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Abstract Andrographolide, a diterpenoid lactone obtained
from plant Andrographis paniculata, is used in South
Asian countries to relieve various inflammatory symptoms.
To study the effects of this agent, the impact of andro-
grapholide on production of inflammatory mediators were
delineated in mouse peritoneal macrophages (PM).
Inflammatory mediators like nitric oxide (NO), tumor
necrosis factor (TNF)-o, interleukin-6 and related molec-
ular mechanisms of andrographolide-mediated inhibition of
enzymes/transcription factors were studied. In addition, the
in vivo anti-inflammatory activity of andrographolide was
evaluated in an adjuvant-induced arthritis rat model. The
results indicated that andrographolide clearly inhibited the
production of NO and TNF-a in lipopolysaccharide-acti-
vated PM¢ in a dose-related manner. Immunoblot analyses
revealed that andrographolide suppressed activation of
both inducible NO synthase and cyclo-oxygenase-2 by
directly targeting nuclear transcription factor (NF)-kB.
Complete Freund’s Adjuvant-induced paw edema in rats
was also significantly inhibited by andrographolide treat-
ment. From the data, we concluded that andrographolide
imparted anti-inflammatory effects by suppressing two key
inflammatory enzymes and a signaling pathway that
mediates expression of variety of inflammatory cytokines/
agents in situ. It is plausible that eventually, after further
toxicologic characterization, andrographolide might be
useful as a drug for the clinical treatment of various
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inflammatory diseases like rheumatoid arthritis or diseases
associated with joint pain.
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Introduction

Macrophage activation occurs rapidly after endotoxin
exposure. Activated macrophages, in turn, release various
pro-inflammatory cytokines and inflammatory mediators
such as nitric oxide and reactive oxygen species (ROS) that
have immuno-protective functions (Duque and Descoteaux
2014). However, when over-activated, macrophage-medi-
ated inflammatory responses may exacerbate damage to
tissues (Park et al. 2015). It is thus understandable that
increased levels of activated macrophages are observed in
various human inflammatory diseases, including colitis
(Akagi et al. 2014), inflammatory bowel disease (Fries
et al. 2013), arthritis (Wagner-Weiner 2015), and many
other pathologies. Therefore, it is important to tightly
regulate the inflammatory response generated by activated
macrophages without overtly compromising the host
immune system.

Over the years, a plethora of plant-derived anti inflam-
matory compounds have been extracted and tested for use
in treating inflammatory diseases (Wang et al. 2013;
Ziindorf and First 2014). One compound is andro-
grapholide (Fig. 1) extracted from the aerial parts of plant
A. paniculata (family: Acanthaceae). Andrographolide, a
labdane diterpenoid, is the major bioactive compound of A.
paniculata. This agent has been shown to impart protective
effects in respiratory tract infection (Poolsup et al. 2004),
rheumatoid arthritis (Burgos et al. 2009), gastritis (Saranya
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Fig. 1 Chemical structure of andrographolide [C,oH30Os5]

H

and Geetha 2011), and neuropathies (Das et al. 2009), as
well as impart antiviral (Gupta et al. 2016), -bacterial
(Arifullah et al. 2013), and —cancer (Lim et al. 2012)
effects. Similar effects had been noted when whole plant
extract was tested in various pathologies (Tang et al. 2012;
Suriyo et al. 2014).

LPS initiates acute inflammatory responses and enhan-
ces the in vivo/in vitro production of inflammatory
cytokines like tumor necrosis factor (TNF)-o, interleukin
(IL)-1B, and of inflammation-associated agents/second
messengers like nitric oxide (NO), and activation of
enzymes like inducible nitric oxide synthase (iNOS).
Among many immune-related pathologies, arthritis is
associated with joint inflammation and concomitant joint
destruction. An increased localized/systemic release of
TNF-o and IL-1B contributes to the joint swelling and
cartilage destruction associated with the disease (Lagha
et al. 2015). While there are suggestions from the earlier-
cited studies that andrographolide inhibits formation of
inflammatory mediators in different ailments, mechanisms
underlying these outcomes are poorly understood.
Accordingly, the study reported here sought to elucidate
anti-inflammatory effects of andrographolide in vitro in
LPS-activated macrophages and in vivo in an acute adju-
vant-induced arthritis (AIA) rat model. Furthermore, to
understand some of the mechanisms of action of this
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compound, potential targets in inflammatory pathways
were also evaluated.

Materials and methods
Preparation of andrographolide solution

Andrographolide (Sigma, St. Louis, MO) stock solution
were prepared, i.e., 10 mg/ml for in vitro experiments and
20 mg/ml for in vivo experiments by dissolving in dime-
thyl sulphoxide (DMSO; cell culture grade, Sigma) and
stored at 4 °C. Working solutions were prepared by dilut-
ing in phosphate-buffered saline (PBS, pH 7.4).

Animals

Balb/c mice (male, 25-30 g, 4-weak-of-age) and Sprague—
Dawley rats (male, 100-120 g, 4-weak-of-age) were both
obtained from the Experimental Animal Facility of Defence
Institute of Physiology and Allied Sciences (DIPAS), Delhi.
All animals were housed in specific-pathogen-free facilities
at DIPAS that were maintained at 25 °C with a 50% relative
humidity and a 12-h light:dark cycle. All protocols were
approved by the DIPAS Institutional Animal Ethics Com-
mittee (IAEC/DIPAS/2015-25, 18/10/2015).

Cells

To isolate peritoneal macrophages (PMd), 1 ml of 4% (w/
v) starch solution (Sigma) was injected into the mouse
peritoneal cavity. Two days later, animals were euthanized
with ether and PM¢ were obtained by injecting chilled
PBS into the cavity (5 ml, once). After gentle massaging of
the abdomen, the solution was withdrawn and then cen-
trifuged at 300x g for 5 min at 4 °C. The final cell pellets
were re-suspended in complete RPMI-1640 medium
(RPMI supplemented with 10% fetal bovine serum (FBS),
100 U penicillin/ml, 0.1 mg streptomycin/ml, and 0.25 pg
amphotericin B/ml [all Sigmal]).

Cell toxicity

PM¢ (10° cells/ml) were seeded into 96-well flat-bottom
plate (200 pl/well) and then treated with andrographolide
at doses 0.5, 1.0, 5.0, or 10 pg/ml (A0.5, Al, AS, A10)
with and without LPS 1 pg/ml (lipopolysaccharide, Type
026:B6 from Escherichia coli; Sigma), and incubated at
37 °C in a 5% CO, atmosphere. All samples were assayed
in triplicate. After 48 h, 20 pul of MTT 0.5 mg/ml solution
(Sigma, USA) was added to each well and the plates were
incubated further for 4 h at 37 °C. After this, the culture
supernatant was removed from each well and the formazan
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crystals that had formed in live cells were dissolved by the
addition of 200 pul DMSO to each well. The optical density
was measured at 570 nm using a 96-well plate reader
(Biotek Instruments, Winooski, VT). Relative survival of
both LPS* and LPS™ cells was calculated from compar-
isons of mean OD values vs. that in control wells.

Nitric oxide (NO) formation

Naive PM¢ in complete RPMI 1640 were plated in
96-well culture plate (at 10° cells/ml; 200 pl/well) and
cultured at 37 °C in a 5% CO, atmosphere. After 24 h,
half of the media was replenished with fresh media and
andrographolide treatment at various doses was given in
the presence or absence of LPS (1 pg/ml). After incuba-
tion at 37 °C for 48 h, nitrite (as surrogate for NO) was
measured from 100 pl of supernatant with an equal vol-
ume of Griess reagent (0.2% naphthylethylenediamine
dihydrochloride, and 2% sulphanilamide in 5% phospho-
ric acid; Sigma) at 540 nm using microplate reader
(Biotek). Levels of NO in each sample were extrapolated
from a standard curve that had been generated in parallel
using sodium nitrite standards. All samples were assayed
in triplicate.

Protein expression

To determine effects of treatment of andrographolide on
expression of iNOS, COX-2, and NF-kB, cytoplasmic and
nuclear extracts of 5 x 10° naive PM¢ were prepared in
the presence of protease inhibitor cocktail (Sigma), as per
standard protocols (Mishra et al. 2006). After determining
the protein content using Bradford’s reagent, equal
amounts of protein (40 png) were loaded in 12% SDS gels.
After resolution, the gel materials were electro transferred
to a polyvinylidene difluoride (PVDF) membrane (Milli-
pore, Billerica, MA). The PVDF membrane was then
blocked for 1 h at room temperature (RT) with 3% bovine
serum albumin (BSA, Sigma) in Tris-buffered saline
(TBS). The membrane was then incubated overnight at
4 °C in a TBS solution containing rabbit anti-mouse COX-
2 (1:200; Biorbyt, Berkeley, CA), anti-iNOS (1:1000,
Biorbyt), and anti-NF-xB (1:1000, Biovision, Milpitas,
CA). After washing, membrane was incubated for 45 min
at 28 °C in a TBS solution containing horseradish peroxi-
dase-conjugated anti-rabbit IgG (1:30,000, Sigma). After a
final series of washes, each membrane was processed for
presence of the protein using a chemiluminescence devel-
opment system. The membranes were then assessed for
expression using Image J software (NIH, Bethesda, MD)
and densitometric values obtained were used for compar-
ison of expression of the proteins.

Cytokine formation

PM¢ in complete RPMI-1640 were seeded in 96-well plate
at 10° cells/ml (200 pl/well). Cells were then treated with
and without LPS (1 pg/ml) along with different doses of
andrographolide (0.5-10 pg/ml) and the plates then incu-
bated at 37 °C for 24 h. Thereafter, supernatants from each
group were harvested and stored at —80 °C until assayed.
Levels of TNF-a and IL-6 were estimated using commer-
cial ELISA kits (eBioscience, San Diego, CA), according
to manufacturer instructions. All samples were assayed in
triplicate. The level of sensitivity of TNF-o and IL-6 kit
was 8 and 2 pg/ml, respectively.

Arthritis measures

Adjuvant-induced arthritis (AIA) was induced in Sprague—
Dawley rats by injecting 100 ul Complete Freund’s
Adjuvant (CFA) (Sigma, USA) intradermally on day 1 into
the left footpad according to the method of de Castro Costa
et al. (1981). Andrographolide treatment was then given
intraperitoneally (1000 pl/injection) at 50 mg/kg body
weight on five alternate days (i.e., days 1, 3, 5, 7, and 9)
(Wen et al. 2014). As a positive control, dexamethasone
(DEXA) (Sigma, USA) was injected intraperitoneally
(100 pl/injection; 6 mg/kg) into a separate set of AIA rats
on days 1, 3, 5, 7, and 9) (Jayashankar et al. 2012). To
assess AIA status, 24 h after either andrographolide or
DEXA treatment, the thickness of ossicular tissues was
measured using a Gneupel caliper (Zurich, Switzerland) on
days 2, 4, 6, 8, and 10—as well as on day 12.

Statistical analysis

All results were expressed as mean & SE. All statistical
comparisons were carried out using a Students’ indepen-
dent ¢ test and a one-way analysis of variance (ANOVA)
wherever applicable. Significance was set at p < 0.05. All
analyses were performed using SPSS-16 software (SPSS
Inc, Chicago, IL).

Results

Dose dependent effects of andrographolide
Andrographolide cytotoxicity

Cytotoxic effects of andrographolide were estimated using
MTT assay in mouse PMs treated with various concen-
trations of andrographolide (with and without LPS) for

48 h. The results showed that among LPS™ cells, andro-
grapholide at 0.5, 1 and 5 pg/ml resulted in a low albeit
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Fig. 2 Dose-dependent effect of andrographolide treatment on cell
viability, NO production and COX-2 protein expression. Figure 2a
represents the percent cytotoxicity and 2b represents the NO
production on andrographolide treatment to mouse PM¢ with and
without LPS stimulation. Figure 2b (i) show the pictorial presentation
of dose dependent color development on addition of Griess reagent.
Figure 2b (ii) demonstrates quantitative release of NO. Figure 2c
represents dose-dependent COX-2 protein expression. (i) presents a
representative immunoblot and the bottom figure (ii) is associated
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densitometric evaluation (showing ratio vs. control level) of the blot.
Cells stimulated with LPS at 1 pg/ml in the presence and absence of
0.5, 1, 5, and 10 pg/ml andrographolide (A0.5, Al, A5, and A10)
were studied. Values shown in Fig. 2a are mean £ SE % cytotoxicity
(n = 4/treatment), 2b (ii) are mean £+ SE uM NO (n = 4/treatment)
and 2c¢ (ii) are mean £ SE relative expression levels (n = 3/
treatment). *Value significantly different from control (naive) cells
at p < 0.05 and *Value significantly different from LPS only cells at
p <0.05
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significant less than 4% toxicity as compared to untreated
control cells. However, andrographolide treatment at
10 pg/ml caused 25% cytotoxicity to the cells (Fig. 2a).
Among LPS™ cells, the co-presence of andrographolide led
to diminution of toxicity from LPS itself; however, these
levels of toxicity were not significant. The data, therefore,
showed that lower doses of andrographolide, i.e., 1, 5 and
0.5 were non toxic to the cells.

Effect of andrographolide on LPS induced NO production

The concentration of nitrite in cell supernatants was
determined by Griess Reagent. After 48 h of treatment of
the PM¢ with LPS (1 pg/ml) alone and in combination
with various doses of andrographolide, dose dependent NO
production was observed (Fig. 2b (i), (ii)). It was found
that LPS stimulation induced NO production
(49 £ 11 pM) relative to levels seen in un-stimulated cells
(22 £ 6 uM). This LPS-induced NO production was
inhibited on andrographolide treatment at 0.5, or 1 pg/ml
with levels reduced to 33 &+ 11 and 28 + 6 puM, respec-
tively, and significantly reduced at 5 and 10 pg/ml to
16 £ 4 and 13 £+ 4 pM, respectively. In cultures wherein
LPS was not employed, presence of andrographolide led to
some diminution of NO production from that released by
cells that received medium only (control). Specifically, NO
level for cultures receiving andrographolide 0.5, 1, 5, and
10 pg/ml were 14 &3, 10 =2, 9 + 1, and 10 £ 1 uM,
respectively. The data, therefore, showed that andro-
grapholide suppressed the LPS induced NO production.

Effect of andrographolide on COX-2 protein expression

A dose dependent study using different concentration of
andrographolide was conducted to understand its effects on
cells. Results showed that LPS alone increased the COX-2
protein expression to 1.4 £ 0.27, whereas cells receiving
andrographolide 0.5, 1, 5, and 10 pg/ml on LPS stimulation
showed dose independent decrease in COX-2 protein
expression, i.e., 0.8 £0.37, 1.0 £ 0.20, 1.6 + 0.32,
2.61 £ 0.49, respectively, as analyzed by densitometry of
the blots. However, andrographolide alone showed dose
dependent decrease in COX-2 protein expression (Fig. 2c).
The decreased P actin expression may be attributed to the
higher dose cytotoxicity caused by andrographolide at
10 pg/ml.

Effect of andrographolide on pro-inflammatory cytokine
production

Changes in pro-inflammatory cytokine production on LPS
stimulation in murine PM¢ were evaluated. The results
showed that cells treated with LPS alone up-regulated

TNF-o production to 3630 =+ 83 compared to control level
of 6 & 3 pg/ml (Fig. 3a). Andrographolide treatment at
0.5, 1, 5, and 10 pg/ml in combination with LPS reduced
the expression of TNF-o to 2530 4+ 618, 2522 + 659,
2445 + 387, and 2178 + 268 pg/ml, respectively. Among
these reductions, only that induced by andrographolide
10 pg/ml was significant vs. the LPS-alone value. Inter-
estingly, only the lowest dose of andrographolide (i.e.,
0.5 pg/ml) significantly increased TNF-a formation rela-
tive to levels seen with naive untreated control cells.

IL-6 levels were also up-regulated on stimulation with
LPS, rising to 11,752 + 3557 pg/ml compared to control
levels of 42 4+ 22 pg/ml (Fig. 3b). Treatment with andro-
grapholide at 0.5, 1, 5, or 10 pg/ml in combination with
LPS reduced the inducible IL-6 production to 8305 £ 97,
8112 £ 13, 6949 £ 1023, and 5170 £ 2753 pg/ml,
respectively. None of these reductions was significant vs.
the LPS-alone value. Interestingly, again the lowest
andrographolide dose (i.e., 0.5 pg/ml) induced the ‘high-
est’ formation of IL-6 relative to levels seen with naive
untreated control cells, though the changes were not
significant.

The above study showed that andrographolide at various
doses has different effects. Andrographolide alone at
higher concentration increases cytotoxicity, decreases -NO
production, -COX-2 protein, -TNF-a and -IL-6 expres-
sions, whereas lower doses have opposite effects. On LPS
stimulation, higher doses of andrographolide showed
increased COX-2 protein expression. The reason could be
increased dose cytotoxicity at higher concentration of
andrographolide rather than inflammation. Since increased
COX-2 expression is not only associated with inflammation
but also promotes cell survival by increased expression of
genes involved in survival (Chang et al. 2000).

Among various doses, A0.5 showed intermediate
effects, i.e., it decreased inflammation but not completely
inhibited it showing its positive effect in cell recruitment at
the site of infection and since the drug has decreased
inflammation as compared to LPS stimulated cells, it
avoids inflammation induced cell death too. Further the
dose itself has least toxicity. Considering these points, we
used A0.5 for COX-2, iNOS and NF-xB protein
expression.

Effect of andrographolide on LPS induced COX-2, iNOS
and NF-kB expression

The effects of andrographolide on COX-2 and iNOS pro-
tein expression in PMd¢ were evaluated using
immunoblotting. The results showed that levels of each
enzyme were increased on stimulation with LPS 1 pg/ml.
However, treatment with andrographolide 0.5 pg/ml to
LPS induced cells decreased both COX-2 protein
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expression (Fig. 4a) and iNOS protein expression (Fig. 4b)
relative to LPS only induced cells, though the change was
not significant. Among the LPS™ cultures, there was no
stimulatory effect on expression of either enzyme.

In Fig. 4c, LPS stimulation increased NF-xB p65
translocation to twofold (from cytoplasm to nucleus) as
compared to untreated control cells. Andrographolide
treatment at 0.5 pg/ml inhibited translocation among LPS
induced PM¢ as compared to LPS alone treated cells.
While the levels of reduction were ~0.5-fold, however, the
change was not significant. With LPS™ cells, andro-
grapholide 0.5 pg/ml reduced the translocation to 0.7-fold
vs. that of naive control cells.

Effect of andrographolide on paw edema in adjuvant
induced arthritic rats

Anti-arthritic effects induced by andrographolide were
noted in the CFA induced rats. On day 2, paw thickness in
the CFA-only rats was ~8 mm compared to 2 mm in
control rats. The data indicated that andrographolide (and
DEXA) treatment resulted in significant reductions in paw
edema from day 2 onwards (Fig. 5). At day 2, the level of
reduction in paw swelling after andrographolide treatment
was 24% relative to that in the CFA only induced rats
(24.5% for DEXA). By day 8, there was a reduction of 27%
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on andrographolide treatment relative to that of the CFA
alone induced rats (32% for DEXA). Even by the final
time-point, i.e., day 12, there was a 23% reduction in paw
edema on andrographolide treatment relative to that of the
CFA alone induced rats of same day (40% for DEXA). All
changes in paw values on andrographolide treatment to
CFA induced rats at each time-point were significant as
compared to CFA alone rats.

Discussion

The present study reports on some potential mechanisms
underlying anti-inflammatory actions of andrographolide in
activated macrophages. Several lines of evidence in vivo
and in vitro indicate that andrographolide is a potent anti-
inflammatory agent in various pathologies (Zhang et al.
2014; Yu et al. 2015; Ren et al. 2016). Until now, these
anti-inflammatory actions were attributed to inhibition of
NF-«kB activation, a process involved in cytokine signaling
and inflammation. However, based on the results here, it
appears andrographolide may act at multiple points to
impair inflammation (Fig. 6).

The effects of andrographolide on expression of COX-2
and iNOS were evaluated in LPS-activated macrophages,
because andrographolide is reported to reduce translocation
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of NF-kB transcription factor, an event that is associated
with COX-2 and iNOS signaling (Morgan and Liu 2011).
In the present study, andrographolide has shown a dose-
dependent decrease in LPS induced and andrographolide
treated cells as compared to LPS stimulated cells.

As expected, andrographolide suppressed the expected
up-regulation of COX-2 and iNOS in activated macro-
phages. In general, these outcomes lent support to our
hypothesis that andrographolide suppresses inflammatory
responses—in part—via inhibition of inflammatory
enzymes whose expression is related to expression of NF-
kB or activation of NF-kB-based pathways (Hsieh et al.
2011; Chang et al. 2014). The impact on iNOS and COX-2
expression likely reflected a general effect on inflammatory
cascades in activated macrophages (Zamora et al. 2000;
Ricciotti and Fitzgerald 2011). In keeping with this, the
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(i) presents a representative immunoblot and the bottom figure (ii) is
associated densitometric evaluation (showing ratio of respective
protein vs. B actin level) of the blot. Values shown are mean + SE
relative expression levels (n = 3/treatment)

present study examined formation of inflammatory
cytokines TNFa and IL-6 in stimulated cells and found that
andrographolide effectively suppressed this production. It
remains unclear if the effects are solely being mediated at
the NF-xB-related levels as TNFa itself can activate
macrophages by binding with its corresponding receptor,
TNFR (Watts et al. 1999). This alternative mechanism
remains to be explored and future studies using knockout
mouse model will illustrate the molecules directly involved
in interaction with andrographolide.

Selective pathologies that incorporate changes in iNOS
and COX-2 expression, as well as in pro-inflammatory
cytokine formation present excellent models to assess
effects (or even mechanisms of effects) of novel pharma-
cologics/natural products. The CFA induced arthritic
model is popularly used for the study of anti-arthritic drugs
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as this model shares most clinical and immunologic man-
ifestations with human arthritis, including joint swelling,
cartilage degradation and lymphocyte (i.e., T-cell) infil-
tration. Cytokines secreted by cells (including synovial
cells, local immune cells) in the inflamed joints include IL-
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17, interferon (IFN)-y, and TNF-a also contribute to the
pathology. The current study showed that administration of
andrographolide produced a therapeutic effect against AIA
at a level on par with that of dexamethasone, a drug
renowned for its use against rheumatoid arthritis (Wang
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et al. 2007). It would appear that andrographolide could
become systemic and either reach the affected joints/as-
sociated cells and/or imparted effects on cells being
recruited to the inflamed joints. At par effects of andro-
grapholide to that of DEXA also proposes a question on the
mechanism of action of both of these drugs in AIA model.
Whether both of these drugs have same or different
mechanism of action has remained unanswered. A further
study is also required to check the possibility of synergistic
role of andrographolide with DEXA. Nevertheless, it still
remains to be determined if such anti arthritic effects of
andrographolide could be translated from bench to bedside.
Also, the mode of administration of andrographolide, i.e.,
by topical/oral dosing to an afflicted host, as the
intraperitoneal route of drug administration is mostly
impractical for humans.

Conclusions

This study highlighted potential pathways involved in anti-
inflammatory effect of andrographolide. Proteins com-
monly associated with inflammatory events, i.e., NO,
iNOS, COX-2, TNF-a, IL-6, and NF-kB appeared to be
impacted by andrographolide treatment in vitro. Replica-
tion of in vitro anti-inflammatory effects in in vivo would
help to confirm the anti-inflammatory nature of this com-
pound. Beyond that, confirming the use of andrographolide
as an anti-inflammatory agent would help to make it
plausible eventually, after further toxicologic characteri-
zation, for andrographolide to be useful as a drug for the
clinical treatment of various inflammatory diseases.
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