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Abstract Curcumin (CUR), a frequently-used food
additive and flavorings, has been reported to be safe at a
wide dose range. Bacillus subtilis (B. subtilis) is commonly
found in soil and decomposing organic matter, and it was
reported beneficial for humans when ingested. Up to now,
there have been no contraindication of B. subtilis except for
the avoidance of the drug combination with antibiotics, and
the interaction of food and B. subtilis drug is blank. In this
study, the interaction of CUR and B. subtilis was investi-
gated. Microcalorimetry was applied to evaluate the effect
of CUR on B. subtilis growth. By analyzing the main
parameters extracted from the heat-flow power—time
curves, it was concluded that CUR could inhibit the growth
of B. subtilis, and the 50% inhibiting concentration (ICsg)
valued 109.9 pg mL™'. The results revealed that it is
unreasonable to take CUR and B. subtilis at the same time,
and it also provided a new way for the investigation of the
interaction between food and drug. Meanwhile, this study
indicated that the safety of CUR should be re-evaluated.
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Introduction

Curcumin (CUR) is extensively distributed in curcuma
genus, and it attracts many people in the world by virtue of
its special color and taste [1, 2]. CUR has been introduced
as a food additive in India, China, and Japan for a long time
[3, 4]. As one of the most popular spices, curry includes
CUR as an essential component [5]. Along with its
increasing role in our daily life, CUR has been reported
with many bioactivities, e.g., antibacterial [6], antifungal
[7, 8], antioxidant, and anti-tumor activities [9, 10]. More
importantly, no side effects or toxic reaction has been
tested even at large doses [11, 12], making it possible for
CUR to be exploited as a promising drug or applied in food
therapy. Then, if there is no need to pay attention to its
safety while taking CUR or if there is any clause that we
have to follow when it comes to drug combination?
Bacillus subtilis (B. subtilis), which is commonly found
in soil and decomposing organic matter, is a “friendly”
micro-organism which can create tremendous benefits for
humans when ingested [13]. This bacteria, it turned out, is
so strong that it practically cannibalizes all harmful micro-
organisms in the human body [14, 15]. It has been proved
that B. subtilis can secrete some active compounds during
its process of growth, such as subtilin, bacillosporin, anti-
candine, and gramicidin [16-18], which can inhibit path-
ogenic bacteria or opportunist caused by autoinfection. In
addition, B. subtilis can stimulate the growth and devel-
opment of the immune organs of animals, activate T and B
lymphocyte, enhance the immune globulin and antibody
level, and reinforce the cell immunity and humoral immune
function [19-22]. Furthermore, B. subtilis can synthesize
vitamins B group including vitamin B1, B2, B6, and nic-
otinamide, enhancing the activity of interferon and mac-
rophage in vivo [23-26]. For many years, cultures of B.
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subtilis were sold worldwide as a medicinal product (sold
in the US and Mexico, for example, under the brand name
Bacti-Subtil); rapidly becoming the world’s leading treat-
ment for dysentery and other intestinal problems [27]. B.
subtilis is still used widely today in Germany, France, and
Israel, where safe, effective all-natural therapeutic products
are more highly esteemed by the health-prescient public
than the more expensive synthetic drugs espoused by the
orthodox medical establishment with all of their dangerous
side effects [28-30].

However, apart from the avoidance of the drug combi-
nation of B. subtilis and antibiotics, we can hardly notice
any contraindication of B. subtilis. Shall we pay attention
to food and drink while taking B. subtilis? To answer this
question, we chose CUR and B. subtilis, for example, to
investigate their interaction. Microcalorimetric technique
[31-33], which is non-destructive, online, and sensitive,
was applied in this study to investigate the effects of CUR
on B. subtilis. By analyzing the heat-flow power (HFP)—
time curves of the bacteria growth in the presence of CUR
and the quantitative thermo-kinetic parameters obtained
from the growth curves with multiple analytical methods,
the effects of CUR on B. subtilis growth were character-
ized. Furthermore, the potential mechanism for antibacte-
rial effects of CUR was discussed. The results of this study
would not only provide reference for whether it is rational
to take CUR and B. subtilis at the same time, but also
helpful for the criterion of choosing food during the period
of taking medicine. Meanwhile, it indicated that the safety
of CUR should be re-evaluated rather than be utilized
without announcements.

Experimental

Materials

CUR was purchased from Beijing Yasser Co. Ltd. (Beijing,
PR China). The purity of CUR was determined to be over
95% by UPLC analysis. The structure of CUR was given in
Fig. 1. Dimethyl sulfoxide (DMSO) was chosen as a sol-

vent for preparing the original solution of CUR. All the
other chemicals used were of analytical grade.

HaCO OCHj

HO OH

Fig. 1 Chemical structure of CUR
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Broth culture

B. subtilis (ACCC 11060) was provided by China Center
for Type Culture Collection, Wuhan University, Wuhan,
PR China. The broth culture medium contained per
1,000 mL (pH 7.0-7.2): peptone (10 g), beef extract (6 g),
and NaCl (5 g). The volume of the container was 100 mL,
and the volume of the culture medium was 25 mL. The
culture medium was sterilized in high pressure steam at
121 °C for 30 min. B. subtilis was inoculated in conical
flask with 25 mL broth culture medium, and then incubated
in the shaker at 37 °C for 8 h. The rotation speed of
incubator shaker was 120 rpm. The conical flask was
enveloped with a cotton plug, so that there was enough
oxygen for bacteria.

Luria—Bertani (LB) medium

B. subtilis was grown in the LB culture medium (pH
7.0-7.2) of 1,000 mL prepared from peptone (10 g), yeast
extract (5 g), and NaCl (5 g). The medium was sterilized
by autoclaving at 121 °C for 30 min, and stored in a
refrigerator at 4 °C.

Microcalorimetric studies

The experiments were performed at 37 °C using TAM III
isothermal microcalorimeter (Thermometric AB, Sweden)
with ampoule method [34, 35]. B. subtilis was inoculated in
100 mL LB medium; initially with the density of 1 x 10°
colony forming units (CFU/mL). 2 mL of the bacterial
suspension was added into each sterilized 4 mL glass
ampoule. CUR was diluted in 2 mL DMSO, then, the
solution at different concentrations was introduced into this
suspension. Eventually, each ampoule containing different
concentration of CUR and B. subtilis was sealed up and put
into the equilibrium position of the calorimeter block. After
about 15 min (the ampoules reached equilibrium in the
air), the ampoules were lowered into the measuring posi-
tion of the calorimeter block. After another 45 min (the
temperature of the ampoules reached 37 °C), the HFP—time
curves were recorded until the recorder returned to the
baseline. All data was continuously collected using the
dedicated software package (PicoLog TC-80, TA Corpo-
ration, USA).

Similarity analysis (SA)

To learn from the SA for HPLC chromatographic finger-
prints of traditional Chinese medicine from different
sources [36]. The thermogenic curves of B. subtilis growth
affected by different concentrations of CUR were investi-
gated by their similarities to intuitively and quickly find the
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influence of the compounds on the bacterial growth. In this
study, the correlation coefficients of similarity among the
thermogenic curves of B. subtilis growth with and without
CUR were calculated using the cosine method [37].

Canonical correlation analysis (CCA)

The typical use for CCA in the experimental context is to
take two sets of variables and see what is common among
the two sets. By seeing how one set of variance relates to
another, we could gain insight into what dimensions are
common between the tests and how much variance is
shared. In this study, CCA was used for the relationship
between the values of the concentrations and the nine
thermo-kinetic parameters extracted from the power—time
curves using SAS statistical software (SAS for Windows
8.0, SAS Inc., USA).

Results and discussion
Consideration of the concentration of chaotropic agent

In this study, CUR was first dissolved in DMSO, and
then diluted with the LB culture. Different concentrations
of DMSO, ie., 0.1, 0.2, 0.3, 04, 0.5% (v/v), were
investigated, which indicated that CUR can be well-dis-
tributed in the final solution containing more than 0.3%
DMSO. Meanwhile, the effect of different concentration
of DMSO on B. subtilis growth was investigated to
eliminate the influence of the solvent. The results
showed that with the increase of the concentration of
DMSO, especially above 0.3% (v/v), all the peak height
and the appearance time of second peak declined grad-
ually. When the concentration was less than 0.3% (v/v),
the influence could be neglected. By repeat experiments,
the concentration of DMSO was defined within 0.3%
during the experiments.

HFP-time curves of B. subtilis growth

The growth thermogenic curves of B. subtilis at 37 °C in
the absence of any substance were shown in Fig. 2. The
HFP—-time curve shows the total metabolism profile of B.
subtilis, and each could be divided into two stages (stages I
and II) and the following five phases, i.e., a lag phase (A—
B), the first exponential growth phase (B—C), a transition
phase (C-D), the second exponential growth phase (D-E),
and a decline phase (E-F).

Similarly, the HFP—time curves of B. subtilis growth in
the presence of different concentrations of CUR were
recorded and the corresponding curves were shown in

Heat flow/mW
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Fig. 2 HFP—time curves of B. subtilis in the absence of any
substance. This is a typical metabolic profile of the bacteria culturing
in LB culture medium supplemented without any substance moni-
tored by the microcalorimeter at 37 °C. The profile could be divided
into two stages (stages I and II) and five phases, i.e., a lag phase (a—b),
the first exponential growth phase (b—c), a transition phase (c—d), the
second exponential growth phase (d—e), and a decline phase (e—f)
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Fig. 3 The HFP—time curves of B. subtilis growth at 37 °C in the
presence of different concentrations of CUR. The concentrations of
CUR of a—f in this profile was increasing by orders, and the concrete
concentrations for all the experiments were shown in Table 1

Fig. 3. We can easily conclude from Fig. 3 that the shapes
of the HFP—time curves changed regularly along with the
increase of the concentration of CUR.

Quantitative thermo-kinetic parameters for B. subtilis
growth

The HFP-time curves of B. subtilis growth could be
delineated with the following equation [38]: P, = Py,
exp(kt) or In P, = In Py + kt, where Py and P, represented
the HFP at time zero and ¢ (min), respectively. Using this
equation, the growth rate constants (k; and k,) of the first
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and second exponential phase for B. subtilis growth at
37 °C in the absence of any substance were calculated by
analyzing the data of the first and second highest peak.
Each experiment was repeated for eight times for the
bacteria in the absence of any substance so as to test the
reliability, and good reproducibility was obtained. There-
after, the quantitative thermo-kinetic parameters, such as
the HFP of the first and second highest peak (P; and P»),
the appearance time of the first and second highest peak (#,
and #,), the heat output in stage 1 and stage 2 (Qg.,1 and
Osta2), and total heat output (Q,) were obtained from the
HFP-time curve of the bacteria growth affected by dif-
ferent concentrations of CUR and shown in Table 1.

Similarity analysis

The similarities among the HFP-time curves of B. subtilis
growth with different concentrations of CUR were calcu-
lated on the correlative coefficient of original data in
Table 1 with cosine method using software of Microsoft
Excel 2003 [39]. The thermogenic curves which showed
the growth of B. subtilis in the absence of any substance
were regarded as the reference, and the thermogenic curves
in the presence of different concentrations of CUR were
compared accordingly with them. The -corresponding
dataset of similarity was shown in Fig. 4.

It can be illustrated from Fig. 4 that different concen-
trations of CUR had varied effects on B. subtilis growth.
The decrease of the correlation coefficient indicated that
the antibacterial effects were enhanced with the increase of
the concentration of CUR. However, by analyzing the
multivariate variables in Table 1, we might notice that the
nine parameters showed different change trends (increasing
and decreasing) with the increase of the concentrations of
CUR, making it difficult to accurately compare the anti-
bacterial effects of CUR on B. subtilis growth. Therefore, it
was necessary to extract the main parameter(s) that played
the most relevant role in evaluating the antibacterial effect
of CUR on B. subtilis growth. CCA was consequently
introduced afterwards.

1.0 4 0—0—0—0—0\
0.9 *
2 0.8+
k|
£
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0.6
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T N 1 M 1 T T M T
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Fig. 4 Delineation of similarities of thermogenic curves
Canonical correlation analysis

CCA was used for the relationship between the values of
the concentrations of CUR and the nine thermo-kinetic
parameters extracted from the power—time curves. The
results were shown in Table 2. The correlation coefficient
between the concentrations and thermo-kinetic parameters
in Table 2 showed that the growth rate constant of the
second exponential phase k, and the HFP of the second
highest peak P, had a close correlation with the concen-
trations of CUR. These results indicated that the canonical
variable was mainly influenced by parameters k, and P»,
which played more important role in evaluating and com-
paring the antibacterial effect of CUR, thus these param-
eters could be applied for evaluating the antibacterial
activities of B. subtilis.

Evaluation of the antibacterial activity and potential
mechanisms

The CCA results showed that k, was the main parameter of
the HFP—time curves of B. subtilis growth. The inhibition
ratios (/) of CUR on B. subtilis were obtained from k,,
which could describe the change tendency of the

Table 1 Quantitative thermo-kinetic parameters for B. subtilis growth at 37 °C affected by CUR

clugmL™"  k/min~'  R® fy/min - Py/mW  kymin~'  R® timin - PymW  Quaif] Quunf] Q4]

0 0.0090 09720 5519 0.2861 0.0063 0.9992 8454 0.4612 2.24 9.82 12.06
20 0.0094 09817  554.1 0.2646 0.0056 09949 8544 0.4287 1.92 9.60 11.52
60 0.0099 0.9894  568.1 0.2855 0.0049 0.9990  801.6 0.3454 2.07 9.51 11.58
80 0.0083 0.9835  559.6 0.2758 0.0043 0.9837  752.3 0.2769 2.32 9.51 11.83
100 0.0102 0.9869  542.5 0.2691 0.0038 0.9955 7440  0.2259 2.44 8.92 11.36
120 0.0093 0.9890  579.0  0.2639 0.0025 0.9804  808.0  0.1844 2.28 8.88 11.16
200 0.0120 0.9903 5788 0.2690  0.0003 09159  776.1 0.0753 2.35 8.38 10.73

4 Correlation coefficient
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Table 2 Standardized canonical coefficients for the nine variables extracted from the HFP—time curves
ky L Py ky 5] Py Osta1 Osta2 O
c 0.1318 0.0685 —0.1315 —1.5131 —0.7567 1.1502 0 0 0
antibacterial efficacy among different concentrations of 0.0077
CUR. Finally, the 50% inhibiting concentration _(11C50) of 0006 = —3.01E-5x+ 0.006
CUR was calculated and valued 109.9 ng mL™". Good T 1 R=-0.990
linear correlation between k,, P,, I and the concentration g 0'005‘_
(c) were obtained (Fig. 5). S 00044
In exponential phases, the metabolism of bacteria is g :
productive, the growth of bacteria is fast, and the o 0-0034
reproductive cycle is stationary, which makes the bac- E 0,002
teria good materials in these phases for the investigation ‘g :
of analytic metabolism of microbes [40]. Moreover, the ¢ 00014
shapes, color, and bioactivity of bacteria are typical, and 0_000:
it is sensitive to environmental impact, so that these . . : ; . . : . .
stages of bacteria are the best object for the research of 0 %0 10_0 1::’? 200
bacterial characters [41, 42]. Therefore, in this study, the Concentration/ug ml
atlas and data within the exponential stages were selec- 0-50 7
ted as the main index. 0.45 1
By analyzing the HFP-time curves of B. subtilis 0.40 y =‘g-‘=)°_20" o 3-454
growth in Table 1, we found out that CUR scarcely > 035
inhibited the lag phase, first exponential growth phase, g 0.0
and transition phase of B. subtilis, but significantly S
inhibited the second exponential growth phase, decreased i 0251
the maximum concentration of the cells (the second T 020+
highest peak P,) and extended the time of declined 0.15 1
phase. Based on the above regularity, we deduce that the 0.104
mechanism of antibacterial activity of CUR on B. subtilis 0.05 ]
is possibly that CUR can suppressor cell activity and T . T . T - T - T
inhibit the cell proliferation within the two stages of B. 0 % 100 1?? 200
o Concentration/ug mL
subtilis growth.
100
Significance of this study y=-2.408x+0.478
8. R=0.990
This study gave us a warning that the external factors, such 2
as food and gastrointestinal bacterial flora, should be % 60
included when investigating the side effect and toxicity of a g
drug. These interactions or contraindications should be £ 404
denoted unequivocally in the dispensatory to refrain from E
such side effect as anaphylaxis or the decrease of curative 20
effect. Meanwhile, the safety of CUR should be re-evalu-
ated rather than be utilized without announcements. This 0
viewpoint agrees with the statement of European Food

Safety Authority (EFSA) in 2010 that Food Additives
and Nutrient Sources added to Food (ANS) re-evaluate
the safety of CUR (E100) that is serviced as edible pigment
[43].

T T T T T

: : :
0 50 100 150 200
Concentration/ug mL™"

Fig. 5 Relationship between k,, P,, I and the concentration (c¢) of
CUR
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Conclusions 11. Shankar TNB, Shantha NV, Ramesh HP, Murthy IAS, Murthy
VS. Toxicity studies on turmeric (Curcuma longa): acute toxicity
The interaction of CUR and B. subtilis was first investi- igls(l)elsgl%ﬁs guinea pigs and monkeys. Indian J Exp Biol.
gated in this study, which indicated that CUR could inhibit 12. Sambaiah K, Ratankumar S, Kamanna VS, Satyanarayana MN,
the growth of B. subtilis, showing rigorous dose—effect Rao MVL. Influence of turmeric and curcumin on growth, blood
relationship. The ICs, of CUR was 109.9 pg mL™'. The i‘;g;“{‘;ei‘g a;(;l serum enzymes in rats. J Food Sci Technol.
HFP-time curves and main thermo-kinetic parameters 3 gipella K, Schulthess CP, Morris TF, Stuart JD. Rapid quanti-
extracted from these curves of B. subtilis growth in the fication of Bacillus subtilis antibiotics in the rhizosphere. Soil
presence of CUR were selected as the quantitative indica- Biol Biochem. 2008;41:374-9.
tors for their interaction. The results reveal that it is 14. Carrillo C, Teruel JA, Aranda FJ, Ortiz A. Molecular mechanism
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