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Background: Cinnamic acid (CA) is a phytochemical originally derived from Cinnamomum 

cassia, a plant with numerous pharmacological properties. The intercalation of CA with 

a nanocarrier, zinc layered hydroxide, produces cinnamate-zinc layered hydroxide (ZCA), 

which has been previously characterized. Intercalation is expected to improve the solubility and 

cell specificity of CA. The nanocarrier will also protect CA from degradation and sustain its 

release. The aim of this study was to assess the effect of intercalation on the anti-inflammatory 

capacity of CA.

Methods: In this study, the anti-inflammatory activity of ZCA was investigated and compared 

with that of nonintercalated CA. Evaluations were based on the capacity of ZCA and CA to 

modulate the release of nitric oxide, prostaglandin E
2
, interleukin (IL)-6, tumor necrosis factor 

alpha (TNF-α), IL-1β, and IL-10 in lipopolysaccharide-induced RAW 264.7 cells. Addition-

ally, the expression of proinflammatory enzymes, ie, cyclooxygenase-2, inducible nitric oxide 

synthase, and nuclear factor kappa B (NF-κB), were examined.

Results: Although both ZCA and CA downregulated nitric oxide, prostaglandin E
2
, tumor 

necrosis factor alpha, IL-1β, and IL-6, ZCA clearly displayed better activity. Similarly, expres-

sion of cyclooxygenase-2 and inducible nitric oxide synthase were inhibited in samples treated 

with ZCA and CA. The two compounds effectively inactivated the transcription factor NF-κB, 

but the anti-inflammatory cytokine, IL-10, was significantly upregulated by ZCA only.

Conclusion: The present findings suggest that ZCA possesses better anti-inflammatory potential 

than CA, while zinc layered hydroxide had little or no effect, and these results were comparable 

with the positive control.
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Introduction
Inflammation is a beneficial host response to foreign attack or tissue injury that eventually 

leads to restoration of normal tissue structure and function.1,2 Acute inflammation is a 

controlled beneficial process, especially in response to infectious agents, but chronic 

inflammation is an obnoxious persistent phenomenon that may result in inflammatory 

disease.3,4 Detection of invaders through a wide range of foreign molecular patterns, 

which induce initiation of the protective innate immunity and inflammatory process, 

encompasses the first line of the body’s defense system. The major components of 

innate immunity are phagocytes (macrophages, neutrophils, and dendritic cells), 

complement system protein, and natural killer cells.5,6 Although the first immune cells 
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to reach an area of attack are the neutrophils, macrophages 

mastermind the activation of the inflammatory reaction.7,8

Macrophages and other activated inflammatory cells 

secrete high amounts of prostaglandin PGE
2 
(PGE

2
), nitric 

oxide (NO), and cytokines, such as interleukin (IL)-6, tumor 

necrosis factor alpha (TNF-α), and IL-1β. Undoubtedly, 

host defense is complemented by these mediators, and their 

uncontrolled production can be a factor in the pathogenesis of 

many diseases, such as rheumatoid arthritis, atherosclerosis, 

sepsis, and pulmonary fibrosis.9–11 They may also induce cell 

and tissue damage.12,13 Since the production of these soluble 

factors is associated with macrophages, they are considered to 

play a critical role during inflammation by managing various 

immunopathological phenomena.14,15 Likewise, the presence 

of these mediators in the macrophages of inflammatory tis-

sues with increased expression of their mRNAs, following 

exposure to an inflammatory stimulus, has been proven. Thus, 

inhibiting the production of these mediators remains a critical 

target in combating inflammatory diseases.16,17

Cinnamomum cassia, an evergreen plant of the Lau-

raceae family, has long been associated with the treatment 

of inflammatory disease, dyspepsia, blood circulation 

disturbances, and gastritis. Its extracts contain phenolics 

such as cinnamic alcohol, cinnamic aldehyde, coumarin, 

and cinnamic acid (CA).18,19 CA has recently demonstrated 

significant anti-inflammatory potential in both in vitro and 

in vivo experiments.20 Apart from its antioxidant properties, 

CA has been found to reduce cell proliferation by 50% in 

melanoma, glioblastoma, and lung and prostate carcinoma 

cells.21,22 The compound also displayed antidiabetic activity 

in insulin-resistant FL83B cells.23

Basically, the factors that determine the effect of a drug 

molecule are its natural therapeutic activity and its efficient 

delivery at the site of action.24,25 However, most conventional 

drugs or therapeutic agents suffer from nonspecificity of 

action, degradation of the drug before reaching the target 

site (low bioavailability or failure to traverse the blood–brain 

barrier), and poor solubility in the delivery medium. Drug 

intercalation with nanoparticles improves their efficacy 

by sustaining release and targeting the cell surface rising 

ligands connected with membrane disruption and endosomal 

uptake. They also permit drug release in the cell cytoplasm 

and shield the drug from enzymatic degradation.26–28 Use 

of inorganic nanoparticles in nanodrug development has 

gained considerable acceptance in recent times, due to their 

versatile features such as good biocompatibility, wide avail-

ability, rich surface functionality, and prospective capability 

of drug delivery.29–32

Intercalation of an active compound into inorganic 

nanoparticles such as zinc layered hydroxide (ZLH) has been 

successful due to the anionic exchange capacity of the nano-

carrier. Apart from CA, many compounds of pharmacological 

importance have been successfully loaded into ZLH. These 

include gallic acid,33,34 nucleoside monophosphate, DNA,35,36 

linoleic acid,37 and sunscreen materials such as 4-amino 

benzoic acid.38,39 This study was designed to determine the 

effect of intercalation on the anti-inflammatory potential of 

CA by evaluating the production and expression of various 

inflammatory mediators, ie, NO, PGE
2
, TNF-α, IL-6, IL-1β, 

IL-10, cyclooxygenase-2 (COX-2), inducible NO synthase 

(iNOS), and nuclear factor kappa B (NF-κB), in lipopolysac-

charide (LPS) stimulated RAW 264.7 macrophages.

Materials and methods
Materials
The RAW 264.7 cell line was sourced from the American 

Type Culture Collection (ATCC, Manassas, VA, USA), 

cultured and maintained in Dulbecco’s modified Eagle’s 

medium, and supplemented with 10% fetal bovine serum 

and 1% antibiotics. LPS and dexamethasone were sourced 

from Nacalai Tesque Inc (Tokyo, Japan). CA was supplied 

by Acros (Geel, Belgium), while ZLH and cinnamate-ZLH 

(ZCA) were synthesized and characterized in the Institute 

of Advanced Technology, Universiti Putra Malaysia.39 

PGE
2
 and an enzyme-linked immunosorbent assay kit were 

purchased from R&D Systems (Minneapolis, MN, USA). 

All Western blotting apparatus and reagents were from Bio-

Rad (St Louis, MO, USA). The primary antibodies iNOS, 

COX-2, NF-κB, and appropriate secondary antibodies (goat 

anti-rabbit and goat anti-mouse) were purchased from Santa 

Cruz Biotechnology (Dallas, TX, USA). Enhanced chemi-

luminescence substrates were manufactured by Nacalai 

Tesque Inc, while the polyvinylidene fluoride membrane 

was from Bio-Rad.

Synthesis of nanocomposite 
and characterization
ZLH and ZCA were synthesized and characterized in the 

Institute of Advance Technology, Universiti Putra Malaysia. 

ZLH was synthesized by a conventional coprecipitation 

method using aqueous solutions of zinc nitrate hexahydrate.40 

ZnO was used as the parent material in the synthesis of ZCA 

through a newly developed direct method.39 Hydrolysis of 

ZnO formed a layer of Zn(OH)
2
, while the reaction of Zn 

ion species, hydroxyls, water, and cinnamate anions in the 

solution generated ZCA. Basal spacing of the nanocomposite 
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obtained from power X-ray diffraction was 23.9Å following 

intercalation of cinnamate between the interlayer spaces of 

ZLH. Fourier transform infrared analysis showed that the 

nanocomposite possesses the absorption characteristics of 

both ZLH and pure CA. However, elemental analysis showed 

that 40.4% w/w of CA was contained in the nanohybrid, and 

the intercalated compound exhibited excellent ultraviolet A 

and B capacity. ZnO exhibited a slow absorption rate, reach-

ing an optimal uptake at 8 cm3/g, but after intercalating CA 

into ZLH layers, the adsorption uptake reached 37 cm3/g. In 

addition, various types of medium were used to show slow and 

saturated release at low concentrations as evidence of reten-

tion of cinnamate in the ZLH interlayers. The resultant ZCA 

was found to be an effective and safe sunscreen agent.39

Cell viability assay
Cell viability was determined by the ability of mitochon-

drial reductase to convert 3-(4,5-dimethythiazol-2-yl)-2, 

5-diphenyl tetrazolium bromide) (MTT) to formazan dye. 

Overnight culture of RAW 264.7 cells in 96-well plates was 

done at a density of 1.5×104 cells/100 µL in each well. This 

was followed by treating the cells with ZCA, CA, and ZLH 

for 24 hours, after which 10 µL of MTT at a concentration 

of 5 mg/mL was added to each well and kept in a 5% CO
2
 

incubator for 4 hours at 37°C. The MTT solution was then 

removed and 100 µL of dimethyl sulfoxide was added to 

each well to lyse the cells. A Lambda 35 microplate reader 

(Perkin-Elmer, Boston, MA, USA) was used to measure 

absorbance at 570 nm.

Determination of NO production
RAW 264.7 cells were seeded in 24-well culture plates at a 

density of 2×105 cells/well in 1 mL of culture medium fol-

lowed by overnight incubation. Confluent cells were treated 

with varying concentrations of ZCA, CA, and ZLH (2.5, 5 and 

10 µg/mL) for one hour. The cells were then challenged with 

a 1 µg/mL concentration of LPS and incubated for a further 

24 hours. Accumulated nitrite in the culture medium was 

measured as a representative of NO production using Griess 

reagent (0.1% N-1-[naphthyl] ethylenediamine dihydrochlo-

ride and 1% sulphanilamide and 5% H
3
PO

4
). Next, 100 µL of 

cell supernatant and an equal amount of Griess reagent were 

plated in each well of a 96-well plate. They were incubated 

for 10 minutes followed by absorbance reading at 550 nm.

Determination of cytokine production
The inhibitory effect of ZCA on the production of IL-6, 

IL-1β, TNF-α, and IL-10 were determined by enzyme-linked 

immunosorbent assay using medium collected from the treated 

cells. RAW 264.7 cells were seeded into a six-well plate at 

a density of 2×105 cells/well and incubated overnight. The 

cells were then treated with ZCA, CA, and ZLH (2.5, 5 and  

10 µg/mL) for one hour. This was followed with addition of  

1 µg/mL LPS for 24 hours to induce inflammation. Culture 

supernatants were assayed according to the protocol of the 

enzyme-linked immunosorbent assay kit (R&D Systems) to 

measure the amount of IL-6, IL-1β, TNF-α, and IL-10 produced 

in each sample. The experiment was carried out in triplicate.

Determination of PGE2 level
RAW 264.7 cells plated at a density of 2×105 in six-well 

plates were incubated overnight. Confluent cells were then 

treated with ZCA, CA, or ZLH at concentrations of 2.5, 5, 

and 10 µg/mL for one hour, followed by induction of inflam-

mation with LPS for another 24 hours. The concentration of 

PGE
2
 was determined using a PGE

2
 immunoassay kit (R&D 

Systems) according to the manufacturer’s guidelines.

Western blot analysis
Confluent RAW 264.7 cells were treated with ZCA, CA, 

or ZLH (2.5, 5, and 10 µg/mL) for one hour and then chal-

lenged with LPS 1 µg/mL for 24 hours. Thereafter, the cells 

were scraped and centrifuged at 1,200 rpm for 10 minutes at 

4°C. The supernatant was discarded, and phosphate-buffered 

saline was added followed by centrifugation at 1,200 rpm for 

10 minutes at 4°C. Ice-cold cell lysis buffer were added to 

the cells for 30 minutes with intermittent shaking. Finally, 

the cells were centrifuged at 14,000 rpm for 30 minutes at 

4°C. Protein concentrations in the samples were estimated 

using a bicinchoninic acid protein assay kit with bovine 

serum albumin as the standard. Total proteins (20 µg) were 

separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) using 10% polyacrylamide 

gel and transferred to a polyvinylidene fluoride membrane. 

Blocking was done with 5% skimmed milk in PBST (1% v/v 

Tween-20 in phosphate-buffered saline, pH 7.2) for one hour. 

The membranes were thereafter incubated with anti-mouse 

iNOS, anti-mouse NF-κB, and anti-mouse COX-2 (Santa 

Cruz Biotechnology) in a 1:1,000 concentration at 4°C 

overnight. The membranes were then washed six times in 

PBST at regular intervals for one hour. This was followed 

by incubation with horseradish peroxidase-conjugated goat 

anti-rabbit and goat anti-mouse, immunoglobulin G second-

ary antibodies (Santa Cruz Biotechnology) at a concentration 

of 1:2,000 for one hour. Membranes were finally washed six 

times in PBST for 10 minutes each. Chemiluminescence 
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substrate (Thermo Scientific, Rockford, IL, USA) was used 

to reveal the blots detected with Chemidoc™ XRS (Bio-Rad). 

Intensity of the blots was finally analyzed using Bio-Rad 

Lab image software.

Statistical analysis
The statistical significance of differences between the various 

experimental values and control values was determined using 

the Student’s t-test. The data are expressed as the mean ± stan-

dard deviation, and the results were selected from at least three 

independent experiments performed in triplicate. P-values of 

0.05 or less were considered to be statistically significant.

Results
Effect of ZCA, CA, and ZLH on cell 
viability
The cytotoxicity potential of compounds, ie, CA inter-

calated with ZLH (ZCA) which is the nanocomposite of 

interest, CA and the nanocarrier system, ZLH, were tested 

in RAW 264.7 cells. As shown in Figure 1, incubation of 

cells with ZCA showed a 40% reduction in cell viability 

at 40 µg/mL, but cell viability was above 80% when ZCA  

20 µg/mL was incubated with confluent cells. While coincu-

bation of cells with ZLH 40 µg/mL yielded 53% cell viability, 

other concentrations showed more than 80% cell viability. How-

ever, CA did not display any toxicity even at 40 µg/mL. Nev-

ertheless, the three concentrations (2.5, 5.0, and 10.0 µg/mL)  

were chosen for subsequent assays and analysis.

Effects of ZCA on LPS-induced NO 
production
The inhibitory effect of ZCA on the production of NO was 

investigated using LPS-activated RAW 264.7 macrophages. 

Inhibition of NO by ZCA occurred in a dose-dependent 

manner (47.66%, 52.52%, and 65.12% at 2.5, 5, and 

10 µg/mL, respectively, as shown in Figure 2). The activity 

displayed by CA was lower than that of ZCA when the 

compound was incubated with LPS-stimulated RAW 264.7 

macrophages. CA achieved 36.31%, 39.198%, and 53.27% 

inhibition of NO production at 2.5, 5, and 10 µg/mL, 

respectively. ZLH did not show any significant inhibitory 

activity. However, dexamethasone, which served as the 

positive control, was found to inhibit the production of NO 

by 86.24%.

Effect of ZCA on PGE2 biosynthesis
The downregulatory activity of ZCA on production of the 

proinflammatory marker PGE
2
 was investigated using LPS-

activated RAW 264.7 cells. Enzyme-linked immunosorbent 

assay results showed a significant increase in levels of PGE
2
 

in the culture supernatants of RAW 264.7 cells stimulated 

with LPS (7,611.62 pg/mL) compared with nonstimulated 

cells (197.65 pg/mL). Addition of ZCA to the mixture 

significantly inhibited the production of PGE
2
 at different 

concentrations, as shown in Figure 3. The activity of ZCA 

in samples treated with 10.0 µg/mL was the highest, ie, 

89.98% (762.34 pg/mL) inhibition (P0.01), while inhibi-

tion was 53.14% (3,566.70 pg/mL) at 5 µg/mL and 48.35% 

(3,931.35 pg/mL) at 2.5 µg/mL. CA showed compara-

tively lower effects, ie, 10.65% (6,800.70 pg/mL), 20.16% 

(6,077.59 pg/mL), and 57.73% (3,069.84 pg/mL) inhibition 

at 2.5, 5.0, and 10.0 µg/mL, respectively. ZLH exhibited 

the lowest inhibitory activity, ie, 0.78% (7,551.19 pg/mL), 

3.50% (7,345.56 pg/mL), and 2.27% (7,438.53 pg/mL). The 

inhibitory effect of the positive control drug, dexamethasone, 

was 49.94% (3,760.05 pg/mL).

Figure 1 Viability of RAW 264.7 cells after 24 hours of treatment with ZCA, CA, and ZLH.
Notes: The data are presented as the mean ± standard deviation of three independent experiments. **P0.01 versus untreated lipopolysaccharide-stimulated group. 
Abbreviations: CA, cinnamic acid; ZCA, cinnamate-zinc layered hydroxide; ZLH, zinc layered hydroxide.
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Effect of ZCA on LPS-induced production 
of proinflammatory cytokines
The concentrations of IL-6, TNF-α, and IL-1β (suggestive of 

proinflammatory cytokine activity) and IL-10 (suggestive of 

anti-inflammatory activity) in the treated RAW 264.7 cells 

are shown in Figure 4A–D, respectively. The results indicate 

that concurrent ZCA or CA treatment with LPS-stimulated 

cells significantly inhibited levels of IL-6, TNF-α, and IL-1β. 

Although production of IL-6 was reduced by both ZCA and 

CA in a similar manner, the inhibitory activity of ZCA in 

the synthesis of TNF-α was comparatively higher. While 

CA exhibited 15.60%, 15.83%, and 19.96% inhibition at 

2.5, 5 and 10 µg/mL, respectively, ZCA inhibited TNF-α 

production by more than 40% in all treatments. The highest 

augmentation of IL-1β inhibition was observed in samples 

treated with ZCA at a concentration of 10 µg/mL. Although 

inhibitory activity of ZLH was not significant when compared 

with nanocomposite, ZCA and free drug CA.

In the case of anti-inflammatory cytokine activity, ZCA 

treatment potentiated a significant rise in levels of IL-10 in 

RAW 264.7 macrophages. In comparison with LPS-stimulated 

groups, ZCA treated samples were highly significant 

(P0.01), with 17.17% upregulation at 10 µg/mL, while its 

activity at 2.5 and 5 µg/mL was less significant (P0.05), 

with upregulation of 8.31% and 8.43%, respectively. Although 

CA upregulated the IL-10 cytokine at all three concentrations 

applied, the effect of CA was not significant when compared 

with samples stimulated with LPS alone. In contrast, treatment 

with ZLH did not improve production of IL-10.

Effects of ZCA on LPS-induced COX-2, 
iNOS and NF-κB expression
The effect of ZCA on the protein expression of iNOS, COX-2, 

and NF-κB was investigated using LPS-induced RAW 264.7 

macrophages. From the Western blotting data shown in Fig-

ure 5, nonstimulated RAW 264.7 cells lacked iNOS activity. 

When the cells were induced with LPS, some level of iNOS 

expression was observed. On the other hand, expression of 

iNOS protein was significantly reduced by ZCA and CA when 

incubated with LPS-stimulated RAW 264.7 cells.

Additionally, while COX-2 was hardly detected in non-

stimulated cells, high expression of the enzyme was observed 

on Western blotting analysis in samples treated with ZLH at 

5.0 and 10.0 µg/mL (Figure 5). Both ZCA and CA exhibited 

low expression of COX-2 in contrast with the expression 

observed in samples treated with LPS alone. RAW 264.7 

cells incubated with LPS alone showed a high intensity of 

NF-κB, while samples pretreated with ZCA and CA before 

LPS stimulation showed downregulated expression of NF-κB. 

Although CA inhibited NF-κB to a better extent than the inter-

calated compound, the activities of the two compounds were 

highly significant (P0.01), as shown in the analysis. Again, 

high expression of NF-κB was observed in samples treated 

with the nanocarrier, ZLH. Nevertheless, dexamethasone 

inhibited NF-κB in a manner comparable with that of CA.

Discussion
The role of macrophages in many inflammatory processes 

highlights their importance in both innate and adaptive 

Figure 2 Inhibitory effects of ZCA on LPS-induced NO production in RAW 264.7 
macrophages.
Notes: Production of NO was assayed in the culture medium of macrophages 
pretreated with ZCA, CA, and ZLH (2.5, 5, and 10 µg/mL, respectively) and later 
stimulated with LPS (1 µg/mL) for 24 hours. Each value indicates the mean ± standard 
deviation of three independent experiments. *P0.05, **P0.01 versus untreated 
LPS-stimulated group. 
Abbreviations: CA, cinnamic acid; LPS, lipopolysaccharide; NO, nitric oxide; ZCA,  
cinnamate-zinc layered hydroxide; ZLH, zinc layered hydroxide; DEX, dexamethasone.
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Figure 3 Inhibitory effect of ZCA on LPS-induced production of PGE2 in RAW 
264.7 macrophages.
Notes: Production of PGE2 was assayed according to an enzyme-linked immunosorbent 
assay protocol, using the culture medium of confluent cells pretreated with ZCA, CA, 
and ZLH (2.5, 5, and 10 µg/mL, respectively) and later stimulated with LPS (1 µg/mL) 
for 24 hours. Each value indicates the mean ± standard deviation of three independent 
experiments. *P0.05 and **P0.01 versus untreated LPS-stimulated group. 
Abbreviations: CA, cinnamic acid; DEX, dexamethasone; LPS, lipopolysaccharide; 
PGE2, prostaglandin E2; ZCA, cinnamate-zinc layered hydroxide; ZLH, zinc layered 
hydroxide.
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immunity.41,42 Macrophages are associated with many disease 

conditions, such as inflammation, infection, atherosclerosis, 

lupus, cancer, and diabetes.43 In this study, the RAW 264.7 

macrophage was selected to evaluate the potential of CA-ZLH 

intercalation to improve the anti-inflammatory properties of 

CA. Some recent studies have reported the anti-inflammatory 

activity of CA.44 However, its effect on the production of NO, 

PGE
2
, and cytokines in LPS-stimulated RAW 264.7 cells is 

yet to be reported. Apart from a report on the potential of ZCA 

as a sunscreen agent with an ultraviolet protection effect,39 

there is no report on the anti-inflammatory activity of the 

nanocomposite (ZCA) in LPS-induced inflammation.

The LPS endotoxin triggers an extensive injury to the 

macrophage. Apart from a reduced capacity to produce 

antigen, synthesis of important mediators, such as reac-

tive oxygen species, free radicals, cytokines, and bioactive 

lipids, are altered.45–47 In recent times, treatment of inflam-

matory disorders has been largely based on inhibiting the 

action or synthesis of important mediators that prompt the 

host’s response to attack. Many therapeutic agents, such 

as nonsteroidal anti-inflammatory drugs, steroids, and 

histamine, were developed based on this strategy. Data 

acquired from the assays undertaken in this research confirm 

that LPS endotoxin activates significant production of NO, 

PGE
2
, and inflammatory cytokines (IL-6, TNF-α, IL-1β), in 

RAW 264.7 cells.

However, the data reported in the previous sections 

show the enhanced anti-inflammatory potential of the ZCA 

nanocomposite when compared with CA. Synthesis of ZCA 

involved loading of only 40.4% of CA between the ZLH 

interlayers, but ZCA reduced the production of inflammatory 

markers in a manner comparable with that of the positive 

control. Samples treated with ZCA at all concentrations 

showed low levels of NO, providing clear evidence that the 

intercalation enhanced the anti-inflammatory activity of CA. 

The inhibitory effect of ZCA on production of NO may be 

associated with downregulation of iNOS expression by the 

same compound (Figure 5). NO production is strongly linked 

with the continuous synthesis of iNOS, which breaks down 

arginine to NO and citrulline. Increased NO production is 

Figure 4 (A–D) Effect of ZCA on IL-6, TNF-α, IL-1β, and IL-10 production in LPS stimulated RAW 264.7 macrophages.
Notes: Production of cytokines was assayed according to an enzyme-linked immunosorbent assay protocol using the culture supernatant of macrophages pretreated with 
ZCA, CA, and ZLH (2.5, 5, and 10 µg/mL) and later stimulated with LPS (1 µg/mL) for 24 hours. Each value indicates the mean ± standard deviation of three independent 
experiments. *P0.05, **P0.01 versus untreated LPS-stimulated group. 
Abbreviations: CA, cinnamic acid; DEX, dexamethasone; IL, interleukin; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor alpha; ZCA, cinnamate-zinc layered 
hydroxide; ZLH, zinc layered hydroxide.
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observed in various diseases, and NO synthase inhibitors 

have successfully reversed many classic signs and symp-

toms of inflammation.48,49 Mulligan et al, using experimental 

rats with immune complex-induced lung injury, found that 

inhibitors of NO synthesis have protective properties in 

this model.50 In contrast, L-arginine, which is a precursor 

of NO, complicates tissue injury. Similarly, the effect of 

inflammatory bowel disease was reduced in experimental 

animals with induced colitis by administration of two dif-

ferent NO synthase inhibitors, ie, N-nitro-L-arginine methyl 

ester and aminoguanidine.48,49 Therefore, any compound that 

is capable of inhibiting iNOS, like ZCA, may be a potential 

anti-inflammatory agent.

Further, the effect of ZCA in inhibiting production of 

PGE
2
 was not only significant at the lowest concentration 

but comparatively better than CA and even dexamethasone 

(Figure 3). COX-2 is a key mediator in the inflammatory 

process, and is responsible for production of PGE
2
 from 

arachidonic acid. Downregulation of COX-2 is therefore 

a condition for the inhibition of PGE
2
, which is expressed 

in all processes that lead to major signs of inflammation, 

ie, swelling, redness, and pain.51,52 Hence, in Figure 3 and 

Figure 5 there is a strong relationship between the activity 

of ZCA, where the expression of COX-2 was significantly 

inhibited by the nanocomposite. Administration of N-398, a 

COX-2 inhibitor, after treatment with carrageenan lowered 

the production of PGE
2
 and the same pattern was observed 

in COX-2 knockout mice. Deficiency of COX-2 was also 

observed to reduce PGE
2
 by 75%.53,54 The COX-2/PGE

2
 path-

way is the major target for designing pain-relieving drugs 

for osteoarthritis, but most nonsteroidal anti-inflammatory 

drugs inhibit the activity of COX-1/COX-2, which may result 

in unwanted side effects. Limited side effects are some of 

the advantages of drugs such as celecoxib that exclusively 

target COX-2.55–57 ZCA is a potential anti-inflammatory 

agent that can selectively block the synthesis of the induc-

ible enzyme, COX-2.

The inhibitory effect of ZCA on the secretion of TNF-α 

in Figure 4B and a similar downregulation of IL-1β in 

Figure 4C (5.0 µg/mL and 10.0 µg/mL) were better than 

with CA. The carrier system did not have any inhibitory 

effects on these cytokines, which dispels any possibility of 

ZLH contributing to the anti-inflammatory activity of ZCA. 

Proinflammatory cytokines like TNF-α, IL-1β, and IL-6 are 

small molecules that modulate inflammation and immunity. 

Bacterial LPS activates macrophages to secrete TNF-α, and 

the released TNF-α or LPS then triggers production of IL-6 

and IL-1β.58,59 TNF-α induces many physiological changes, 

including inflammation, septic shock, and cytotoxicity.60 

However, anti-TNF therapy triggers a rapid improvement in 

many serological parameters and histological characteristics 

of the synovium.61–63 Blockade of TNF-α activity has also 

been linked with improved survival in animal models of 

sepsis and shock.64–66

Figure 5 Inhibitory effect of ZCA on LPS-induced iNOS, COX-2, and NF-κB expression in LPS stimulated RAW 264.7 macrophages.
Notes: RAW 264.7 macrophage cells were pretreated with ZCA, CA, and ZLH (2.5, 5, and 10 µg/mL) for one hour. The cells were then challenged with LPS 1 µg/mL for 
24 hours. Levels of NF-κB expression were detected with immunoblotting using NF-κB antibodies while β-actin served as the internal control. *P0.05, **P0.01 versus 
untreated LPS-stimulated group.
Abbreviations: CA, cinnamic acid; Cont, control; COX-2, cyclooxygenase-2; DEX, dexamethasone; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; NF-κB, 
nuclear factor kappa B; ZCA, cinnamate-zinc layered hydroxide; ZLH, zinc layered hydroxide.
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The inhibition of TNF-α and other cytokines may 

be connected with low expression of NF-κB in samples 

treated with ZCA and CA. as shown in Figure 5. NF-κB is 

a key transcription factor that coordinates the expression of 

proinflammatory cytokines and enzymes.7,67 Treatment with 

anti-TNF-α antibody after LPS activation inhibited TNF-α 

and NF-κB in an in vivo animal model; moreover, the kinet-

ics of the NF-κB activation and TNF-α secretion triggered 

by LPS in this model were similar.68,69 This shows that any 

treatment that affects the expression of NF-κB is likely to 

influence the production of proinflammatory cytokines. 

Agents that block proximal cytokines such as TNF-α and 

IL-1β also restrict activation of NF-κB, thereby inhibiting 

the inflammatory cascade.70,71

It has been established that IL-10 influences the inflam-

matory process by suppressing inflammatory mediators, 

including proinflammatory cytokines, adhesion molecules, 

and antigen-presenting molecules in neutrophils, monocytes/

macrophages, and T-cells.72,73 IL-10 blocks the expression of 

proinflammatory cytokines such as IL-6, TNF-α, and IL-1β 

in activated macrophages. In specific terms, it upregulates 

other endogenous anticytokines and inhibits proinflammatory 

cytokine receptors.59,74 Therefore, it can counter-regulate the 

release and roles of proinflammatory cytokines at multiple 

levels. Given that inflammatory proteins are transcriptionally 

regulated by NF-κB, it has been proposed that IL-10 may 

express a major part of its anti-inflammatory activity by 

inhibiting the transcription factor.75–77 As a result, upregula-

tion of IL-10 may be associated with inhibition of NF-κB 

by ZCA and CA.

NF-κB is known for its unique role in coordinating the 

immune and inflammatory responses.78 They are identifiable 

with the homodimer or heterodimer structure of the Rel pro-

teins. In resting cells, NF-κB forms an inactive complex with 

inhibitory κB (IκB) proteins like IκBα, IκBβ, and IκBe.79 

Upon recognition of LPS by toll-like receptor-4 and MD2, 

its accessory protein attached to immune cells and activates 

the IκB kinase (IκK) complex, which phosphorylates cyto-

plasmic IκBs.80,81 Subsequently, ubiquitin-mediated degra-

dation of IκBs occurs, and NF-κB is liberated and moves 

into the nucleus. The binding of NF-κB to the κB sequences 

regulates the transcription of immune and inflammatory 

genes such as COX-2, iNOS, and inflammatory cytokines 

(IL-6, IL-1β, TNF-α, IL-10).82 Since the expression levels 

of these proinflammatory mediators are regulated by NF-κB, 

our findings suggest that their production is transcription-

ally inhibited by ZCA by blocking of the NF-κB signaling 

pathway.

Finally, findings from ELISA and western blot analysis 

revealed that ZLH exhibited a slight upregulation of inflam-

matory enzymes and NF-κB activation in LPS stimulated 

RAW cells. Although, ZLH has been found to have a low 

toxicity profile, studies have shown that some nanomateri-

als have the potential to stimulate inflammatory reactions. 

Notably, ZnO, which can serve as precursor for ZLH, has 

been reported to cause marginal production of IL-6 and 

IL-8 in HK-2 and HEK 293 cells. Release of ions by ZnO 

materials has been proposed as the likely mechanism of 

cytotoxicity.39,83 Studies have also shown that nanoparticles 

generate reactive oxygen species through interaction with the 

plasma membrane, but the cell has a self-repair mechanism 

to maintain its integrity, and overexpression of inflammatory 

mediators may not be associated with production of reactive 

oxygen species.84 The increased level of inflammatory media-

tors beyond the negative control thresholds may be due to a 

synergistic action between LPS and ZLH. Nonetheless, ZLH 

on its own was not toxic at the doses applied.

Conclusion
The present study is an example of fundamental research 

towards developing ZCA as a strong anti-inflammatory nano-

medicine. Our results suggest that ZCA has better inhibitory 

activity for LPS-stimulated proinflammatory mediators than 

that of the free drug, CA. Therefore, ZCA possess therapeutic 

potential for the regulation and modulation of macrophage 

activation, and may serve as effective alternative treatment 

for a number of inflammation-mediated diseases.
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