory effect of emodin and aloe-emodin on
the growth of S. aureus. The aims of this study were to (1)
objectively and effectively assess the individual antibacterial
effects of emodin, aloe-emodin and physcion, and the syner-
gistic effect of emodin and aloe-emodin, (2) provide helpful
references to gain a better understanding of the activities of
anthraquinone derivatives on microorganisms and (3) pro-
vide a novel method for screening new antibacterial drugs
with high efficacy and low toxicity.

Materials and methods
Materials

S. aureus (CMCC B26003) was purchased from the China
Center for Type Culture Collection and inoculated in
Luria-Bertani (L.B.) culture medium (L.B. medium: 10 g
peptone, 5 g yeast extract and 5 g NaCl per 1000 mL dis-
tilled water, pH 7.2-7.4). The culture medium was pre-ster-
ilized using high-pressure (0.1 MPa) steam at 121 °C for
30 min and stored at 4 °C before use.

Preparation of samples

Emodin, aloe-emodin and physcion (purity: >98%, HPLC)
were purchased from the Tianjin Jianfeng Natural Product
Center; their structures are shown in Fig. 1. Because of the
poor water solubility of anthraquinone derivatives, emodin,
aloe-emodin and physcion were dissolved in dimethylsulfoxide
(DMSO; Sigma) at 20 mg mL ™! as stock solutions. The stock
solutions were stored at —20 °C and protected from light [25].
Repeated preliminary experiments showed that the influence
of 25 pL DMSO in 5 mL S. aureus suspension was negligible.
Thus, for this experiment, the final proportion of DMSO in the
S. aureus suspension was below 0.5% (v/v) [6, 25, 26].

Instrumentation

A TAM Air isothermal microcalorimeter (Thermometric
AB, Sweden) was used to record metabolic power—time

Fig. 1 Chemical structure of OH o
emodin, aloe-emodin and phy-

scion extracted from Chinese

Rhubarb
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curves of S. aureus growth. This microcalorimeter is an
eight-channel twin instrument with a limit of detection of
2 pW and a baseline draft <20 pW over 24 h, which main-
tains the temperature within +0.02 °C. The eight channels
are fixed together to form a single heat-sink block placed in
a temperature-controlled air thermostat. Each calorimetric
channel consists of two parts: one for the sample and another
as a static reference. The two parts within a channel allow
direct comparison of the heat-output power from the sample
with that from the static reference. The power difference is
a quantitative expression of the overall rates of heat produc-
tion in the samples. The temperature was controlled at 37 °C
for all experiments [4, 27]. Additional information regarding
the TAM air has been reported by Wadso [28].

Experimental procedure

In this calorimetric experiment, metabolic power—time curves
of S. aureus growth were recorded using the isothermal calo-
rimeter with the ampoule method. S. aureus was inoculated
into 45 mL of L.B. culture medium at an initial density of
2 10° colony-forming units (CFU) per mL. Then, 5 mL of
bacterial suspension was added to sterilized 20-mL glass
ampoules. Emodin, aloe-emodin and physcion were added
to the bacterial suspension at different concentrations. The
ampoules were sealed, shaken slightly and placed in the
microcalorimeter when a steady state was reached. After bal-
ancing the instrument, the heat flow power—time curves of S.
aureus growth were recorded by a computer. Records were
obtained by the TAM air software until the recorder returned
to baseline. In all experiments, the temperature was controlled
at 37 °C. Emodin and aloe-emodin (1:8, W/W) were mixed
and tested according to the above steps. The above experi-
ments were all performed under aseptic conditions [29].

Results

Metabolic power-time curves and growth rate
constant of S. aureus

The metabolic power—time curve of S. aureus growth at
37 °C in the absence of samples is shown in Fig. 2a. As
S. aureus was inoculated in L.B. culture medium under

OH
R, R,
emodin OH CH,
aloe—emodin CH,OH H
Ry
physcion OCH, CHg
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isochoric conditions and limited nutrients and oxygen, the
observable growth curve of S. aureus consisted of two stages
(stage 1 and stage 2) and five phases [lag phase (a—b), first
exponential phase (b—c), transition phase (c—d), second
exponential phase (d—e) and decline phase (e-f)] [21, 27,
29]. The quantitative thermokinetic parameters (growth rate
constant k) of the power—time curve for S. aureus growth
were obtained from Eq. (1):

P, = Pyexp(kt) or InP, = InPj + kt (1)

where P, and P, represent the heat-output power at time =0
and time ¢ (min), respectively. The growth rate constant k
of the exponential phase was calculated by fitting InP, and
t to a linear equation. The values of k; and k, with the cor-
responding RSDs of 0.82% and 1.07% are shown in Table 1,
which indicated a good reproducibility of the experiments.

Metabolic power-time curves of S. aureus growth
affected by anthraquinone derivatives

As presented in Fig. 2b, as the concentration of emodin
increased, the heights of the highest peak for S. aureus in
stage 2 decreased, the corresponding peak time lengthened;
and the heights and peak time of the highest peak for S.
aureus in stage 1 increased slightly.

Figure 2c illustrated that as the concentration of aloe-
emodin increased, the heights of the highest peak for S.
aureus in stage 2 and stage 1 were reduced, but that the
corresponding peak time was prolonged.

According to Fig. 2d, when the concentration of physcion
increased, the heights and peak time of the highest peak for
S. aureus in stage 1 were almost unchanged, and the heights
and peak time of the highest peak for S. aureus in stage 2
decreased.

Lastly, Fig. 2e illustrated that the heights of the highest
peak for S. aureus affected by AE+E (emodin and aloe-emo-
din) decreased, but that the corresponding peak time increased
in stage 2. The heights and peak time of the highest peak for
S. aureus affected by emodin in stage 1 were almost unal-
tered. The heights of the highest peak for S. aureus affected
by AE+E and aloe-emodin in stage 1 were reduced, and the
corresponding peak time increased. In addition, the changes
in the power—time curves for S. aureus growth affected by
AE +E and aloe-emodin in stage 1 were almost identical.

Thermokinetic parameters of metabolic power-
time curves for S. aureus growth affected
by anthraquinone derivatives

Eight quantitative thermokinetic parameters were obtained
from the metabolic power—time curves of S. aureus affected
by anthraquinone derivatives, as given in Tables 2-5. The k;

and k, parameters are the growth rate constants of the first
and second exponential phases, respectively. P; and P, are
the maximum heat-output powers of the first and second
peaks, respectively, and ¢, and ¢, are the appearance times
of P, and P,, respectively. Q, and Q, are the heat outputs at
stages 1 and 2, respectively.

The data in Tables 2—-5 demonstrated that the eight
metabolic thermokinetic parameters had variable changing
trends depending on the anthraquinone derivative concentra-
tion and species. As shown in Table 2, compared with the
control, k,, P, and Q, decreased and ¢, increased markedly
as the concentration of emodin increased. Additionally, k;
decreased, and P, increased, but both changes were small;
t, and Q, exhibited almost no change. The results sug-
gested that the inhibitory effect of emodin on S. aureus was
enhanced by an increasing concentration and had an impor-
tant effect in stage 2, consistent with the data in Fig. 2b.

As shown in Table 3, when the concentration of aloe-
emodin increased, the values of k|, k,, P;, P,, O, and Q,
decreased and those of #, and ¢, increased compared with
the control. These results indicate that aloe-emodin had an
inhibitory effect on S. aureus at both stage 1 and stage 2,
consistent with Fig. 2c.

The values of k|, P, t; and Q; showed almost no change
compared with the control, but the values of k, and Q,
decreased slightly (see Table 4). However, P, decreased
slightly when ¢> 10 pg.mL™", and #, decreased slightly when
¢>30 pg.mL~!. These data showed that physcion exerted
very little bacteriostatic activity toward S. aureus, which was
consistent with Fig. 2d.

According to the data presented in Table 5, the values of
k,, P, and P, of S. aureus affected by AE +E were the small-
est. k; of S. aureus affected by AE+E was almost the same
as that affected by AE, but was smaller than that affected
by E. The results showed that the synergistic antibacterial
effect of emodin and aloe-emodin on S. aureus appeared to
be the strongest in stage 2, with an impact in stage 1. This is
more understandable when combined with those in Fig. 2e.

The thermokinetic parameters of S. aureus growth varied
with different anthraquinone derivative concentrations and
species, exhibiting the same effective trend as the metabolic
power—time curves of S. aureus affected by anthraquinone
derivatives (Fig. 2). In other words, smaller values of k|,
ky, Py, P,, Q; and Q, and larger values of ¢, and ¢, corre-
lated with stronger bacteriostatic activity of anthraquinone
derivatives.

Principal component analysis of eight thermokinetic
parameters

Principal component analysis (PCA) is based on dimen-

sion reduction, a statistical method that transforms a num-
ber of interrelated numerical variables into a few unrelated
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Fig.2 Metabolic power—time curves of S. aureus growth a without
anthraquinone derivatives and affected by different concentrations
of b emodin [(A) control, (B) 0.2 pg mL™!, (C) 0.4 pg mL~!, (D)
0.6 pg mL7!, (E) 0.8 pg mL™", (F) 1.0 pg mL™", (G) 1.2 pg mL™'];
¢ aloe-emodin [(A) control, (B) 1.2 pg mL™!, (C) 2.4 pg mL~!, (D)
4.8 pg mL™L, (E) 9.6 pg mL~L, (F) 19.2 pg mL~., (G) 38.4 ug mL1],

@ Springer

d physcion [(A) control, (B) 10 pg mL~!, (C) 30 pg mL~!, (D)
50 pg mL~!, (E) 70 pg mL~!, (F) 90 pg mL~!, (G) 100 pg mL™!],
and e two anthraquinone derivatives (E, AE) and their mixtures
(0.8 pg mL™' E+6.4 pg mL~! AE) [(A) control, (B) 6.4 pg mL~' AE,
(C)0.8 pgmL™'E, (D) 0.8 uyg mL™' E+6.4 pg mL™! AE]
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Table 1 Growth rate constant k; and k, of S. aureus cultured in LB culture medium and monitored by the microcalorimeter at 37 °C

No. 1 2 3 4 5 6 7 8 RSD%*
ky 0.0221 0.0224 0.0222 0.022 0.0223 0.0222 0.0225 0.0225 0.83
ky 0.0079 0.0078 0.0077 0.0079 0.0077 0.0078 0.0078 0.0079 1.06

#Relative standard deviation

Table2 The thermokinetic ChugmL™"  kj/min"' kymin~' P/mW PymW r/min t/mn QO QN 1%

parameters of S. aureus

growth affected by different 0 00255  0.0089  0.1861 04289 94.17 24599 0.1158 1.6046

concentrations of emodin and 02 0.0188  0.0071 02040 04095 94.17 256.61 0.1165 14071 20.22

the corresponding inhibitory

ratio 0.4 00164 00057 02229 03726 93.04 279.54 0.1192 12035 35.96
0.6 0.0197  0.005 02106 03470 9436 29471 0.1164 10726 43.82
0.8 00196 00044 02121 03046 9341 32266 0.1172 09472 50.56
1.0 00197  0.0037 02063 02841 9398 34588 0.1164 0.8681 58.43
1.2 00148  0.0029 02437 02641 9389 359.05 0.1970 0.6292 67.42

Table3 The thermokinetic ChugmL™'  k/min~'  k/min'  P/mW PymW /min  tymin O/ OJ) 1%

parameters of S. aureus

growth affected ‘;y ldifferem 0 00255  0.009  0.1906 04413 9132 248.62 0.1157 15930

concentrations of aloe- 1.2 0.0189  0.0083  0.1838 04267 9582 276.19 0.1102 1.5658 13.54

emodin and the corresponding

inhibitory ratio / 2.4 00183  0.0083  0.1653 04138 9566 28552 0.1055 15418 13.54
48 00158  0.0078  0.1592 03958 1014 30279 0.1035 15276 18.75
9.6 00123  0.0075  0.1324 03548 1047 31622 00962 15074 21.87
19.2 0.0098  0.0068  0.1392 03260  99.52 330.61 0.0882 14893 29.17
38.4 00096  0.0067  0.0904 02711  99.92 340.82 0.0765 13780 30.21

Table4 The thermokinetic ChugmL~"  k/min~' k/min"' P/mW PymW r/min  tymin O/ Q1 1%

parameters of S. aureus

growth affected by different 0 0.0256  0.0101  0.1636 04012 8524 24221 0.1129 1.3419

concentrations of physcion and

R 10 0.0257 0.0100 0.1772 04018 84.71 244.14 0.1118 1.3102 0.99
the corresponding inhibitory
ratio I 30 0.0256 0.0099 0.1699 03797 8349 24326 0.1168 1.2319 1.98
50 0.0257 0.0095 0.1691 03570 85.68 236.60 0.1094 1.2153 5.94
70 0.0257 0.0092 0.1885 0.3470  85.15 234.06 0.1118 1.1752 8.91
90 0.0256 0.0089 0.1776 03389  84.48 229.86 0.1113 1.1695 11.88
100 0.0258 0.0087 0.1708 0.3188  84.54 232,57 0.1130 1.0834 13.86

Table 5 The thermokinetic

Sample  k/min~'  ky/min~! P/mW P,/mW f/min  t,/min /I il 1%
parameters of S. aureus growth P i 2 ! 2 vt 7 2 2 i

affected by aloe-emodin, control  0.0175  0.0088 02000 04264 9483 249.12 0.1152 15342
emodin and AE+E and the AE?* 00105  0.0071  0.1718 03786 102,75 308.65 0.1066 1.4077 19.32
corresponding inhibitory ratio /

EP 00178  0.0046  0.1983 02923 9429 343.19 0.1397 0.6967 47.72

AE+4+E° 0.0109 0.0035 0.1652  0.2548  107.79 40342 0.1163  0.8551 60.23

6.4 pg.mL~! aloe-emodin
0.8 pg.mL~! emodin
“The mixture of 6.4 pg.mL~! aloe-emodin and 0.8 pg.mL~! emodin

comprehensive indices that are the principal components of PCA is also a common approach to data analysis, as it can
the original multiple variables. Each principal componentis  simplify multivariate variables and allow for transforma-
a linear combination of original variables. tion of the information in the data set into a few principal
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components, retaining the maximum possible variability, as
well as reduce the dimensionality of the original data set
[30]. As aresult, PCA simplifies experimental data process-
ing and highlights the main variations [29, 31-34].

One task of PCA is to compute the principal components.
After the original variables were standardized, correlation
matrices between the variables, eigenvalues and eigenvec-
tors of the matrices were calculated. The eigenvalues were
then arranged in order of decreasing size (Tables 6-8),
and the corresponding principal components were calcu-
lated. Another step of PCA is to determine the number of

Z

emodinl —

Z

emodin2

V4

contribution rate of N principal components could retain
the first N principal components when reaching a certain
value (generally above 70%) (Tables 6-8); the other involved
eigenvalues, whereby principal components with eigenval-
ues > 1 were selected (Tables 6-8).

PCA was performed using SPSS 20.0 software for the
eight thermokinetic parameters (¢, t,, k|, k», P, P,, O, and
Q,). Two principal components (Z; and Z,) accounted for
85.75% (emodin, Table 6), 96.52% (aloe-emodin, Table 7)
and 78.24% (physcion, Table 8) of the total variance [35].
The equations of Z,,4in1 a0d Zepoging> Zaloe-emodini 304
Zaloe-emodinZ’ thyscionl and thyscionZ are as follows:

0.144k, + 0.168k,— 0.158P, + 0.163P, + 0.0541,— 0.162t,— 0.1280, + 0.171Q,
= 0.348k, — 0.112k, — 0.245P, — 0.214P, + 0.733, + 0.2381, + 0.075Q, — 0.153Q,
e - emodinl = 0.146k, + 0.146k, — 0.096P, + 0.148P, — 0.110¢, — 0.1491, + 0.149Q, + 0.145Q,

Zotoe - emoding = — 0.217k; = 0.168k, — 0.651P, + 0.122P, + 0.519¢, + 0.140t, + 0.116Q, + 0.248Q,

thyscion 1

Z

= —0.138k, + 0.223k,— 0.106P, + 0.221P,—0.037¢, + 0.213t, + 0.094Q, + 02110,
nyscion2 = 0:096k; + 0.082k; + 0.020P; + 0.102P, + 0.5067,— 0.0101,~ 0.462Q; + 0.1830,

principal components. There were two methods: one was the
accumulative contribution rate, whereby the accumulative

The component plot of PCA showed that emodin (Fig. 3a)
and physcion (Fig. 3c) played a major role in stage 2 of S.
aureus growth, and aloe-emodin (Fig. 3b) played a major

Table 6 Principal component

. . Component Initial eigenvalues Extraction sums of squared loadings

analysis for the eight
thermokinetic parameters Total % of Variance ~ Cumulative % Total % of variance = Cumulative %
of S. aureus growth affected
by different concentrations 1 5.700 71.254 71.254 5.700 71.254 71.254
of emodin (total variance 2 1.159 14.491 85.745 1.159  14.491 85.745
explained) 3 0.823 10.284 96.029

4 0.293 3.662 99.690

5 0.023 0.293 99.983

6 0.001 0.017 100.000

7 —1.119E-016 —1.399E-015 100.000

8 —2.606E-016 —3.257E-015 100.000

Extraction method: principal component analysis

Table 7 Principal component

. . Component
analysis for the eight

Initial eigenvalues

Extraction sums of squared loadings

thermokinetic parameters of Total % of variance ~ Cumulative % Total % of variance =~ Cumulative %
S. aureus growth affected by
different concentrations of 1 6.583 82.285 82.582 6.583  82.285 82.285
aloe-emodin (total variance 2 1.139 14.232 96.517 1.139  14.232 96.517
explained) 3 0218 2.720 99.238

4 0.050 0.630 99.867

5 0.008 0.104 99.971

6 0.002 0.029 100.000

7 2.827E-016 3.534E-015 100.000

8 —5.684E-016 —7.105E-015 100.000

Extraction method: principal component analysis
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Table 8 Principal component

analysis for the eight

thermokinetic parameters

of S. aureus growth aftected
by different concentrations
of physcion (total variance

explained)

role in stage 1 and in stage 2 of S. aureus growth, support-
ing the above results. And this may play a more important
role in evaluating their antibacterial effects on S. aureus.

Component Initial eigenvalues Extraction sums of squared loadings
Total % of variance ~ Cumulative %  Total % of variance =~ Cumulative %

1 4.371 54.633 54.633 4371  54.633 54.633

2 1.889 23.608 78.241 1.889  23.608 78.241

3 0.865 10.809 89.051

4 0.730 9.129 98.180

5 0.110 1.371 99.551

6 0.036 0.449 100.000

7 2.238E-016  2.798E—-015 100.000

8 1.197E-016  1.497E-015 100.000

Extraction method: principal component analysis

Combined with the values of Tables 2—4, we were able to
rapidly and clearly identify the action potency of emodin,
aloe-emodin and physcion on S. aureus: their inhibitory

(a) Component plot (b) Component plot
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Fig.3 Component plots of PCA for the eight thermokinetic parameters of S. aureus growth affected by different concentrations of a emodin, b

aloe-emodin and ¢ physcion
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effect was stronger with increasing concentrations, consist-
ent with Fig. 2b—d.

Inhibitory ratio / and half-inhibitory concentration

Based on the results of PCA, we chose k, to get the inhibi-
tory ratio I by Eq. (2):

I = (ky, — kyg) [ky. X 100% )

where k,, was the growth rate constant of the second expo-
nential growth phase of S. aureus in the culture medium
without anthraquinone derivatives and k,, was the growth
rate constant of the second exponential growth phase of S.
aureus exposed to the anthraquinone derivatives. When the
inhibitory ratio (/) was 50%, the corresponding concentra-
tion of the inhibitor could be observed to be the half-inhib-
itory concentration (ICs,), regarded as the inhibiting con-
centration causing a 50% decrease in the S. aureus growth
rate constant [36].

We found that ICs, was approximately 0.8 pg.mL™!
for emodin, more than 38.4 pg.mL~! for aloe-emodin and
greater than 100 pg.mL ™! for physcion, as based on the lin-
ear relationship between k, and c¢ from Fig. 4. In addition,
when the S. aureus growth rate constant k; was 50%k,, the
corresponding concentration of aloe-emodin was approxi-
mately 6.4 pg.mL~!. Thus, we selected 6.4 pg.mL~" aloe-
emodin combined with 0.8 pg.mL~! emodin and assessed
the synergistic inhibitory effect of this combination. As
indicated in Fig. 2e and Table 5, the antibacterial effect of
the anthraquinone derivatives was: AE +E > emodin > aloe-
emodin > physcion. The values of I in Tables 4 and 5 also
supported the above results.

Discussions

S. aureus can cause skin, soft tissue and bone infections,
with a bloodstream infection being most serious [37].
Indeed, S. aureus present in the blood circulation results
in higher mortality than any other bacterial infection [37].
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Fig.4 Plots of k, of S. aureus growth versus concentration (c) of a emodin, b aloe-emodin and ¢ physcion
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Although numerous drugs have been assessed for their abil-
ity to control infection, S. aureus has developed resistance
to almost all antibiotics [37-39]. Therefore, developing
highly effective and low-toxicity agents against S. aureus
has become highly urgent [40].

In this study, isothermal microcalorimetry was employed
to evaluate the inhibitory effects of anthraquinone deriva-
tives (emodin, aloe-emodin and physcion) and a mixture
(emodin combined with aloe-emodin) on S. aureus. As
seen from the results, we have known that the antimicrobial
activity of physcion on S. aureus growth was little. Emodin
played an important role in stage 2 of the growth curve of
S. aureus, and aloe-emodin played an important role both in
stage 1 and stage 2, especially in stage 1. The combination
of emodin and aloe-emodin might play a double inhibitory
role. Therefore, we chose the synergistic effect of emodin
and aloe-emodin. When the growth rate constant k; of S.
aureus was 50%k,, the corresponding concentration of aloe-
emodin was 6.4 pg.mL~'. When the growth rate constant k,
of S. aureus was 50%k,, the corresponding concentration
of emodin was 0.8 ug.mL~'. We chose the half-inhibitory
concentration of aloe-emodin and emodin as the combined
dose. The results showed the following: (1) AE+E had
the strongest bacteriostatic activity, followed by emodin,
aloe-emodin and physcion, suggesting that the substituted
positions and number of hydroxyls in the core structure of
emodin might play important roles in the antibacterial effect.
(2) The synergistic effect of two monomers was stronger
than each monomer alone. (3) The synergistic effect of
drugs could reduce dosage and thus toxicity, providing use-
ful references for screening novel antibacterial drugs with
high efficacy and low toxicity. (4) Compared to traditional
microbiological techniques, noninvasive and nondestructive
microcalorimetric investigations evaluating the antibacte-
rial effects of drugs were more intuitive and convenient. (5)
With the potential for automation at high sensitivity and high
accuracy, microcalorimetry can provide real time, online and
important dynamic information. Hence, microcalorimetry
may become a popular method for examining the antimicro-
bial effects of drugs [41].

In addition, a common characteristic of herbal medi-
cines is that all of the active ingredients function together
for effective therapy that is greater than the individual com-
pound [19, 20]. Based on this fact, we have analyzed the
synergistic effects of several active monomers or constitu-
ents extracted from herbal medicines, avoiding interference
from other inactive monomers and thereby reducing the total
dosage, side effects and drug resistance. Such combined
impacts might produce better effects than the herbal medi-
cine. Although separation of active constituents or effective
monomers was difficult, high-performance liquid chroma-
tography and high-speed counter-current chromatography
could be employed to extract and separate active monomers

[21, 42—44]. Therefore, the synergistic effect of a few active
monomers or constituents extracted from herbal medicines
may become an effective strategy for studying antimicrobial
effects. Combinations of active ingredients extracted from
natural medicines are good choices for research of novel
antibacterial agents with high efficacy and low toxicity and
for reducing the prevalence of multidrug-resistant bacteria.

Conclusions

The anthraquinone derivatives (emodin, aloe-emodin and
physcion) from Chinese Rhubarb had different inhibitory
effect and different target on S. aureus. The inhibitory of
physcion on S. aureus was little, far weaker than emodin
and aloe-emodin. Emodin and physcion mainly played a
role in stage 2 of the growth curve of S. aureus, and aloe-
emodin played a role in stage 1 and stage 2. The combina-
tion of emodin and aloe-emodin played a role in stage 1 and
stage 2 of the growth curve of S. aureus and had a stronger
antibacterial activity than emodin and aloe-emodin alone.
These results may provide reference for combination of
active compounds.
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