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Abstract: Inflammation and oxidative stress are interrelated processes that represent the underlying
causes of several chronic inflammatory diseases that include asthma, cystic fibrosis, chronic obstruc-
tive pulmonary disease (COPD), allergies, diabetes, and cardiovascular diseases. Macrophages are
key initiators of inflammatory processes in the body. When triggered by a stimulus such as bacterial
lipopolysaccharides (LPS), these cells secrete inflammatory cytokines namely TNF-α that orchestrate
the cellular inflammatory process. Simultaneously, pro-inflammatory stimuli induce the upregulation
of inducible nitric oxide synthase (iNOS) which catalyzes the generation of high levels of nitric
oxide (NO). This, together with high concentrations of reactive oxygen species (ROS) produced by
macrophages, mediate oxidative stress which, in turn, exacerbates inflammation in a feedback loop,
resulting in the pathogenesis of several chronic inflammatory diseases. Berberine is a phytochemical
embedded with potent in vitro anti-inflammatory and antioxidant properties, whose therapeutic
application is hindered by poor solubility and bioavailability. For this reason, large doses of berberine
need to be administered to achieve the desired pharmacological effect, which may result in toxicity.
Encapsulation of such a drug in liquid crystalline nanoparticles (LCNs) represents a viable strategy
to overcome these limitations. We encapsulated berberine in phytantriol-based LCNs (BP-LCNs) and
tested the antioxidant and anti-inflammatory activities of BP-LCNs in vitro on LPS-induced mouse
RAW264.7 macrophages. BP-LCNs showed potent anti-inflammatory and antioxidant activities, with
significant reduction in the gene expressions of TNF-α and iNOS, followed by concomitant reduction
of ROS and NO production at a concentration of 2.5 µM, which is lower than the concentration of free
berberine concentration required to achieve similar effects as reported elsewhere. Furthermore, we
provide evidence for the suitability for BP-LCNs both as an antioxidant and as an anti-inflammatory
agent with potential application in the therapy of chronic inflammatory diseases.

Keywords: berberine; liquid crystalline nanoparticles; inflammation; oxidative stress; macrophages;
LPS; advanced drug delivery; chronic inflammatory diseases
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1. Introduction

Inflammation is a complex physiological reaction occurring in various tissues in re-
sponse to a plethora of endogenous and exogenous stimuli, that may include pathogens
such as viruses and bacteria, as well as exposure to toxic chemicals, allergens, and ra-
diations [1]. Physiologically, the primary aim of inflammation is to eliminate the initial
damaging stimulus. However, prolonged and dysregulated inflammation eventually leads
to chronic inflammatory diseases such as diabetes, cardiovascular diseases, arthritis, joint
diseases, allergies, and chronic respiratory diseases. Among these asthma, chronic ob-
structive pulmonary disease (COPD), and lung cancer are of utmost significance [2–5].
Therefore, chronic inflammation constitutes to be the main etiological factor for a wide
range of diseases. Inflammation is mediated by different classes of inflammatory cells.
Among these, macrophages and neutrophils take part in the initiation of the inflammatory
cascade, and hence play significant roles in the pathogenesis of the aforementioned patho-
physiological features through the secretion of various inflammatory mediators that may
include the inflammatory cytokines tumor necrosis factor-α (TNF-α), Interleukin 6 (IL-6),
and IL-1β [6,7]. It is well known that lipopolysaccharides (LPS), a bacterial toxin generally
found in the cell membrane of Gram-negative bacteria cause exacerbated inflammatory
cascade primarily in cells including macrophages [8,9].

Oxidative stress is a pathogenic mechanism that results when the balance between the
generation of oxidative agents, namely reactive oxygen species (ROS), reactive nitrogen
intermediates (RNI), and their elimination through biological antioxidants, other defense
mechanisms has been compromised [10–12]. ROS and RNI are physiologically produced by
cells and, at low concentrations, function as important mediators and signaling molecules
involved in the maintenance of cell homeostasis, and oxidative stress. Accumulation of
these species leads to the damage of cellular components such as DNA, lipids, and pro-
teins [1]. For this reason, oxidative stress is a potent inducer of inflammation, and it is
known to exacerbate inflammatory processes, leading to the aggravation of chronic inflam-
matory diseases [1,10,13]. Moreover, proinflammatory triggers such as LPS are known to
induce the generation of high levels of ROS and nitric oxide (NO) in macrophages and
in other inflammatory cells [14,15]. NO is one of the principal RNI which is generated
by macrophages, and other inflammatory cells, upon activation of the inducible NO syn-
thase (iNOS). iNOS is a key enzyme that is mediated by macrophages in the inflammatory
cascade [16]. ROS are highly unstable chemical species that are known to attack NO and
convert it into peroxynitrite, a toxic intermediate that causes apoptosis in many cell types,
further exacerbating the severity of inflammation [14].

Considering the extent of the cross-talk between inflammation and oxidative stress,
these two processes are tightly interrelated and, together, play pivotal roles in the patho-
genesis of chronic diseases [17]. The strictly interdependent relationship between oxidative
stress and inflammation has been recently proposed as a possible explanation for the “an-
tioxidant paradox”, which is referred to the observation that dietary administration of large
doses of antioxidants is often ineffective in the prevention or treatment of diseases where
the disease pathogenesis is heavily influenced by oxidative stress [17,18]. To address this
concern, the use of compounds endowed with both antioxidant and anti-inflammatory
properties could be beneficial.

A valuable source for potential therapeutic agents, in this context, is represented by
natural sources such as traditional medicinal plants, which have provided several promis-
ing novel phytochemical compounds such as rutin [19], boswellic acids [20], curcumin [21],
and nobiletin to name a few [22]. Berberine, an isoquinoline alkaloid molecule extracted
from the root, stem bark, and rhizomes of plants belonging to the genus Berberis, is widely
known for its antioxidant, anti-inflammatory, and anticancer properties [23–30]. It has also
been shown to improve the lipid and glucose profile when administered in association
with silymarin, thus promoting cardiometabolic health [31].

Despite the encouraging beneficial activities of berberine against many illnesses, its
therapeutic application, similar to that of many other promising phytochemicals, is severely
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limited by issues such as poor oral bioavailability and limited intestinal absorption, which
hamper in vivo efficacy and clinical translation [32–34]. A valuable approach to overcome
these limitations is to employ advanced drug delivery methods, such as encapsulation
of therapeutic molecules in advanced nanoparticle (NP)-based systems [35]. Among
the many currently available advanced nanoformulations, liquid crystalline nanoparticle
(LCNs) based delivery represents a highly versatile tool with the substantial capability
of enhancing the bioavailability and stability of therapeutic moieties [36]. In this context,
our research group has recently demonstrated significant in vitro anticancer action of
berberine-loaded LCN formulation against non-small-cell lung cancer (NSCLC) cells [37,38].
Furthermore, we showed that a berberine-phytantriol LCN formulation possessed strong
in vitro cytotoxic and anti-migratory activity against NSCLC [39]. In another study, we
showed that berberine-loaded LCNs were highly effective in attenuating oxidative stress,
senescence, and inflammation triggered by cigarette smoke in an in vitro model of COPD
obtained by exposing mouse macrophage cells (RAW264.7) and human broncho-epithelial
cells (16HBE) to cigarette smoke extract [40].

In the current study, we explored the protective activity of the berberine-phytantriol
LCN formulation (BP-LCN) against LPS-induced inflammation and oxidative stress on
mouse RAW264.7 macrophages. We demonstrate that BP-LCNs significantly reduce LPS-
induced ROS production, along with the upregulation of the pro-inflammatory cytokines
TNF-α, IL-6, and IL-1β. Furthermore, BP-LCNs were found to reduce LPS-induced iNOS
expression, with a concomitant reduction of NO production. The results of our study
confirm the dual antioxidant/anti-inflammatory activity of berberine, providing valuable
proof of the applicability of berberine-loaded LCNs as a therapeutic agent in chronic
inflammatory conditions.

2. Materials and Methods
2.1. Cell Culture and Formulation Aspects of BP-LCNs

A Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Basel, Switzerland) was
employed to culture the procured RAW 264.7 mouse macrophages (ATCC, Manassas,
VA, USA). The entire process was performed in a humidified incubator. The incubator
was monitored at a temperature of 37 ◦C with 5% CO2. Furthermore, the medium also
contained 5% (v/v) foetal bovine serum (FBS) (Lonza, Basel, Switzerland) along with 1%
(v/v) penicillin-streptomycin (Lonza, Basel, Switzerland). The experiments were carried out
in the DMEM both in the presence and absence of berberine-phytantriol LCNs maintained
at a temperature of 37 ◦C with 5% CO2. BP-LCN formulations were prepared as described
previously [39].

2.2. Cell Viability Determination

The determination of cell viability was conducted in RAW 264.7 cells using MTT
reagent (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich,
St. Louis, MO, USA) as described previously [41]. Briefly, seeding of the RAW 264.7 cells
was carried out at a density of 20,000 cells/well in a clear-bottomed, transparent 96-welled
plate. This mixture was incubated at 37 ◦C for a duration of 24 h. Subsequently, these
cells were incubated for 1 h in the presence of lipopolysaccharide (LPS) obtained from
Escherichia coli (with a final concentration of 1 µg/mL, Merck, Kenilworth, NJ, USA).
An additional 24 h incubation was allowed for the cells both with and without the BP-
LCNs. Finally, the working concentrations employed were 0.5, 1.0, 2.5, 5.0, or 10.0 µM.
Subsequently, to the wells, 250 µg/mL MTT reagent was incorporated. The mixture was
then incubated further for 4 h, after which the supernatant was removed with caution.
Dimethyl sulfoxide (DMSO) (Merck, Kenilworth, NJ, USA) was employed to solubilize the
developed formazan crystals. This was followed by measuring the absorbance levels of the
mixture. The wavelength employed was 540 nm. The entire operation was performed with
a POLARstar Omega microplate reader (BMG Labtech, Ortenberg, Germany).
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2.3. Determination of ROS Generation

Generation of cellular ROS was determined with 2′,7′-dihydrodichlorofluorescin di-
acetate (DCF-DA, Merck, Kenilworth, NJ, USA) using a fluorescence plate reader and
fluorescence microscopy, as described previously [40].

2.3.1. ROS Determination by Fluorescence Plate Reader

A black 96-welled plate (Greiner Bio-One GmbH, Frickenhausen, Germany) was em-
ployed to seed the RAW264.7 cells. The cells were seeded for a 24 h duration. Subsequently,
these cells were subjected to preincubation for 1 h with LPS (final concentration 1 µg/mL).
The mixture was then incubated with or without BP-LCNs for a period of 24 h with an even-
tual concentration of 1.0 or 2.5 µM respectively. This was followed by a 30-min incubation
at room temperature under a dark condition in the presence of DCF-DA (final concentration
10 µM). The fluorescence intensity was determined at an excitation wavelength of 488 nm.
The emission wavelength employed was 525 nm. The entire operation was performed with
a FLUOstar Omega (BMG LABTECH Pty Ltd., Victoria, Australia).

2.3.2. ROS Determination by Fluorescence Microscopy

RAW264.7 cells were grown on a coverslip of a 6-welled plate (Griener Bio-One GmbH).
Post overnight incubation, the cells were preincubated with 1 µg/mL LPS for 1 h. This was
followed by the incubation for 24 h with or without BP-LCNs (1.0 or 2.5 µM respectively).
This was followed by washing of the cells with phosphate-buffered saline (PBS, 2X washes).
The mixture was subsequently subjected to incubation with 10 µM of DCF-DA in dark
at room temperature for a duration of 30 min. Then PBS was used to wash the cells (2X)
and the fluorescence images were captured at 20× magnification using a fluorescence
microscope (Zeiss Axio Imager Z2, Oberkochen, Germany).

2.4. Determination of NO Production with Griess Reagent

The levels of NO secretion by RAW264.7 was determined using a modified Griess
reagent (Merck). A transparent, clear-bottom 96-well plate was employed for seeding the
RAW264.7 cells. A total of 24 h after incubation, the cells were subjected to pre-incubation
for 1 h with 1 µg/mL LPS, which was then incubated for 24 h with or without the BP-LCNs
(1.0 or 2.5 µM respectively). The culture supernatants were then collected, and 150 µL of
the supernatant was added onto a clear bottom, transparent 96-well plate and treated with
Griess reagent (1:1 (v/v) ratio). The samples were then subjected to incubation for 30 min
duration at room temperature in dark conditions. The relative levels of NO in the form
of nitrite were recorded by measuring the absorbance at 540 nm (excitation wavelength)
using a TECAN Infinite M1000 plate reader (Tecan Trading AG, Männedorf, Switzerland).
The absorbance of the blank (unconditioned cell culture media) was subtracted from the
absorbance of each sample and variations of NO levels were reported as percentages
compared to the control (untreated) group.

2.5. Real-Time Quantitative Polymerase Chain Reaction (PCR)

The experiment was performed with 6-well plates which were used to grow the
RAW264.7 cells. After reaching 80% confluency, preincubation was carried out with LPS
(1 µg/mL) for a duration of 1 h. The mixture was then incubated for 24 h both with and
without BP-LCNs (2.5 µM). Subsequently, PBS was used to wash the cells (2X), and were
lysed using the TRI reagent (Merck). The next step involved the total isolation of RNA [39].
The purity and the concentration of RNA were measured by Nanodrop One (Thermo Fisher
Scientific, North Ryde, NSW, Australia).

A quantitative reverse transcription PCR technique was employed to measure the
mRNA levels [38]. Briefly, the mixture was subjected to DNase treatment with a DNase I kit
(Merck), 1 µg of RNA was used to synthesize cDNA by reverse transcription using a Master-
cycler Nexus GSX1 thermal cycler (Eppendorf, Hamburg, Germany) via subsequent steps
of denaturation (65 ◦C, 15 min) and annealing (25 ◦C, 10 min). After this, reverse transcrip-
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tion at 37 ◦C for 50 min was performed followed by the inactivation of enzymes at 70 ◦C,
for 15 min were performed. The reaction mix contained random primers (500 ng/µL),
dNTPs (10 mM), MMLV reaction buffer (1×), and DTT (100 mM). Real-time qPCR was con-
ducted on 25 ng cDNA with a CFX96 real-time PCR detection system (Bio-Rad, Hercules,
CA, USA) using iTaq Universal SYBR Green supermix (1×, Bio-Rad, Hercules, CA, USA)
and 0.5 µM of each of the forward and reverse primers for TNF-α (Forward: TCTGTC-
TACTGAACTTCGGGGTGA; Reverse: TTGTCTTTGAGATCCATGCCGTT), IL-1β (For-
ward: TGGGATCCTCTCCAGCCAAGC; Reverse: AGCCCTTCATCTTTTGGGGTCCG),
IL-6 (Forward: AGAAAACAATCTGAAACTTCCAGAGAT; Reverse: GAAGACCAGAG-
GAAATTTTCAATAGG), iNOS (Forward: AGCGAGGAGCAGGTGGAAGACT; Reverse:
CCATAGGAAAAGACTGCACCGAA), and HPRT (Forward: AGGCCAGACTTTGTTG-
GATTTGAA; Reverse: CAACTTGCGCTCATCTTAGGCTTT).

2.6. Statistical Analysis

All data were presented as Mean ± SEM. To check for normal distribution of data, the
data points for each group were plotted on a histogram and visually inspected. Upon visual
confirmation of normal distribution, data were analyzed by 1-way ANOVA, followed by
Dunnett multiple comparisons test, using GraphPad Prism (v.9.4, GraphPad Software, San
Diego, CA, USA). The pairwise comparisons of a 2-tailed p-value < 0.05 were considered
statistically significant.

3. Results
3.1. Determination of Optimum Dose of BP-LCNs for Treatment in LPS-Induced RAW 264.7 Cells

The MTT assay results showed that BP-LCNs did not induce cell toxicity on LPS-
induced RAW 264.7 cells up to a concentration of 2.5 µM (Figure 1). However, the cell
viability of RAW 264.7 cells decreased significantly when they were incubated in the pres-
ence of BP-LCNs at 5 and 10 µM (Figure 1, p < 0.0001 for both against the control). Hence, the
non-toxic doses of 1.0 and/or 2.5 µM BP-LCNs were used in the subsequent experiments.
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Figure 1. Effect of BP-LCNs on the cell viability of LPS-induced RAW 264.7 cells. RAW 264.7 cells
were pre-incubated for 1 h in the presence of LPS (final concentration 1 µg/mL), then incubated for
24 h in the absence or presence of BP-LCNs (final concentration 0.5, 1.0, 2.5, 5.0 or 10.0 µM). MTT
reagent was added to each well, the cells were incubated for a further 4 h and the formazan crystals
were dissolved in DMSO. The cell viability was determined by measuring absorbance at 540 nm with
a microplate reader and the cell viability was normalized as a percentage of control cells. The results
are Mean ± SEM of three independent experiments (**** p < 0.0001).
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3.2. BP-LCNs Inhibit ROS Generation in a Dose-Dependent Manner

The anti-oxidative potential of BP-LCNs was assessed by measuring ROS levels in
LPS-induced RAW 264.7 cells. The LPS induction increased oxidative stress by 38% increase
in ROS production (Figure 2A, p < 0.0001 against control). The ROS levels were not affected
by BP-LCNs at a concentration of 1 µM (Figure 2A). However, the inclusion of BP-LCNs
at a concentration of 2.5 µM decreased ROS production by 10% (Figure 2A, p < 0.0001
against cells treated with LPS alone). The increase in ROS production by LPS induction was
apparent due to the increased fluorescence of DCF-DA in LPS-induced RAW 264.7 cells
(Figure 2B). As observed in the fluorescence images, the inclusion of BP-LCNs in the
incubation inhibited LPS-induced NO production at both 1.0 and 2.5 µM concentrations
(Figure 2B).
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Figure 2. Effect of BP-LCNs on LPS-induced ROS production in RAW 264.7 cells. RAW 264.7 cells
were pre-incubated for 1 h in the presence of LPS (final concentration 1 µg/mL), then incubated for
24 h in the absence or presence of BP-LCNs (final concentration 1.0 or 2.5 µM). The ROS generation
was determined semi-quantitatively and qualitatively by measuring the fluorescence intensity of
DCF-DA using a fluorescence plate reader (A) and fluorescence microscopy (B). The values in (A)
represent the Mean ± SEM of three independent experiments (**** p < 0.0001).

3.3. BP-LCNs Inhibit NO Generation

The potential of BP-LCNs to inhibit NO production was assessed by measuring NO
levels in the culture supernatant and mRNA levels of iNOS in LPS-induced RAW 264.7 cells.
LPS induction increased NO production 3.3-fold (Figure 3A, p < 0.0001 against control).
The inclusion of BP-LCNs at concentrations of 1 µM and 2.5 µM significantly decreased NO
production by 32% (Figure 3A, p < 0.001 against control) and 46% (Figure 3A, p < 0.0001
against control), respectively.

The underlying mechanism may be explained by BP-LCNs-mediated regulation of
iNOS gene expression in LPS-induced RAW 264.7 cells. The mRNA levels of LPS-treated
RAW 264.7 cells increased by 23-fold compared to the control (Figure 3B, p < 0.0001).
However, the inclusion of BP-LCNs in the incubation decreased the iNOS mRNA levels by
0.92-fold compared to LPS alone-treated RAW 264.7 cells (Figure 3B, p < 0.0001). The iNOS
mRNA levels in BP-LCNs-treated RAW 264.7 cells were comparable to the values of the
control cells (Figure 3B).
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264.7 cells. RAW 264.7 cells were pre-incubated for 1 h in the presence of LPS (final concentration
1 µg/mL), then incubated for 24 h in the absence or presence of BP-LCNs (final concentration 1.0 or
2.5 µM). The NO production in the culture supernatant was determined by using Griess reagent and
measuring the absorbance with a fluorescence plate reader (A). The mRNA levels of iNOS (B) were
determined by RT-qPCR as described in Materials and Methods Section 2.5. The values in (A,B) are
Mean ± SEM of three independent experiments (*** p < 0.001; **** p < 0.0001).

3.4. BP-LCNs Inhibit mRNA Levels of the Pro-Inflammatory Cytokines TNF-α, IL-6, and IL-1β

The anti-inflammatory potential of BP-LCNs was assessed on LPS-induced RAW
264.7 cells by measuring the mRNA levels of pro-inflammatory cytokines TNF-α, IL-6, and
IL-1β. The LPS induction in RAW 264.7 cells significantly increased the mRNA levels of
these cytokines compared to the control (Figure 4, p < 0.0001). The inclusion of BP-LCNs in
the incubation significantly decreased the mRNA levels of these cytokines compared to
the control (Figure 4A–C, p < 0.0001 against LPS-only treated cells). Thus, the LPS-induced
increase in the mRNA level of these cytokines was significantly inhibited in the presence of
BP-LCNs, suggesting a strong anti-inflammatory potential of BP-LCNs. The LPS-induced
mRNA levels of TNF-α were decreased by BP-LCNs to levels comparable to the control
cells (Figure 4A).
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Figure 4. Effect of BP-LCNs on mRNA expression of LPS-induced pro-inflammatory cytokines
TNF-α (A), IL-6 (B), and IL-1β (C) in RAW 264.7 cells. RAW 264.7 cells were pre-incubated for 1 h
in the presence of LPS (final concentration 1 µg/mL), then incubated for 24 h in the absence or
presence of BP-LCNs (final concentration 2.5 µM). Total RNA was extracted using TRI reagent, cDNA
synthesized by reverse transcription, and mRNA levels for TNF-α, IL-6, and IL-1β were determined
by quantitative PCR with SYBR green. The values shown are Mean ± SEM of three independent
experiments (** p < 0.01; **** p < 0.0001).
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4. Discussion

Inflammation and oxidative stress are two intimately interrelated processes that rep-
resent fundamental aetiological factors for many chronic inflammatory diseases. One
of the many pathways that initiate inflammatory responses involves the stimulation of
macrophages with the bacterial molecule LPS, which initiates a signaling cascade mediated
by the toll-like receptor 4 (TLR4). This activates downstream signaling pathways resulting,
among many outcomes, in increased secretion of pro-inflammatory cytokines, increased
ROS production, as well as increased iNOS expression that, in turn, generates higher levels
of NO [14].

Here, we demonstrated significant anti-inflammatory and antioxidant activity of BP-
LCNs in LPS-induced RAW264.7 mouse macrophages, which was mediated by inhibition
of the transcription of the pro-inflammatory cytokines TNF-α, IL-6, and IL-1β, as well
as through reduction of ROS production, inhibition of iNOS expression and subsequent
reduction of LPS-induced NO production.

Despite the many demonstrated clinical benefits, berberine is characterized by very
low water solubility [42]. This, together with the fact that it is poorly absorbed by the gas-
trointestinal tract, results in its characteristic poor bioavailability (0.68% in rats) [43], which
severely hampers its therapeutic use. Poor solubility and relatively low bioavailability
are common characteristics across a wide range of medicinally active phytochemicals [44].
Due to these limitations, high doses of berberine should be administered to achieve the
relevant pharmacological activity, but this might not be feasible due to the possibility of
toxic effects, which are more evident when using pure berberine compared to plant extracts
or plant fractions containing it [45]. For this reason, the use of nanotechnology-based
innovative drug delivery technologies involving the encapsulation of berberine in LCNs
is a viable strategy to improve its physicochemical properties, enhancing its therapeutic
efficacy and potency.

In this study, BP-LCNs demonstrated anti-inflammatory and antioxidant activity
when used at an equivalent berberine concentration of 2.5 µM. The low effective berberine
concentration needed to exert this effect is concordant with our previous study, in which
we demonstrated that berberine encapsulated in LCNs has significant dose-dependent
antioxidant activity at concentrations ranging between 1 and 5 µM, and anti-inflammatory
and anti-senescence activity at 5 µM, on both RAW264.7 and 16HBE human broncho-
epithelial cells exposed to cigarette smoke extract [40]. In comparison, a similar anti-
inflammatory effect was reported when using concentrations of free berberine powder
between 10 and 100 µM [25,30,46]. This represents a clear demonstration of the advantages
of formulating poorly soluble molecular moieties in advanced drug delivery systems such
as LCNs to overcome common limitations affecting many phytochemicals. Taken together
with our previous results [40], the findings reported in the present study demonstrate how
berberine-encapsulated LCNs are capable of counteracting inflammation and oxidative
stress induced by different stimuli, namely cigarette smoke, and LPS. This inspires further
research to provide a mechanistic explanation of the molecular pathways impacted by
berberine that lead to its therapeutic activity. In particular, it would be interesting to
investigate whether these activities are exerted by impacting signaling pathways such as
NF-kB, MAPKinase, and the NLRP3 inflammasome pathway. These investigations will
represent the core of our future studies on the characterization of the therapeutic activity
of BP-LCNs.

Although we observed promising antioxidant and anti-inflammatory activity of BP-
LCNs, a limitation of our study lies in the fact that we only investigated the expression
of TNF-α, IL-6, and IL-1β mRNA to assess the anti-inflammatory activity of BP-LCNs.
Although the inhibitory effect of berberine on these fundamental cytokines is in agreement
with studies from our laboratory and other research groups [40,47,48], it would be useful
to extend these findings to better understand the effect of our BP-LCNs on other cytokines
and pro- and anti-inflammatory mediators. Another limitation lies in the fact that the
experiments were entirely performed in vitro. To complement our findings, it would be
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interesting to investigate the activity of BP-LCNs in preclinical animal models of diseases
for which inflammation and oxidative stress represent an important aetiological factor
such as cancer, cardiovascular diseases, arthritis, chronic respiratory diseases, and others.
Considering the versatility of LCNs as drug delivery systems for inflammatory lung
diseases, which allow direct lung delivery of therapeutic moieties via inhalation [36], it
would be particularly interesting to test the in vivo activity of our BP-LCNs on animal
models of chronic respiratory diseases such as asthma [49,50] and COPD [51].

Despite this limitation, this study suggests that encapsulation of berberine in LCNs
has potent dual antioxidant and anti-inflammatory activity at relatively low berberine
concentrations, resulting in improved physicochemical characteristics and potentially
reduced toxic effects.

5. Conclusions

Our study demonstrates the advantages of the LCN-based formulation of berberine,
which exerted potent in vitro anti-inflammatory and antioxidant activity in LPS-induced
RAW246.7 macrophages at lower concentrations compared to free berberine. These effects
were mediated by inhibition of TNF-α, IL-6, IL-1β, and iNOS gene expression and simul-
taneous reduction of ROS and NO production. In conclusion, these results provide proof
of the validity of BP-LCNs as a new candidate for further development as a therapeutic
strategy for chronic inflammatory diseases. However, to allow translation into clinical
practice, these findings need to be validated by preclinical and clinical studies.

Author Contributions: A.M.A., A.G.A., M.A. and K.D. developed the research hypotheses and
visualization process for this project. G.D.R., B.M. and K.R.P. designed the experiments, and also
performed data acquisition, and statistical analyses. D.K.C., G.D.R., K.R.P. and T.M. were directly
involved in development of BP-LCN formulations. P.M.H. reviewed/edited the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to gratefully acknowledge the Qassim University represented
by the Deanship of Scientific Research for the financial support towards this research (ID Number:
10169-camsl-2020-1-3-I) during the academic year 1441 AH/2020 AD.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Data may be made available on request from the corresponding author.

Acknowledgments: The authors would like to gratefully acknowledge the Qassim University rep-
resented by the Deanship of Scientific Research for the financial support towards this research (ID
Number: 10169-camsl-2020-1-3-I) during the academic year 1441 AH/2020 AD. The authors would
also like to acknowledge Kris Rogers (Graduate School of Health, UTS) for his consultation to the
statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BP-LCNs: Berberine-Phytantriol Liquid Crystalline Nanoparticles; COPD: Chronic Obstructive
Pulmonary Disease; DCF-DA: 2′,7′-dihydrodichlorofluorescin diacetate; DMEM: Dulbecco’s modified
Eagle’s medium; DMSO: dimethyl sulfoxide; IL: Interleukin; iNOS: Inducible Nitric Oxide Synthase;
LCN: Liquid Crystalline Nanoparticles; LPS: Lipopolysaccharide; NO: Nitric Oxide; NSCLC: non-
small-cell lung cancer; RNI: reactive nitrogen intermediates; ROS: Reactive Oxygen Species; TNF-α:
Tumour Necrosis Factor-α; TLR4: Toll-Like Receptor 4.



Nanomaterials 2022, 12, 4312 10 of 12

References
1. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.; Rahu, N. Oxidative Stress and Inflammation: What Polyphenols Can Do for

Us? Oxid. Med. Cell Longev. 2016, 2016, 7432797. [CrossRef]
2. Pahwa, R.; Goyal, A.; Jialal, I. Chronic Inflammation. In StatPearls; StatPearls Publishing Copyright © 2022; StatPearls Publishing

LLC: Treasure Island, FL, USA, 2022.
3. Paudel, K.R.; Kim, D.-W. Microparticles-Mediated Vascular Inflammation and its Amelioration by Antioxidant Activity of Baicalin.

Antioxidants 2020, 9, 890. [CrossRef]
4. Kim, T.-M.; Paudel, K.R.; Kim, D.-W. Eriobotrya japonica leaf extract attenuates airway inflammation in ovalbumin-induced mice

model of asthma. J. Ethnopharmacol. 2019, 253, 112082. [CrossRef]
5. Wadhwa, R.; Paudel, K.R.; Shukla, S.; Shastri, M.; Gupta, G.; Devkota, H.P.; Chellappan, D.K.; Hansbro, P.M.; Dua, K. Epigenetic

Therapy as a Potential Approach for Targeting Oxidative Stress–Induced Non-Small-Cell Lung Cancer. In Handbook of Oxidative
Stress in Cancer: Mechanistic Aspects; Springer: Singapore, 2020; pp. 1–16.

6. Zhang, J.M.; An, J. Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 2007, 45, 27–37. [CrossRef]
7. Chellappan, D.K.; Yee, L.W.; Xuan, K.Y.; Kunalan, K.; Rou, L.C.; Jean, L.S.; Ying, L.Y.; Wie, L.X.; Chellian, J.; Mehta, M.; et al.

Targeting neutrophils using novel drug delivery systems in chronic respiratory diseases. Drug Dev. Res. 2020, 81, 419–436.
[CrossRef]

8. Takeuchi, O.; Akira, S. Pattern recognition receptors and inflammation. Cell 2010, 140, 805–820. [CrossRef]
9. Paudel, K.R.; Karki, R.; Kim, D.W. Cepharanthine inhibits in vitro VSMC proliferation and migration and vascular inflammatory

responses mediated by RAW264.7. Toxicol. In Vitro 2016, 34, 16–25. [CrossRef]
10. Dua, K.; Malyla, V.; Singhvi, G.; Wadhwa, R.; Krishna, R.V.; Shukla, S.D.; Shastri, M.D.; Chellappan, D.K.; Maurya, P.K.; Satija, S.;

et al. Increasing complexity and interactions of oxidative stress in chronic respiratory diseases: An emerging need for novel drug
delivery systems. Chemico-Biol. Interact. 2019, 299, 168–178. [CrossRef]

11. Nucera, F.; Mumby, S.; Paudel, K.R.; Dharwal, V.; DI Stefano, A.; Casolaro, V.; Hansbro, P.M.; Adcock, I.M.; Caramori, G. Role of
oxidative stress in the pathogenesis of COPD. Minerva Med. 2022, 113, 370–404. [CrossRef]

12. Panth, N.; Paudel, K.R.; Parajuli, K. Reactive Oxygen Species: A Key Hallmark of Cardiovascular Disease. Adv. Med. 2016,
2016, 9152732. [CrossRef]

13. Mehta, M.; Paudel, K.R.; Shukla, S.D.; Shastri, M.D.; Satija, S.; Singh, S.K.; Gulati, M.; Dureja, H.; Zacconi, F.C.; Hansbro, P.M.;
et al. Rutin-loaded liquid crystalline nanoparticles attenuate oxidative stress in bronchial epithelial cells: A PCR validation.
Future Med. Chem. 2021, 13, 543–549. [CrossRef]

14. Paudel, K.R.; Wadhwa, R.; Mehta, M.; Chellappan, D.K.; Hansbro, P.M.; Dua, K. Rutin loaded liquid crystalline nanoparticles
inhibit lipopolysaccharide induced oxidative stress and apoptosis in bronchial epithelial cells in vitro. Toxicol. In Vitro 2020, 68,
104961. [CrossRef]

15. Lee, H.H.; Paudel, K.R.; Kim, D.W. Terminalia chebula Fructus Inhibits Migration and Proliferation of Vascular Smooth Muscle
Cells and Production of Inflammatory Mediators in RAW 264.7. Evid. Based Complement. Alternat. Med. 2015, 2015, 502182.

16. McNeill, E.; Crabtree, M.J.; Sahgal, N.; Patel, J.; Chuaiphichai, S.; Iqbal, A.J.; Hale, A.B.; Greaves, D.R.; Channon, K.M. Regulation
of iNOS function and cellular redox state by macrophage Gch1 reveals specific requirements for tetrahydrobiopterin in NRF2
activation. Free Radic. Biol. Med. 2015, 79, 206–216. [CrossRef]

17. Biswas, S.K. Does the Interdependence between Oxidative Stress and Inflammation Explain the Antioxidant Paradox? Oxid. Med.
Cell Longev. 2016, 2016, 5698931. [CrossRef]

18. Halliwell, B. The antioxidant paradox: Less paradoxical now? Br. J. Clin. Pharmacol. 2013, 75, 637–644. [CrossRef]
19. Paudel, K.R.; Wadhwa, R.; Tew, X.N.; Lau, N.J.X.; Madheswaran, T.; Panneerselvam, J.; Zeeshan, F.; Kumar, P.; Gupta, G.;

Anand, K.; et al. Rutin loaded liquid crystalline nanoparticles inhibit non-small cell lung cancer proliferation and migration
in vitro. Life Sci. 2021, 276, 119436. [CrossRef]

20. Solanki, N.; Mehta, M.; Chellappan, D.K.; Gupta, G.; Hansbro, N.G.; Tambuwala, M.M.; Aljabali, A.A.; Paudel, K.R.; Liu, G.;
Satija, S.; et al. Antiproliferative effects of boswellic acid-loaded chitosan nanoparticles on human lung cancer cell line A549.
Future Med. Chem. 2020, 12, 2019–2034. [CrossRef]

21. Hardwick, J.; Taylor, J.; Mehta, M.; Satija, S.; Paudel, K.R.; Hansbro, P.M.; Chellappan, D.K.; Bebawy, M.; Dua, K. Targeting Cancer
using Curcumin Encapsulated Vesicular Drug Delivery Systems. Curr. Pharm. Des. 2021, 27, 2–14. [CrossRef]

22. Kim, E.; Kim, Y.J.; Ji, Z.; Kang, J.M.; Wirianto, M.; Paudel, K.R.; Smith, J.A.; Ono, K.; Kim, J.A.; Eckel-Mahan, K.; et al. ROR
activation by Nobiletin enhances antitumor efficacy via suppression of IkappaB/NF-kappaB signaling in triple-negative breast
cancer. Cell Death Dis. 2022, 13, 374. [CrossRef]

23. Kuo, C.L.; Chi, C.W.; Liu, T.Y. The anti-inflammatory potential of berberine in vitro and in vivo. Cancer Lett. 2004, 203, 127–137.
[CrossRef]

24. Li, Z.; Geng, Y.-N.; Jiang, J.-D.; Kong, W.-J. Antioxidant and anti-inflammatory activities of berberine in the treatment of diabetes
mellitus. Evid. Based Complement. Alternat. Med. 2014, 2014, 289264. [CrossRef]

25. Mo, C.; Wang, L.; Zhang, J.; Numazawa, S.; Tang, H.; Tang, X.; Han, X.; Li, J.; Yang, M.; Wang, Z.; et al. The crosstalk between
Nrf2 and AMPK signal pathways is important for the anti-inflammatory effect of berberine in LPS-stimulated macrophages and
endotoxin-shocked mice. Antioxid. Redox Signal. 2014, 20, 574–588. [CrossRef]

http://doi.org/10.1155/2016/7432797
http://doi.org/10.3390/antiox9090890
http://doi.org/10.1016/j.jep.2019.112082
http://doi.org/10.1097/AIA.0b013e318034194e
http://doi.org/10.1002/ddr.21648
http://doi.org/10.1016/j.cell.2010.01.022
http://doi.org/10.1016/j.tiv.2016.03.010
http://doi.org/10.1016/j.cbi.2018.12.009
http://doi.org/10.23736/S0026-4806.22.07972-1
http://doi.org/10.1155/2016/9152732
http://doi.org/10.4155/fmc-2020-0297
http://doi.org/10.1016/j.tiv.2020.104961
http://doi.org/10.1016/j.freeradbiomed.2014.10.575
http://doi.org/10.1155/2016/5698931
http://doi.org/10.1111/j.1365-2125.2012.04272.x
http://doi.org/10.1016/j.lfs.2021.119436
http://doi.org/10.4155/fmc-2020-0083
http://doi.org/10.2174/1381612826666200728151610
http://doi.org/10.1038/s41419-022-04826-5
http://doi.org/10.1016/j.canlet.2003.09.002
http://doi.org/10.1155/2014/289264
http://doi.org/10.1089/ars.2012.5116


Nanomaterials 2022, 12, 4312 11 of 12

26. El-Wahab, A.E.A.; Ghareeb, D.A.; Sarhan, E.E.; Abu-Serie, M.M.; El Demellawy, M.A. In vitro biological assessment of Berberis
vulgaris and its active constituent, berberine: Antioxidants, anti-acetylcholinesterase, anti-diabetic and anticancer effects. BMC
Complement. Altern. Med. 2013, 13, 218. [CrossRef]

27. Ni, L.; Li, Z.; Ren, H.; Kong, L.; Chen, X.; Xiong, M.; Zhang, X.; Ning, B.; Li, J. Berberine inhibits non-small cell lung cancer
cell growth through repressing DNA repair and replication rather than through apoptosis. Clin. Exp. Pharmacol. Physiol. 2022,
49, 134–144. [CrossRef]

28. Tew, X.N.; Lau, N.J.X.; Chellappan, D.K.; Madheswaran, T.; Zeeshan, F.; Tambuwala, M.M.; Aljabali, A.A.; Balusamy, S.R.;
Perumalsamy, H.; Gupta, G.; et al. Immunological axis of berberine in managing inflammation underlying chronic respiratory
inflammatory diseases. Chem. Biol. Interact. 2020, 317, 108947. [CrossRef]

29. Ma, J.; Chan, C.-C.; Huang, W.-C.; Kuo, M.-L. Berberine Inhibits Pro-inflammatory Cytokine-induced IL-6 and CCL11 Production
via Modulation of STAT6 Pathway in Human Bronchial Epithelial Cells. Int. J. Med. Sci. 2020, 17, 1464–1473. [CrossRef]

30. Gong, M.; Duan, H.; Wu, F.; Ren, Y.; Gong, J.; Xu, L.; Lu, F.; Wang, D. Berberine Alleviates Insulin Resistance and Inflammation
via Inhibiting the LTB4-BLT1 Axis. Front. Pharmacol. 2021, 12, 722360. [CrossRef]

31. Fogacci, F.; Grassi, D.; Rizzo, M.; Cicero, A. Metabolic effect of berberine-silymarin association: A meta-analysis of randomized,
double-blind, placebo-controlled clinical trials. Phytother. Res. 2019, 33, 862–870. [CrossRef]

32. Battu, S.K.; Repka, M.A.; Maddineni, S.; Chittiboyina, A.; Avery, M.; Majumdar, S. Physicochemical characterization of berberine
chloride: A perspective in the development of a solution dosage form for oral delivery. AAPS PharmSciTech 2010, 11, 1466–1475.
[CrossRef]

33. Liu, C.-S.; Zheng, Y.-R.; Zhang, Y.-F.; Long, X.-Y. Research progress on berberine with a special focus on its oral bioavailability.
Fitoterapia 2016, 109, 274–282. [CrossRef]

34. Spinozzi, S.; Colliva, C.; Camborata, C.; Roberti, M.; Ianni, C.; Neri, F.; Calvarese, C.; Lisotti, A.; Mazzella, G.; Roda, A. Berberine
and its metabolites: Relationship between physicochemical properties and plasma levels after administration to human subjects.
J. Nat. Prod. 2014, 77, 766–772. [CrossRef]

35. Ng, P.Q.; Ling, L.S.C.; Chellian, J.; Madheswaran, T.; Panneerselvam, J.; Kunnath, A.P.; Gupta, G.; Satija, S.; Mehta, M.; Hansbro,
P.M.; et al. Applications of Nanocarriers as Drug Delivery Vehicles for Active Phytoconstituents. Curr. Pharm. Des. 2020,
26, 4580–4590. [CrossRef]

36. Chan, Y.; Mehta, M.; Paudel, K.R.; Madheswaran, T.; Panneerselvam, J.; Gupta, G.; Su, Q.P.; Hansbro, P.M.; MacLoughlin, R.;
Dua, K.; et al. Versatility of liquid crystalline nanoparticles in inflammatory lung diseases. Nanomedicine 2021, 16, 1545–1548.
[CrossRef]

37. Mehta, M.; Malyla, V.; Paudel, K.R.; Chellappan, D.K.; Hansbro, P.M.; Oliver, B.G.; Dua, K. Berberine loaded liquid crystalline
nanostructure inhibits cancer progression in adenocarcinomic human alveolar basal epithelial cells in vitro. J. Food Biochem. 2021,
45, e13954. [CrossRef]

38. Paudel, K.R.; Mehta, M.; Yin, G.H.S.; Yen, L.L.; Malyla, V.; Patel, V.K.; Panneerselvam, J.; Madheswaran, T.; MacLoughlin, R.;
Jha, N.K.; et al. Berberine-loaded liquid crystalline nanoparticles inhibit non-small cell lung cancer proliferation and migration
in vitro. Environ. Sci. Pollut. Res. Int. 2022, 29, 46830–46847. [CrossRef]

39. Alnuqaydan, A.M.; Almutary, A.G.; Azam, M.; Manandhar, B.; Yin, G.H.S.; Yen, L.L.; Madheswaran, T.; Paudel, K.R.; Hansbro,
P.M.; Chellappan, D.K.; et al. Evaluation of the Cytotoxic Activity and Anti-Migratory Effect of Berberine-Phytantriol Liquid
Crystalline Nanoparticle Formulation on Non-Small-Cell Lung Cancer In Vitro. Pharmaceutics 2022, 14, 1119. [CrossRef]

40. Paudel, K.R.; Panth, N.; Manandhar, B.; Singh, S.K.; Gupta, G.; Wich, P.R.; Nammi, S.; MacLoughlin, R.; Adams, J.; Warkiani,
M.E.; et al. Attenuation of Cigarette-Smoke-Induced Oxidative Stress, Senescence, and Inflammation by Berberine-Loaded Liquid
Crystalline Nanoparticles: In Vitro Study in 16HBE and RAW264.7 Cells. Antioxidants 2022, 11, 873. [CrossRef]

41. Manandhar, B.; Kim, H.J.; Rhyu, D.Y. Caulerpa okamurae extract attenuates inflammatory interaction, regulates glucose
metabolism and increases insulin sensitivity in 3T3-L1 adipocytes and RAW 264.7 macrophages. J. Integr. Med. 2020, 18, 253–264.
[CrossRef]

42. Singh, M.; Bhowal, R.; Vishwakarma, R.; Chopra, D. Assessing the impact on aqueous solubility of berberine chloride via
co-crystallization with different stoichiometric ratios of pyromellitic dianhydride. J. Mol. Struct. 2020, 1200, 127086. [CrossRef]

43. Chen, W.; Miao, Y.-Q.; Fan, D.-J.; Yang, S.-S.; Lin, X.; Meng, L.-K.; Tang, X. Bioavailability study of berberine and the enhancing
effects of TPGS on intestinal absorption in rats. AAPS PharmSciTech 2011, 12, 705–711. [CrossRef] [PubMed]

44. Selby-Pham, S.N.B.; Miller, R.B.; Howell, K.; Dunshea, F.; Bennett, L.E. Physicochemical properties of dietary phytochemicals can
predict their passive absorption in the human small intestine. Sci. Rep. 2017, 7, 1931. [CrossRef] [PubMed]

45. Singh, N.; Sharma, B. Toxicological Effects of Berberine and Sanguinarine. Front. Mol. Biosci. 2018, 5, 21. [CrossRef] [PubMed]
46. Bae, Y.A.; Cheon, H.G. Activating transcription factor-3 induction is involved in the anti-inflammatory action of berberine in

RAW264.7 murine macrophages. Korean J. Physiol. Pharmacol. 2016, 20, 415–424. [CrossRef] [PubMed]
47. Zhang, H.; Shan, Y.; Wu, Y.; Xu, C.; Yu, X.; Zhao, J.; Yan, J.; Shang, W. Berberine suppresses LPS-induced inflammation through

modulating Sirt1/NF-κB signaling pathway in RAW264.7 cells. Int. Immunopharmacol. 2017, 52, 93–100. [CrossRef] [PubMed]
48. Zhai, L.; Huang, T.; Xiao, H.T.; Wu, P.G.; Lin, C.Y.; Ning, Z.W.; Zhao, L.; Kwan, H.Y.A.; Hu, X.J.; Wong, H.L.X.; et al. Berberine Sup-

presses Colonic Inflammation in Dextran Sulfate Sodium-Induced Murine Colitis Through Inhibition of Cytosolic Phospholipase
A2 Activity. Front. Pharmacol. 2020, 11, 576496. [CrossRef]

http://doi.org/10.1186/1472-6882-13-218
http://doi.org/10.1111/1440-1681.13582
http://doi.org/10.1016/j.cbi.2020.108947
http://doi.org/10.7150/ijms.45400
http://doi.org/10.3389/fphar.2021.722360
http://doi.org/10.1002/ptr.6282
http://doi.org/10.1208/s12249-010-9520-y
http://doi.org/10.1016/j.fitote.2016.02.001
http://doi.org/10.1021/np400607k
http://doi.org/10.2174/1381612826666200610111013
http://doi.org/10.2217/nnm-2021-0114
http://doi.org/10.1111/jfbc.13954
http://doi.org/10.1007/s11356-022-19158-2
http://doi.org/10.3390/pharmaceutics14061119
http://doi.org/10.3390/antiox11050873
http://doi.org/10.1016/j.joim.2020.02.001
http://doi.org/10.1016/j.molstruc.2019.127086
http://doi.org/10.1208/s12249-011-9632-z
http://www.ncbi.nlm.nih.gov/pubmed/21637946
http://doi.org/10.1038/s41598-017-01888-w
http://www.ncbi.nlm.nih.gov/pubmed/28512322
http://doi.org/10.3389/fmolb.2018.00021
http://www.ncbi.nlm.nih.gov/pubmed/29616225
http://doi.org/10.4196/kjpp.2016.20.4.415
http://www.ncbi.nlm.nih.gov/pubmed/27382358
http://doi.org/10.1016/j.intimp.2017.08.032
http://www.ncbi.nlm.nih.gov/pubmed/28888780
http://doi.org/10.3389/fphar.2020.576496


Nanomaterials 2022, 12, 4312 12 of 12

49. Kim, R.Y.; Horvat, J.C.; Pinkerton, J.W.; Starkey, M.R.; Essilfie, A.T.; Mayall, J.R.; Nair, P.M.; Hansbro, N.G.; Jones, B.; Haw, T.J.;
et al. MicroRNA-21 drives severe, steroid-insensitive experimental asthma by amplifying phosphoinositide 3-kinase-mediated
suppression of histone deacetylase 2. J. Allergy Clin. Immunol. 2017, 139, 519–532. [CrossRef]

50. Feng, K.-N.; Meng, P.; Zou, X.-L.; Zhang, M.; Li, H.-K.; Yang, H.-L.; Li, H.-T.; Zhang, T.-T. IL-37 protects against airway remodeling
by reversing bronchial epithelial-mesenchymal transition via IL-24 signaling pathway in chronic asthma. Respir. Res. 2022, 23, 244.
[CrossRef]

51. Beckett, E.L.; Stevens, R.L.; Jarnicki, A.G.; Kim, R.Y.; Hanish, I.; Hansbro, N.G.; Deane, A.; Keely, S.; Horvat, J.C.; Yang, M.; et al. A
new short-term mouse model of chronic obstructive pulmonary disease identifies a role for mast cell tryptase in pathogenesis.
J. Allergy Clin. Immunol. 2013, 131, 752–762. [CrossRef]

http://doi.org/10.1016/j.jaci.2016.04.038
http://doi.org/10.1186/s12931-022-02167-7
http://doi.org/10.1016/j.jaci.2012.11.053

	Introduction 
	Materials and Methods 
	Cell Culture and Formulation Aspects of BP-LCNs 
	Cell Viability Determination 
	Determination of ROS Generation 
	ROS Determination by Fluorescence Plate Reader 
	ROS Determination by Fluorescence Microscopy 

	Determination of NO Production with Griess Reagent 
	Real-Time Quantitative Polymerase Chain Reaction (PCR) 
	Statistical Analysis 

	Results 
	Determination of Optimum Dose of BP-LCNs for Treatment in LPS-Induced RAW 264.7 Cells 
	BP-LCNs Inhibit ROS Generation in a Dose-Dependent Manner 
	BP-LCNs Inhibit NO Generation 
	BP-LCNs Inhibit mRNA Levels of the Pro-Inflammatory Cytokines TNF-, IL-6, and IL-1 

	Discussion 
	Conclusions 
	References

