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A B S T R A C T

Identification and development of newer and better antimicrobials from natural products represent ongoing
research efforts by many investigators. Curcumin is a polyphenol commonly found in the plant Curcuma longa
(better known as turmeric). It has been reported to possess several bioactivities including antioxidant, anti-cancer,
anti-inflammatory, anti-diabetic, anti-fibrotic, and antimicrobial properties. However, little is known about the
antimicrobial mode of action of curcumin, thus undermining its prospects as an alternative antimicrobial agent. In
this study, we investigated the mechanism of antimicrobial action by curcumin. The mechanism of inhibition was
evaluated in representatives of Gram negative (Escherichia coli) and Gram positive (Staphylococcus aureus) bacteria
isolates, treated with either curcumin singly or in combination with ascorbic acid (1000 μg/mL). Results showed
that curcumin has broad antimicrobial capacity. In addition, curcumin only and/or co-treatment with ascorbic
acid caused lipid peroxidation in S. aureus and E. coli, and by extension led to DNA damage, indicative of oxidative
stress. It is plausible that the oxidative might be related to the activation of the kynurenine pathway in S. aureus
but not in E. coli. Furthermore, curcumin exposure led to elevated total antioxidant capacity (TAC) and level of
total thiol, but decreased nitric oxide level in the bacteria isolates. Together, the findings suggest that oxidative
stress and DNA damage might be partly responsible for the antimicrobial action of curcumin.
1. Introduction

Plant polyphenols are among the prospective compounds being
investigated as potential alternative antimicrobial agents [1]. They are
often effective in the treatment of infectious diseases while reducing
many of the side effects usually associated with the use of synthetic
antimicrobial agents. Considerable resources have been directed into
isolating and purifying these natural chemical substances to ascertain
their medical effectiveness and also to understand their bioactivities [2].
Polyphenols are secondary plant metabolites that protect the plant
against infection by pathogens, the invasion of herbivores, and the
attraction of pollinators; they also execute structural functions and
defend the plant against ultraviolet radiation [3]. They may contribute to
the astringency, bitterness or even color of foods. Polyphenols are
naturally occurring compounds found largely in fruits, vegetables, nuts,
edu.vn (O.S. Adeyemi).
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seeds, and flowers, bark of trees, cereals, and beverages such as choco-
late, wine, and tea [3, 4]. Investigations have shown that polyphenols
possess a number of bioactive and medicinal properties, including anti-
oxidant, anti-carcinogenic, anti-allergic, anti-inflammatory, antibacte-
rial, antiviral, anti-fungal, vasodilatory motion, anti-hypertensive,
antithrombotic, anti-aging, and hepatoprotective [5].

Curcumin is a polyphenol found mainly in the plant Curcuma longa, a
rhizome that is popularly known as turmeric. A member of the Zingi-
beraceae family, Curcuma longa is a spice used in cooking various dishes
around the world, especially Asian dishes. Historically, this plant has also
been used to treat various human diseases [6]. In recent years, curcumin
has attracted considerable interest due to its promising medicinal value;
it is a potent immune modulatory agent possessing antioxidant,
anti-fibrotic, anti-viral and anti-infective effects [7]. Indeed, curcumin
has continued to draw attention because of such bioactivities as
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anti-inflammatory, anti-tumor, anti-diabetic, anti-cancer and antimicro-
bial properties [8]. Curcumin also mitigates stress-induced activation of
IDO-kynurenine pathway. In particular, curcumin has been used for a
range of antimicrobial purposes, because of its well-established bioactive
properties and few negative side effects [9]. Studies have shown the
inhibitory potency of curcumin against a wide range of bacteria, viruses,
and fungi as well as parasites [9, 10, 11]. Additionally, curcumin has
been recommended as an adjuvant therapy to enhance the antimicrobial
properties of available antibiotics [6].

However, in spite of the promising antimicrobial potencies of cur-
cumin, little is known about its mechanisms of action; only a few studies
have reported the mechanistic antimicrobial action by curcumin [10,
11]. This gap in knowledge impedes curcumin's prospects as an alter-
native antimicrobial agent. For this reason, the present work investigated
the mechanisms of antimicrobial action of curcumin by means of the
determination of biochemical indices. The biochemical assays performed
in this study included the evaluation of redox status, DNA damage and
activation of the kynurenine pathway. Studies have demonstrated that
curcumin was not only capable of causing oxidative stress, but DNA
damage as well as the activation of kynurenine pathway [12, 13, 14].

2. Materials and methods

2.1. Chemical and reagents

The curcumin, kynurenine standard, gallic acid, tannic acid, and
Ehrlich reagent were products of Sigma Chemicals Co. (St. Louis, Mis-
souri, USA). The agar and broth came from HiMedia (Mumbai, India).
The chemical reagents were of analytical grade and were used as sup-
plied. Every compound used in this work was dissolved using Dimethyl
sulfoxide (DMSO).

2.2. Bacterial isolates and growth media

The bacterial isolates used in this study included Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, and
Klebsiella pneumoniae. These microbial isolates were obtained from the
laboratory of the Department of Microbiology, Landmark University,
Nigeria. Isolates were inoculated into nutrient broth, stored frozen under
sterile conditions, and subcultured for further studies.

2.3. Antibacterial determinations

2.3.1. Determination of the zone of inhibition
Determination of the zone of inhibition was performed using the pour

plate method. Nutrient agar (OXOID) was prepared in 50mL quantities in
100 mL-capacity conical flasks, following the manufacturer's instruction
and sterilized in an autoclave for 15 min. After sterilization, the flaks
containing the sterile agar were cooled (45 �C� 2 �C), before inoculating
with 1 mL of broth culture of the respective bacteria and mixed thor-
oughly. Following mixing, the inoculated agar was dispensed in 20 mL
quantity into Petri dishes and allowed to solidify. Following solidification
of the bacteria growth medium, a sterile cork borer was used to make
holes in the solidified agar. The holes made were then filled with the
respective test compounds (curcumin, gallotannin, gallic acid, ascorbic
acid) that were previously dissolved in DMSO (1 mg/mL w/v). The
respective compounds allowed to diffuse in the agar before incubation
(37 �C � 2 �C) for 24 h. An antibiotic (amoxicillin) was included as
reference to validate the assay. The diameter in mm of the zone of in-
hibition around each hole was measured by placing a metric ruler on the
bottom of the plate. The whole procedure was carried out in an inocu-
lating chamber.

2.3.2. Minimum inhibitory concentration (MIC) determination
Determination of minimum inhibitory concentration (MIC) was per-

formed by using the standard tube dilution method. MIC was only
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determined for the curcumin. In this test, test tubes containing 10 mL of
sterile nutrient broth were inoculated with 0.5 mL of the respective
bacterial suspensions. Each of the inoculated test tubes were then added
known concentration of the curcumin (0.1–1 mg/mL). Cell suspension
without any curcumin concentration was used as the control. After
inoculation and addition of curcumin, the tubes were incubated at 45 �C
� 2 �C) for 24 h for observation for growth. The lowest dilution of cur-
cumin that showed no turbidity (indicative of growth) was recorded as
the MIC.

2.4. Treatments of cells for biochemical assays

To accomplish the biochemical experiment, the Gram-positive
S. aureus and the Gram-negative E. coli were selected as representative.

2.4.1. Curcumin only

○ The S. aureus was treated with curcumin at concentrations of 600 μg/
mL (MIC), 1200 μg/mL (2x MIC), and 1800 μg/mL (3x MIC).

○ For E. coli, curcumin treatments were at concentrations of 400 μg/mL
(MIC), 800 μg/mL (2x MIC), and 1200 μg/mL (3x MIC).

2.4.2. Curcumin and co-treatment with ascorbic acid

○ The treatments were as described above except for the simultaneous
treatment with ascorbic acid (AA) at 1 mg/mL. Ascorbic acid was
included as an antioxidant to protect against presumed oxidative
stress caused by curcumin treatment. From our preliminary studies,
ascorbic acid at 1000 μg/mL did not inhibit the growth of the bacteria
isolates.

2.5. Harvesting of cells for biochemical assays

Harvesting of cells for biochemical assays was as reported previously
[15]. Briefly, the bacteria isolates, namely E. coli and S. aureus, were
treated in nutrient broth with curcumin at specified concentrations;
control, MIC, 2x MIC, and 3x MIC values or in combination with ascorbic
acid (1 mg/mL). After a 24-h incubation at 37 �C, the cells were har-
vested by centrifugation at 5,000 g for 10 min (model C5, LW Scientific,
USA). Aliquot of the supernatant was taken for kynurenine assay. The
pelleted cells were washed with normal saline three times, resuspended,
and thereafter homogenized and stored frozen until required for analysis.

2.6. Biochemical assays

Where applicable, biochemical parameters were determined by
spectrophotometry (Jenway, Staffordshire, United Kingdom). Determi-
nation of kynurenine in bacteria culture suspension was performed ac-
cording to a procedure described previously [16]. Nitric oxide
concentration was measured as the nitrite level according to a method
described by Adeyemi and Sulaiman [17]. Total antioxidant capacity
(TAC) of cell lysates was determined as described by Adeyemi et al. [18].
Total protein concentration was estimated according to a method
described by Gornall et al. [19] with slight modification; potassium io-
dide was added to the biuret reagent to prevent precipitation of Cu2þ

ions. Total thiol level was assayed according to a method described by
Beutler et al. [20]. Lipid peroxidation was estimated as malondialdehyde
(MDA) using the method described by Varshney and Kale [21]. DNA
fragmentation was determined using the diphenylamine (DPA) assay as
described elsewhere [22].

2.7. Statistical analysis

Results were analyzed by using a one-way analysis of variance
(ANOVA) (GraphPad Software Inc., California, US). Data are expressed as
the average of two replicates � standard error of the mean (SEM).
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Comparison of mean values among groups was achieved by using Tukey's
post-hoc test; p< 0.05 was considered to indicate a significant difference.
Experiments were performed independently two times.

3. Results

3.1. Antibacterial determinations

Among the test compounds, only curcumin was active against all
bacterial isolates used in this study. Gallic and tannic acids were active
against only a few of the bacteria isolates (Table 1). Thus, curcumin was
selected for further experiments. Furthermore, to determine the MIC,
bacteria isolates were treated for 24 h with curcumin. Results revealed
MIC values ranging between 300 and 1500 μg/mL (Table 2).
3.2. Biochemical indices

In E. coli, the kynurenine level was decreased (p < 0.01) compared to
the untreated group following treatment with curcumin only. Co-
treatment with ascorbic acid also reduced the kynurenine level, though
not significantly but more than when cells were treated with curcumin
only (Figure 1). In S. aureus, at 2x MIC of curcumin only, there was a
significant increase (p < 0.05) in the kynurenine level. The same effect
was observed for co-treatment with ascorbic acid, but again the differ-
ence was not significant when compared with curcumin only.

3.2.1. Effect of curcumin on nitric oxide level
In E. coli (Figure 2), treatment with curcumin only caused a drastic

decrease (p < 0.0001) in the nitric oxide level compared with the
control (untreated group). Meanwhile, co-treatment with ascorbic acid
did not cause any significant change when compared to the cells treated
with curcumin only. In S. aureus, curcumin only also caused a drastic
decrease (p < 0.0001) in the nitric oxide level relative to the control
(untreated group). Likewise, co-treatment at 2x MIC of curcumin with
ascorbic acid caused a decrease in nitric oxide compared with 2x MIC
curcumin only.

3.2.2. Effect of curcumin on total antioxidant capacity
In E. coli there was a dose-dependent increase in TAC, but the sole

instance in which it was significant (p < 0.01) relative to the control was
at 2x MIC of curcumin only (Figure 3). Meanwhile, co-treatment with
ascorbic acid did not cause any significant change compared to curcumin
only. The same trend was also observed for S. aureus, but the increase was
significant at both 2x MIC (p < 0.01) and 3x MIC (p < 0.05) of curcumin
relative to the control.

3.2.3. Effect of curcumin on total protein level
In E. coli, the increase in the total protein level following treatment

with curcumin only was dose-dependent. It was significant only at 2x
MIC (p < 0.05) and 3x MIC (p < 0.01) of curcumin (Figure 4). Co-
treatment with ascorbic acid did not cause any significant change
compared to curcumin only. In S. aureus, there was no significant change
compared to the control.
Table 1. The zone of inhibition (in mm) after 24 h of treatment.

Organism Curcumin
(1000 μg/mL)

Gallic acid
(1000 μg/mL)

Tanni
(1000

S. aureus 18.5 � 0.5 - 18.0 �
E. coli 23.0 � 2.0 15.0 � 0.6 17.0 �
P. aeruginosa 20.5 � 0.5 - -

K. pneumoniae 20.5 � 1.5 - -

B. subtilis 22.5 � 2.5 12.5 � 0.5 -

(-) means no inhibition was observed.
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3.2.4. Effect of curcumin on total thiol level
In E. coli, there was a dose-dependent increase in the total thiol level,

but it was statistically significant relative to the control (p< 0.05) only at
3x MIC of curcumin (Figure 5). Also, co-treatment of cells at 3x MIC of
curcumin along with ascorbic acid elevated the total thiol level signifi-
cantly more (p < 0.01) than treatment with 2x MIC curcumin only.
Meanwhile, in S. aureus, treatment with 1x MIC of curcumin significantly
(p< 0.05) increased the total thiol level when compared to the control; in
contrast, co-treatment with ascorbic acid significantly decreased the total
thiol level at 1x MIC of curcumin.

3.2.5. Effect of curcumin on lipid peroxidation
In E. coli, the concentration of MDA in cells treated with 3x MIC

curcumin was elevated relative to the control (Figure 6). However, there
was a significant decrease (p< 0.05) in the concentration of MDA in cells
treated with 3x MIC of curcumin and ascorbic acid, compared with those
treated with 3x MIC of curcumin only. In S. aureus, curcumin only and/or
co-treatment with ascorbic acid caused a dose-dependent increase in
MDA levels, but the increase was not statistically significant relative to
the control.

3.2.6. Effect of curcumin on DNA fragmentation
In both E. coli and S. aureus (Figure 7), curcumin treatments caused

DNA fragmentation relative to the control. Co-treatment with ascorbic
acid failed to abate the DNA fragmentation caused by curcumin treat-
ment at all dose levels.

4. Discussion

Microbial infections remain a global public health challenge due to
the rising number of cases of drug resistance [23, 24]. Therefore, there is
a pressing need to seek new classes of antimicrobials [25, 26]. Poly-
phenols are a class of prospective antimicrobials, but their mechanisms of
action is not well defined. Therefore, in this study, the mechanism of
antimicrobial action of curcumin was investigated. Curcumin treatment
restricted growth of both the Gram negative and positive bacteria iso-
lates, indicating a broad antimicrobial capacity. This finding is consistent
with existing studies [11, 12, 27]. In a previous study, it was reported
that the MIC value of curcumin was 187.5–500 mg/mL against S. aureus
and also between 93.8 and 250 mg/mL against E. coli [27]. In the present
study, MIC was 600 and 400 μg/mL respectively against S. aureus and
E. coli.

To assess whether curcumin could be affecting L-tryptophan meta-
bolism as part of its antimicrobial action, we measured the kynurenine
level in the culture medium. Kynurenine is a major degradation product
of L-tryptophan. Our results showed that treatment only with curcumin
activated the kynurenine pathway in S. aureus, but not in E. coli. For
S. aureus, the activation of the kynurenine pathway by curcumin might
have caused a decreasing local concentration of L-tryptophan available to
support bacteria growth, thereby starving bacterial cells of an essential
nutrient. Additionally, in this study, curcumin caused oxidative stress in
the bacterial cells, and this result might be connected with the activation
of the kynurenine pathway in S. aureus. This possibility gains credence
c acid
μg/mL)

DMSO Ascorbic acid
(1000 μg/mL)

Amoxillin
(1000 μg/mL)

0.2 - - 24.5 � 5.5

0.4 - - 25.5 � 3.5

- - 33.5 � 1.5

- - -

- - 16.0 � 1.0



Table 2. The minimum inhibitory concentration (MIC) of curcumin after 24 h of
treatment.

Organism MIC value (μg/mL)

S. aureus 600 � 50.21

E. coli 400 � 63.05

P. aeruginosa 300 � 38.52

B. subtilis 700 � 54.05

K. pneumonia 1500 � 73.25
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when we consider that studies have linked oxidative stress with the
activation of the kynurenine pathway both in vivo and in vitro [17]. On
the other hand, the decrease in the E. coli kynurenine level may indicate
that curcumin or its metabolites are inhibiting the activity of indoleamine
2,3-dioxygenase (IDO-1, the rate-limiting enzyme responsible for the
formation of kynurenine from L-tryptophan) [17]. This line of thought
would be consistent with prior investigations that showed that curcumin
suppressed the induction of IDO-1 [13].

Moreover, our study revealed that curcumin at all dose levels caused
lipid peroxidation, as reflected in elevated MDA levels when compared
with the control. Lipid peroxidation is a degradation process that pri-
marily affects the tissues, resulting in the formation of free radicals and
Figure 1. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid
of two replicates � standard error of the mean (SEM). α is significant at p < 0.05 a

Figure 2. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid
was measured as nitrate/nitrite level. Data are presented as the mean of two replicate
MIC, and γ at p < 0.0001 versus the control.
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unsaturated fatty acid saturation [28]. Lipid peroxidation is a principal
marker for oxidative damage due to high production of reactive oxygen
species (ROS); determination of the MDA level is used for this assess-
ment. In E. coli, the MDA level increased with increasing concentrations
of curcumin, but when the same concentrations were co-administered
with ascorbic acid, the MDA level decreased dose-dependently. This
result implies that ascorbic acid remarkably reversed the oxidative effect
of curcumin treatment on E. coli. In S. aureus, there was a general increase
in the MDA level across all treatments. Elevated MDA levels can
contribute to the excess production of hydroxyl radicals [25].

Many studies have demonstrated that an excessive generation of
intracellular ROS may directly cause oxidative stress, which causes
damage to components of the cell, including nucleic acids, proteins, and
lipids, thereby leading to apoptosis [14]. The lipid peroxidation caused
by curcumin treatment and/or co-treatment with ascorbic acids might
have led to DNA fragmentation in these bacteria cells. In our work, the
percentage of DNA fragmentation was elevated in cells treated with
curcumin only, as well as in those co-treated with ascorbic acid, when
compared with the untreated control group for both E. coli and S. aureus.
This may not be surprising, since studies on the mechanism of curcumin
as an anti-cancer agent have shown that production of ROS effectively
causes DNA fragmentation, which eventually leads to cellular death [14].
In addition, curcumin has been shown to cause oxidative stress and
(AA) on kynurenine level in E. coli and S. aureus. Data are presented as the mean
nd β at p < 0.01 versus the control.

(AA) on nitric oxide level in E. coli and S. aureus. Nitric oxide (NO) concentration
s � standard error of the mean (SEM). α is significant at p < 0.05 versus CUR 2x



Figure 3. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid (AA) on total antioxidant capacity in E. coli and S. aureus. Data are presented as
the mean of two replicates � standard error of the mean (SEM). α is significant at p < 0.05 and β at p < 0.01 versus the control.

Figure 4. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid (AA) on total protein level in E. coli and S. aureus. Data are presented as the
mean of two replicates � standard error of the mean (SEM). α is significant at p < 0.05 and β at p < 0.01 versus the control.

Figure 5. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid (AA) on total thiol level in E. coli and S. aureus. Data are presented as the mean
of two replicates � standard error of the mean (SEM). α is significant at p < 0.05, β at p < 0.01, and γ at p < 0.0001 versus the control.

O.S. Adeyemi et al. Heliyon 6 (2020) e03495
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Figure 6. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid (AA) on malondialdehyde (MDA) level in E. coli and S. aureus. Data are pre-
sented as the mean of two replicates � standard error of the mean (SEM). α is significant at p < 0.05 versus the control and β at p < 0.01 versus CUR 3x MIC.

Figure 7. Effect of curcumin (CUR) treatment and/or co-treatment with ascorbic acid (AA) on DNA fragmentation in E. coli and S. aureus. Data are presented as the
mean of two replicates � standard error of the mean (SEM).
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promotion of ROS as part of its antimicrobial action [12]. Therefore,
curcumin treatment might have caused oxidative stress and (by exten-
sion) DNA damage as part of the biochemical mechanisms leading to its
antimicrobial action against E. coli and S. aureus.

On the other hand, following curcumin treatment, both E. coli and
S. aureus showed elevated levels of total thiol. It is possible that the
bacterial isolates increased the synthesis of thiol groups as a form of
adaptive mechanism in response to the oxidative stress imposed by
curcumin exposure. Moreover, curcumin may form adducts with cellular
proteins; in particular, thiol reactivity of curcumin has been reported
[29], and in response bacterial species such as E. coli and S. aureus might
increase their capacity for synthesis of thiol groups [30, 31, 32, 33].
Increased capacity for thiol synthesis has been linked to drug resistance
in E. coli [30].

In addition, subtle variance in antibacterial effects of curcumin on
E. coli and S. aureus, as observed in this study, might also be connected
with the difference in bacterial cell wall morphology. S. aureus, which
lacks a lipopolysaccharide outer cell layer, seems to be more sensitive to
curcumin-induced oxidative stress than E. coli. In the meantime, in-
vestigations have shown that the antimicrobial activities of polyphenols
may include diverse modes of action, such as permeabilization and
disruption of the plasma membrane, as well as the inhibition of enzymes
by oxidized products, perhaps by means of reactions with sulfhydryl
groups or by interactions that are nonspecific with proteins. For example,
6

one mechanism could be the generation of reactive quinones that react
with proteins and amino acids. Alternatively, the inhibition of nucleic
acid formation in Gram-positive and Gram-negative bacteria could also
be a mechanism [25]. Previous studies have reported that curcumin
caused perturbation of the lipid bilayer in cells [34]. Also, it has been
noted that curcumin at higher concentrations can have antibacterial ac-
tivities against Gram-negative and Gram-positive bacteria through
membrane permeabilization [11]. In another study, curcumin blocked
bacterial cell wall formation [10].

Considering that both curcumin and ascorbic acid possess antioxidant
properties [35, 36], we determined the antioxidant status of treated cells.
The ability to fight against oxidative stress can be evaluated by
measuring the cellular antioxidant capacity. The TAC is an important
index that measures the operational status of the antioxidant defense
system and can indicate the state of antioxidant enzyme systems in living
organisms [15]. In the present study, there was a general increase in TAC
levels among the cells treated with curcumin only, as well as those
co-treated with ascorbic acid, in a dose-dependent manner. The increased
TAC levels might be due to the antioxidant capacity of curcumin and
ascorbic acid, which both substances are known to possess [35, 36].
Additionally, treatments with curcumin only and co-treatments with
ascorbic acid at all doses drastically reduced nitric oxide levels in both
S. aureus and E. coli. This reduction might be connected with the radical
scavenging capacity of both curcumin and ascorbic acid and is
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compatible with their antioxidant character. It is plausible that both
curcumin and ascorbic acid possess scavenging activity against nitric
oxide, thereby making it unavailable for detection.

In addition, the elevated level of total thiol could be a result of
increased synthesis by the bacterial isolates in response to the effect of
treatment with curcumin (with or without ascorbic acid). Also, ascorbic
acid is required as a cofactor for replenishing total thiol stores. Moreover,
previous research has revealed curcumin's capacity to cause elevation of
total thiol levels [37]. Total thiols function by scavenging radicals
intracellularly. They protect the cell against ROS, mutagens, toxins, and
drugs. Total thiols are also essential for the cellular metabolism of a va-
riety of amino acids, enzymes, and hormones. In the present study, cur-
cumin caused oxidative stress, thus leading to elevated total thiol and
TAC levels in the bacteria isolates. This result was not unexpected, as
bacterial species including E. coli and S. aureus have cell redox systems to
cope with oxidative damage [30, 32]. On the other hand, the reduced
nitric oxide level may indicate the scavenging capacity of curcumin,
compatible with its antioxidant character, but contrasts with its potential
to cause oxidative stress and DNA damage in arresting microbial growth.
Nonetheless, these seemingly opposite impacts of curcumin are plausible.
Studies have shown that some phenolic compounds with antioxidant
properties such as curcumin and gallotannin are capable of causing ROS
production and facilitating oxidative stress as part of their cytotoxic ac-
tion [14, 29, 38].

In conclusion, this study showed that curcumin treatment caused
lipid peroxidation and, by extension, led to DNA fragmentation in E. coli
and S. aureus. However, co-treatment with ascorbic acid, rather than
abating the cellular oxidative stress and DNA fragmentation, apparently
potentiated these oxidative processes in an additive manner. This finding
further reinforces our opinion that oxidative stress might be responsible
for the antimicrobial action of curcumin. Moreover, curcumin apparently
activated the kynurenine pathway in S. aureus, and this process might be
connected with the ensuing oxidative stress caused by the treatment. The
evidence of oxidative stress is further strengthened by the elevated levels
of total thiol groups and TAC in the bacterial isolates. In contrast, the
reduced level of nitric oxide might be a result of the radical scavenging
capacity of curcumin and/or ascorbic acid, but would be compatible with
these substances’ potential to cause oxidative cellular damage in their
toxic action. Overall, the data support the conclusion that curcumin
might have caused oxidative stress and DNA damage, leading to the
death and/or arrested growth of E. coli and S. aureus.
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