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Abstract Increasing bacterial resistance to common drugs is
a major public health concern for the treatment of infectious
diseases. Certain naturally occurring compounds of plant
sources have long been reported to possess potential antimi-
crobial activity. This study was aimed to investigate the anti-
bacterial activity and possible mechanism of action of
andrographolide (Andro), a diterpenoid lactone from a tradi-
tional medicinal herb Andrographis paniculata. Extent of an-
tibacterial action was assessed by minimal bactericidal con-
centration method. Radiolabeled N-acetyl glucosamine, leu-
cine, thymidine, and uridine were used to determine the effect
of Andro on the biosyntheses of cell wall, protein, DNA, and
RNA, respectively. In addition, anti-biofilm potential of this
compound was also tested. Andro showed potential antibac-
terial activity against most of the tested Gram-positive bacte-
ria. Among those, Staphylococcus aureus was found to be
most sensitive with a minimal inhibitory concentration value
of 100 μg/mL. It was found to be bacteriostatic. Specific in-
hibition of intracellular DNA biosynthesis was observed in a
dose-dependent manner in S. aureus. Andro mediated inhibi-
tion of biofilm formation by S. aureus was also found.
Considering its antimicrobial potency, Andro might be
accounted as a promising lead for new antibacterial drug
development.
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Abbreviations
Andro Andrographolide
MIC Minimum inhibitory concentration
MBC Minimal bactericidal concentration
CAMHB Cation-adjusted Mueller-Hinton broth
DAPI 4′, 6-Diamidino-2-phenylindole
CLSM Confocal laser scanning microscopy

Introduction

Globally, death account due to infectious diseases was report-
ed to be 50–75% of all deaths in hospitals (Gowthami et al.
2012). In recent years, due to widespread and indiscriminate
use of common antimicrobial drugs against infectious dis-
eases, multiple drug resistance among the human pathogenic
microorganisms has increased worldwide, thus limiting ther-
apeutic options (Tanwar et al. 2014). In order to survive, mi-
crobes develop resistance to antimicrobials through several
mechanisms. Current challenges rely on exploring different
chemicals of natural sources as the model for designing and
creating new functional classes of antimicrobials, and also to
expand the therapeutic options against infectious diseases.

In this context, phytochemicals offer excellent antimicrobi-
al therapeutic alternative. Lower incidences of adverse reac-
tions as well as reduced cost make phytomedicines obvious
alternatives of synthetic drugs. A lot of interest has been
grown to investigate plant-derived natural products as the
sources of novel antibacterial agents (Behal 2001; WHO
2007; Newman and Cragg 2012). Pharmacological potencies
of most of the medicinal plants exist in their bioactive
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components; hence these substances provide clues to synthe-
size new structural types of antimicrobial agents which are
relatively safe to mankind (Kalimuthu and Senthilkumar
2010; Zahra et al. 2011; Ahmad et al. 2012).

Andrographis paniculata, a herbaceous plant under the
family Acanthaceae, native to Asian countries and also cultivat-
ed in Scandinavia and some parts of Europe, has a strong tra-
ditional usage from ancient time (Cáceres et al. 1997;
Gabrielian et al. 2002). This plant is also known for its antibac-
terial, anti-inflammatory, antipyretic, antiviral, and antioxidant
properties (Arifullah et al. 2013; Chen et al. 2014; Chua 2014).
The primary bioactive component of A. paniculata is
andrographolide (Andro), a diterpene lactone (Fig. 1), which
has been reported to show anticancer (Mishra et al. 2015;
Banerjee et al. 2016), anti HIV (Calabrese et al. 2000),
cardioprotective (Yoopan et al. 2007), hepatoprotective
(Trivedi et al. 2007), and adaptogenic (Thakur et al. 2015)
potentials. Though there are few reports on antimicrobial activ-
ities of Andro (Sule et al. 2010; Sukesh et al. 2011;Malahubban
et al. 2013), studies pertaining to the mechanism of Andro
mediated antimicrobial activities are very scanty. Present study
was undertaken to evaluate the role of Andro as a potential
antimicrobial agent against a wide range of human pathogenic
bacteria. The bacterial strain against which Andro was found to
be most active was further investigated to determine the effect
on cellular biosyntheses of macromolecules (DNA, RNA, cell
wall, and protein) to find its target site of action. In addition,
experiments were performed to assess its bacteriostatic or bac-
tericidal activity and also to find its role on inhibition of biofilm
formation for identifying it as a potent antivirulent agent.

Materials and methods

Antimicrobial agents and chemicals

Andrographolide (sc-205594, C20H30O5; MW 350.45, purity
>98%) was obtained from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Other antibiotics namely vancomycin, am-
picillin, chloramphenicol, ciprofloxacin, and rifampicin were
procured from Sigma-Aldrich (St. Louis, USA). All these an-
timicrobial agents were prepared in appropriate diluents as
directed by the manufacturer’s recommendations, and the con-
centrations were calculated based on their purity. Cation ad-
justed Mueller-Hinton broth (CAMHB) powder was pur-
chased from Difco (BD Diagnostic Systems, Sparks, MD).
Animal blood required for culturing hemolytic strains was
purchased from TCS Bioscience (UK). Haemophilus Test
Medium (HTM) for culturing Haemophilus sp. and supple-
mented GC Broth (BD cat no. 228950, BD Diagnostic
Systems, Sparks, MD) for culturing Neisseria sp. were pre-
pared in compliance with Clinical and Laboratory Standards
Institute (CLSI) guidelines (M22-A3, CLSI 2004).

Radioisotopes

The following isotopes were purchased from Perkin Elmer
(USA): N-acetyl-D-[1-14C] glucosamine (specific activity,
2.15 GBq/mmol; concentration, 7.4 MBq/mL), L-[4,5-3H]
leucine (specific activity, 2164.5 GBq/mmol; concentration,
37 MBq/mL), [methyl-3H] thymidine (specific activity,
740 GBq/mmol; concentration, 37 MBq/mL), and [5-3H] uri-
dine (specific activity, 825.1 GBq/mmol; concentration,
37 MBq/mL).

Bacterial strains

Twenty-one bacterial strains were used in this study. Among
these 14were Gram-negative, namely, Escherichia coliATCC
25922, E. coli K-12 AG100, E. coli AG100A, E. coli D22,
Pseudomonas aeruginosaATCC 27853, P. aeruginosaATCC
15692, Salmonella typhimurium ATCC 14028, Klebsiella
pneumoniae ATCC 33495, Bordetella bronchiseptica ATCC
31437, Neisseria gonorrhoea ATCC 49226, Hemophilus
influenzae ATCC 49766, H. influenzae ATCC 49247,
Actinobacillus baumannii ATCC 19606, Enterobactor
aerogenes ATCC 13048, and seven were Gram-positive,
namely, Staphylococcus aureus MTCC 96, S. aureus ATCC
BAA1717, Streptococcus pneumoniae ATCC 49619,
S. pneumoniae ATCC BAA255, Enterococcus faecalis
ATCC 29212, E. faecalis ATCC 51575, and Bacillus subtilis
ATCC 27370. They were obtained from American Type
Culture Collection (ATCC) (Manassas, VA, USA), CGSC
(Yale University, CT), and Microbial Type Culture
Collection & Gene Bank (MTCC) (Institute of Microbial
Technology, India). All the bacterial strains were stored at
−70 °C and were subsequently revived in appropriate agar
plates 24 h prior to experimental use.

Fig. 1 Structure of the principle phytochemical compound of
A. paniculata Nees, andrographolide
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MIC and MBC

Minimum inhibitory concentration (MIC) was determined by
broth micro-dilution technique according to the guidelines of
Clinical and Laboratory Standards Institute (MS100-S22,
CLSI 2012). In brief, 96-well plates containing serial twofold
dilutions of Andro (ranged from 0.001–1 mg/mL) were inoc-
ulated with 5 × 105 CFU/mL; the plates were incubated ac-
cording to CLSI guidelines and the MIC was reported as the
lowest antimicrobial concentration yielding no visible growth
of bacteria. Experiments were performed twice separately for
each strain, and MICs showed ≤1 dilution variance.

After MIC determination, aliquots of 50 μL from those
wells where no visible bacterial growth was observed were
plated on Mueller-Hinton agar (MHA) plates and were the
chemical agent that either totally stops growth or results in
a ≥ 99.9% decrease in the initial bacterial population.
Bacteriostatic activity has been defined here as a ratio of min-
imal bactericidal concentration (MBC) to MIC of >4 (Pankey
and Sabath 2004).

Macromolecule biosyntheses assays

The effects of Andro on the biosyntheses of macromolecules
were assayed as described earlier by Paudel et al. (2012) with
slight modifications. Briefly, S. aureus MTCC 96 cells were
grown to log phase in CAMHB, harvested at an absorbance of
0.8 at 600 nm, washedwith 1mL of phosphate-buffered saline
(PBS, pH 7.3), resuspended (1:10) in fresh media, and
allowed to incubate for 90 min with shaking at 35 °C. Cell
suspension was then centrifuged, A600 was adjusted to 0.24,
and 1 mL cells were added to glass tubes containing different
concentrations of Andro (0-, 2-, and 4-fold MICs). [14C] N-
acetyl glucosamine (FAC: 100 nmol/L), [3H] leucine (FAC:
50 nmol/L), [3H] thymidine (FAC: 2.5 nmol/L), and [3H] uri-
dine (FAC: 2.5 nmol/L) were used as precursor macromole-
cules for the bacterial cell wall, protein, DNA, and RNA bio-
syntheses, respectively. Radioactive precursor molecules were
added into the tubes and incubated for 20 min at 35 °C; reac-
tion was then stopped with 5% trichloro acetic acid (TCA).
After 30 min of incubation on ice, samples were collected
through centrifugation, resuspended in TCA solution, and
passed through glass fiber filters using a Cell Harvester de-
vice. Radioactivity not incorporated in the precipitate was
washed away with ice cold 5% TCA and water. Finally filters
were counted using a microbeta counter (Perkin Elmer, USA).

Biofilm assay and quantification

The technique to assess the inhibition of biofilm formation on
polystyrene microtiter plates was adapted from a previously
described method with minor modifications (Walencka et al.
2006). S. aureus MTCC 96 cells were grown overnight in

Trypticase soy broth, washed in fresh media, and diluted to
an A600 of 0.05. This culture was grown for 3–4 h to mid-log
phase, diluted with Trypticase soy broth containing 0.2% (w/
v) glucose and was inoculated into a polystyrene microtiter
plate at cell density of 107 CFU/mL. A sub-MIC dilution
series (0, 1/2, 1/4, 1/8, and 1/16 MIC, i.e., 0, 50, 25, 12.5,
and 6.25 μg/mL, respectively) of Andro was prepared prior to
the addition of cells and the plate was incubated at 37 °C for
24 h. After incubation, the wells were washed with PBS to
remove the nonadherent cells. The biofilms were stained with
0.2% crystal violet for 15min and washed again to remove the
unbound stain. The plate was allowed to dry at room temper-
ature. Then 33% acetic acid was added, incubated for 15 min
and the biofilm biomass was analyzed by measuring of A595.

CLSM analysis of biofilms by DAPI staining

DAPI staining was used to study the differences in quantity
and distribution of treated and untreated bacterial population
on the substratum (Liu et al. 2016). The biofilms were allowed
to grow on a 18 × 18 mm glass cover slip in a six-well micro-
titer plate in absence and presence of Andro (1/2, 1/4, 1/8, and
1/16MIC) diluted in Trypticase soy broth containing 0.2% (w/
v) glucose. After 24 h of incubation at 37 °C, the cover slips
were rinsed thrice with PBS, stained with 2 μg/mL DAPI
solution for 15 min in the dark, and then rinsed again with
PBS. Imaging was performed with a confocal laser scanning
microscope (Leica TCS SP8, Leica Microsystems, Germany)
using a 40× oil-immersion lens (excitation/emission wave-
length of 360 nm/455 nm). The images were analyzed and
3D imaging reconstructed by using Leica Application
SuiteX software.

Statistics

Data on charts represent mean ± standard deviation of repre-
sentative experiments. One-way analysis of variance
(ANOVA) was employed to identify statistical differences
among groups. A P value of <0.05 was considered to be sta-
tistically significant.

Results and discussion

Antimicobial activity of andrographolide

MIC of Andro was tested in 14 Gram-negative and seven
Gram-positive bacterial strains (Table 1). S. aureus MTCC
96 (MSSA) was found to be most susceptible with the MIC
value of 100 μg/mL. Methicillin-resistant S. aureus (MRSA)
also exhibited sensitivity towards Andro showing MIC of
1 mg/mL. MIC of Andro against Streptococcus pneumoniae
R6 (uncapsulated) was also observed at 250 μg/mL whereas
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capsulated S. pneumoniae showed lesser sensitivity (MIC of
1 mg/mL). Similar observation was also noted in case of van-
comycin susceptible Enterococcus faecalis (VSE) ATCC
29212 (MIC of 0.5 mg/mL) compared to vancomycin-
resistant E. faecalis (VRE) ATCC 51575 (MIC of >1 mg/
mL). Bacillus subtilis was also found to be sensitive against
Andro with MIC of 250 μg/mL. Among Gram-negative bacte-
ria, Andro showed considerable antibacterial activities against
E. coli AG100A (AcrAB-TolC efflux pump system mutant) as
well as E. coli D22 (EnvA1 mutant) with MIC of 125 and
250 μg/mL, respectively. This result suggests that strains with
defective LPS (D22) and mutated efflux pump (AG100A) are
more permeable to Andro and therefore more susceptible than
the wild type. Present observation corroborates with earlier
findings that Gram-positive bacteria are more susceptible to
Andro in comparison to Gram-negative bacteria (Malahubban
et al. 2013). The possible reasons behind the tolerance of Gram-
negative bacteria to Andromight be due to the presence of outer
membrane and polarity nature of the compound (Silhavy et al.
2010). The antibacterial activity of Andro is in agreement with
earlier studies on other labdane type diterpenoids, like 13-epi-
sclareol, 6-alpha-malonyloxymanoyl oxide, and copalic acid,
which were reported to inhibit Gram-positive bacteria selective-
ly (Mendoza et al. 2002; da Silva et al. 2008; Leandro et al.

2012). As Andro showed highest potency against S. aureus
MTCC 96 in this study, further experiments were carried out
using this strain.

MBC determination

The result of MBC assay showed a significant decrease in
viable cell number of S. aureus MTCC 96 in the presence of
Andro (Table 2). Compared to initial inoculum, Andro
showed a 3-log10 reduction (99.9%) in number of colony
forming units (CFU/mL) at a concentration of 0.5 mg/mL.
Therefore, MBC was noted to be 0.5 mg/mL for S. aureus
(MTCC 96) with Andro. Bacteriostatic activity has been de-
fined here as a ratio ofMBC toMIC of >4 (Pankey and Sabath
2004); thus, it seems Andro acted as a bacteriostatic agent for
this strain.

Effect on macromolecule biosynthesis

Prior to select any natural compound having significant anti-
bacterial potency as an attractive alternative for conventional
antimicrobial therapy, it is important to find its mechanism of
action. Therefore, to find the possible site of action, effects of
Andro on cell wall, protein, DNA, and RNA syntheses in

Table 1 Minimum inhibitory concentration (MIC) of andrographolide (Andro) against various Gram-negative and Gram-positive strains using
microdilution technique (mg/mL)

Type Microorganisms Description MIC (mg/mL)

Gram-negative Escherichia coli ATCC 25922 Quality control strain; Serotype O6 >1.0

Escherichia coli AG100 Wild type strain (argE3 thi-1 rpsL xyl mtl Δ(galuvrB)supE44),
containing a fully functional AcrAB-TolC efflux pump system

>1.0

Escherichia coli AG100A AG100ΔacrAB, AcrAB-TolC efflux pump system inactivated due
to the insertion of transposon Tn903 in the acrAB operon

0.25

Escherichia coli D22 EnvA1 mutant (lpxC mutation) 0.125

Pseudomonas aeruginosa ATCC 27853 Quality control strain; opportunistic pathogen for both humans and plants >1.0

Pseudomonas aeruginosa ATCC 15692 Strain PAO1 >1.0

Salmonella typhimurium ATCC 14028 Wild-type >1.0

Klebsiella pneumoniae ATCC 33495 Quality control strain 1.0

Bordetella bronchiseptica ATCC 31437 Avirulent live vaccine strain; hemolytic >1.0

Neisseria gonorrhea ATCC 49226 Quality control strain >1.0

Haemophilus influenzae ATCC 49766 β-Lactamase-negative, ampicillin-sensitive (BLNAS) control >1.0

Haemophilus influenzae ATCC 49247 β-Lactamase-negative, ampicillin-resistant (BLNAR) control >1.0

Actinobacillus baumannii ATCC 19606 Carbapenem-resistant >1.0

Enterobactor aerogenes ATCC 13048 Type strain >1.0

Gram-positive Staphylococcus aureusMTCC 96 Methicillin-susceptable S. aureus (MSSA) 0.1

Staphylococcus aureus ATCC BAA 1717 Methicillin-resistant S. aureus (MRSA) 1.0

Streptococcus pneumoniae ATCC 49619 Penicillin-intermediate S. pneumoniae (PISP), capsulated 1.0

Streptococcus pneumoniae ATCC BAA
255

R6, uncapsulated 0.25

Enterococcus faecalis ATCC 29212 Vancomycin-susceptible E. faecalis (VSE) 0.5

Enterococcus faecalis ATCC 51575 Vancomycin-resistant E. faecalis (VRE) >1.0

Bacillus subtilis ATCC 27370 M 168; spore-forming Bacilli 0.25
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S. aureus MTCC 96 were determined by measuring incorpo-
rations of isotope-labeled N-acetyl glucosamine, leucine, thy-
midine, and uridine for the corresponding macromolecules. A
summary of the effects of Andro and reference antibiotics on
the incorporation of radiolabeled precursors for the syntheses
of macromolecules is shown in Fig. 2. All the reference anti-
biotics selectively inhibited the macromolecule synthesis
pathway consistent with their known mechanism of action.
Following treatment with Andro (4× MIC), incorporation of
thymidine into DNA was ∼31% of the control showing a
strong inhibitory effect on DNA synthesis to an extent almost

similar to that of reference antibiotic ciprofloxacin (25% in-
corporation). Inhibition of viral DNA replication by Andro
was earlier reported by Chen et al. (2014). Inhibitions of
RNA and protein syntheses (∼25 and 36% inhibition, respec-
tively) were also observed in the present study. A plausible
explanation of this result is that, by impairing DNA synthesis,
the compound might interfere with RNA and protein synthe-
ses resulting in the downstream biosynthetic pathway inhibi-
tion. However, cell wall biosynthesis was not hampered.

In the past, many chemical entities showing antimicrobial
activity were isolated from natural products with specific

Table 2 Minimum bactericidal
concentration (MBC) of
andrographolide (Andro) for
S. aureus MTCC 96

Concentration
(mg/mL)

CFU/mL % Killing
of final
inoculuma

MBC
(mg/
mL)

MBC:
MICb

Comment

0 6.3 × 108 0

0.1 6.0 × 104 88

0.25 1.3 × 103 99.74

0.5 4.0 × 102 99.92 0.5 5 Bacteriostatic

0.75 2.0 × 102 99.96

a Initial inoculum size, 5 × 105 CFU/mL
bBacteriostatic activity is defined here as a ratio of MBC to MIC of >4 (Pankey and Sabath 2004)

Fig. 2 a–d The effect of Andro
on cell wall, protein, DNA, and
RNA synthesis measured by
incorporation (%) of N-acetyl-D-
[1-14C] glucosamine, L-[4,5-3H]
leucine, [methyl-3H] thymidine,
and [5-3H] uridine, respectively,
after 20-min exposure at 2× and
4× MIC in S. aureusMTCC 96.
Vancomycin (2× MIC),
chloramphenicol (4× MIC),
ciprofloxacin (4× MIC), and
rifampicin (4×MIC) were used as
control for cell wall, protein,
DNA, and RNA synthesis
inhibitors, respectively. Mean
values ± SD for three replicates
are illustrated. (*P < 0.05;
**P < 0.01; ***P < 0.001)
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target site of action. For example, allicin acted as a specific
inhibitor of RNA synthesis of Salmonella typhimurium
(Feldberg et al. 1988). While quercetin, one of the most abun-
dant natural flavonoids, was reported to inhibit DNA gyrase of
E. coli (Ohemeng et al. 1993), resveratrol and bakuchiol were
found to be active as a DNA polymerase inhibitor (Sun et al.
1998). In due course of time, these compounds successfully
came out as novel leads for the development of new class of
antimicrobial agents. Wu et al. (2008) earlier reported that
Andro could recover antibiotic sensitivity in Pseudomonas
aeruginosa by downregulating mexAB-oprM efflux pump ex-
pression level, suggesting another possible specific target site.

Inhibition of biofilm formation

Biofilms are a leading cause of chronic nosocomial infections,
as bacteria grown in biofilm are often resistant to antibiotic
levels 10–1000-fold higher than its planktonic form (Mah
et al. 2003). Static biofilm quantification assay using different
sub-MIC concentrations was performed to evaluate the effect
of Andro on biofilm formation by S. aureus MTCC 96.
Amount of biofilm decreased gradually with the increase of
drug concentrations (Fig. 3a). After 24 h of growth, it was
observed that Andro at a concentration of 50 μg/mL reduced
∼45% biofilm development on the polystyrene surface in
comparison to the control set. This result clearly suggests that

Andro at sub-inhibitory concentrations efficiently inhibited
the biofilm formation by S. aureus MTCC 96.

Similar dose-dependent inhibitory effects were also ob-
served while examining the effect of Andro on the biofilm
topography and architecture through CLSM studies. Sample
treated with 50 μg/mL (1/2 MIC) of Andro showed signifi-
cantly less viable S. aureus cells compared to control (Fig. 3b).
The 3D reconstruction analysis obtained from the CLSM mi-
crographs further supported these results (Fig. 3c). Untreated
S. aureus cell mass exhibited a biofilm thickness of 17.29 μm,
while biofilm treated with 1/2 MIC of Andro showed a thick-
ness of 9.68 μm after 24 h of exposure. Overall, thickness of
the biofilm gradually decreased with increasing concentration.
This feature, together with the static biomass inhibition assay,
seems that Andro has an important role in inhibition of staph-
ylococcal biofilm formation.

Conclusion

In brief, this study could provide pharmacological confirma-
tion for folklore medicinal practice of A. paniculata against
microbial diseases such as wound, upper respiratory tract, and
other bacterial infections. The present study showed signifi-
cant antibacterial activity of Andro against Gram-positive
strains including MRSA. Although several studies reported
antibacterial activity of Andro (Kumar et al. 2010), however,

Fig. 3 a Quantification of
S. aureus MTCC 96 biofilm
formed in the microtiter plates in
absence and presence of various
concentrations (1/2, 1/4, 1/8, and
1/16 MIC, i.e., 50, 25, 12.5, and
6.25 μg/mL, respectively) of
Andro after 24 h at 37 °C and
stained with crystal violet. Mean
values ± SD for three replicates
are illustrated (*P < 0.05;
**P < 0.01; ***P < 0.001). b
Fluorescence images and c 3D
representations of S. aureus
MTCC 96 biofilm formed after
incubation with different
concentrations (0, 1/2, 1/4, 1/8,
and 1/16 MIC) of Andro as
visualized under CLSM. Data
shown are from a representative
of triplicate experiments. Scale
bar = 25 μm
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reports on its activity against methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant Enterococcus (VRE)
strains are scanty. Beside these, Andro showed considerable
antibacterial activities against Gram-negative E. coliAG100A
(AcrAB-TolC efflux pump system mutant) as well as E. coli
D22 (EnvA1 mutant). Andro at concentrations equivalent to
2× and 4× MIC could primarily target DNA synthesis in
S. aureus; this finding with regard to mode of action is novel.
However, a secondary effect on protein synthesis was also
evident at higher dose (4× MIC). The importance of
S. aureus biofilms in bacterial pathogenesis of various chronic
human infections and implantation-associated infections is
widely known. Therefore, the search for anti-biofilm property
of Andro has become a focus of our study. Present study
confirms that Andro could prevent S. aureus biofilm forma-
tion suggesting a potential strategy for the treatment of
biofilm-associated problems. Taking into account the activity
of Andro against bacterial strains of clinical importance, it
shows a promise in the perspective of new antibacterial drug
development, with the possibility of making analogs with im-
proved pharmacological or pharmaceutical properties, and
warrants further investigation.
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