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A B S T R A C T

C-reactive protein (CRP) is an acute-phase protein which can bind to and aggregate oxidized low-density lipo-
protein (ox-LDL) particles, thereby enhancing the uptake of oxLDL by macrophages. This finally leads to the
formation of foam cells that are a typical characteristic of atherosclerotic plaques. Serum CRP has been shown to
bind to phospholipids such as phophatidylcholine (PC), phosphatidylglycerol (PG) and phosphatidylserine (PS).
Owing to the rapid and efficient clearance of nanoliposomes from the circulation by the liver, we hypothesized
that nanoliposomes composed of the mentioned phospholipids can serve as a potential tool to lower elevated
serum CRP levels following acute inflammation. To evaluate this hypothesis, nanoliposomal formulations con-
taining hydrogenated soy phosphatidylcholine (HSPC), a combination of HSPC and 1,2-distearoyl-sn-glycero-3-
phosphoglycerol (DSPG), and a combination of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dio-
leoyl-sn-glycero-3-phospho-L-serine (DOPS) were prepared using lipid film hydration method followed by ex-
trusion at the final concentration of 20mM. To elevate circulating CRP levels in mice, 0.1 ml of Freund’s
complete adjuvant (CFA) containing 5mg/ml heat-killed Mycobacterium tuberculosis was subcutaneously injected
into the hind paw of the mice. CFA-challenged mice were intravenously treated with nanoliposomal formula-
tions at the dose of 250 μmol/kg 16 h after CFA challenge that is coincided with peak serum CRP level. After 2 h,
the blood was collected and serum level of CRP was measured using a quantitative sandwich enzyme-linked
immunosorbent assay. All nanoliposomal formulations showed a size range from 100 to 150 nm in diameter and
a polydispersity index of< 0.1. Results showed that all nanoliposomal formulations including DOPC/DOPS,
HSPC and HSPC/DSPG could significantly decrease serum levels of CRP by 82.76% (74.44–86.92%, p=0.0001),
44.41% (35.79–50.21%, p=0.0001) and 38.47% (17.21–43.52%, p=0.0002) [Median (interquartile range)],
respectively, when compared with the control group. Dexamethasone as a standard could decrease serum CRP
level by 27.47% (16.32–31.63%, p= 0.0025) which was a smaller effect compared with the nanoliposomal
preparations. In conclusion, negatively charged nanoliposomes could efficiently reduce the elevated serum levels
of CRP in CFA-challenged mice.

1. Introduction

C-reactive protein (CRP) is an acute-phase mediator which is con-
sidered as a sensitive biomarker of systemic inflammation. CRP is
mainly produced by the liver hepatocytes as an early and non-specific
response to inflammation, tissue damage and infection, in approxi-
mately 6–8 h after exposure [1]. Notably, CRP has been found to be a

risk marker and potential risk factor for atherosclerosis [2], and is
thereby regarded as a strong cardiovascular risk predictor [3–5]. From
a mechanistic point of view, CRP can increase the uptake of low-density
lipoprotein (LDL) by macrophages and consequently enhance foam cell
formation, prevent endothelial nitric oxide synthase expression, in-
crease the expression of adhesion molecules and Plasminogen activator
inhibitor-1, and accelerate platelet aggregation [6]. CRP has been found
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to bind to and aggregate LDL particles [7,8], in particular oxidized LDL
(ox-LDL) [9]. This assembly of LDL by CRP intensifies the uptake of
LDL/CRP complexes by macrophages and subsequently causes the for-
mation of foam cells [7,8], which are mainly known as a typical
characteristic of atherosclerotic plaques. Therefore, reduction of serum
levels of CRP can be regarded as a therapeutic approach to reduce in-
flammation and atherogenesis via inhibiting the aggregation of ox-LDL
and consequent formation of foam cells [2].

Biocompatible and biodegradable nanoliposomes could be easily
synthesized [10] and have wide applications in drug and vaccine de-
livery [REFs] [35,36]. These nanoliposomes can be rapidly and effec-
tively cleared from the circulation by macrophages, mainly the liver
macrophages (Kupffer cells). We previously showed that the uptake of
nanoliposomes by macrophages was greater when the surface change
was negative [11]. Serum CRP has a high affinity to phospholipids and
binds to phosphatidylcholine (PC) and negatively charged phospholi-
pids in a calcium-dependent manner [12–16]. Hence, CRP is antici-
pated to bind to nanoliposomes rich in such phospholipids and subse-
quently be removed from the circulation by the reticuloendothelial
system, mainly Kupffer cells. Eventually, the phagocytosed complexes
will be delivered to the lysosomal compartment, where CRP will be
degraded into its constituent amino acids by lysosomal acid hydrolases
[17]. Since a huge number of phospholipid molecules can be presented
in each nanoliposome, a high efficacy would be anticipated for such a
system. Besides, nanoliposomes represent biocompatible and biode-
gradable systems which can be prepared in a simple and inexpensive
manner. Owing to these advantages, we aimed to test if nanoliposomes
rich in phospholipids such as PC, phosphatidylglycerol (PG), and/or
phosphatidylserine (PS) can cause a rapid reduction in serum CRP le-
vels in an animal model suffering from acute inflammation.

2. Materials and methods

2.1. Nanoliposome preparation and characterization

Three sets of liposomal formulations including hydrogenated soy
phosphatidylcholine (HSPC), a combination of HSPC and 1,2-dis-
tearoyl-sn-glycero-3-phosphoglycerol (DSPG), and a combination of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS), at the final concentration of 20mM
(total phospholipids), were prepared using the lipid film hydration
method. Briefly, HSPC, HSPC/DSPG and DOPC/DOPS/α-tocopherol
were separately dissolved in chloroform at the molar ratios of 1, 1:3,
and 3:1, respectively. Lipid solutions were dried to a thin lipid film
under reduced pressure using rotary evaporation (Heidolph, Germany).
Films were then freeze-dried (VD-800 F, Taitech, Japan) for an over-
night to completely remove the solvent. Then, the dried lipids were
hydrated with 10mM HEPES buffer (pH 7.2) containing 5% dextrose
followed by vortexing and bath sonication to disperse completely into
the buffer. To obtain small unilamellar vesicles (SUVs) with a uniform
size of 100 nm, the multilamellar vesicles (MLVs) were sequentially
extruded using an extruder (Avestin, Canada) with polycarbonate
membranes of 600, 400, 200 and 100 nm pore size, respectively. Vesicle
size (diameter in nm), zeta potential (surface charge in mV) and poly-
dispersity index (PDI) of the prepared nanoliposomal formulations were
evaluated using dynamic light scattering (DLS) technique on a Zetasizer
(Nano-ZS, Malvern, UK) at the room temperature. Liposomes were
stored at 4 °C under argon.

2.2. Animals

Male mice (age: 4–6 weeks) weighing between 25 and 30 g were
taken from the animal house of the School of Pharmacy, Mashhad
University of Medical Sciences, Mashhad, Iran. They were kept under
controlled conditions (22 ± 2 °C, 12:12 h light-dark cycle) and fed
with normal mouse chow diet and water ad libitum. The study protocol

was approved by the Institutional Ethics Committee and Research
Advisory Committee of the Mashhad University of Medical Sciences in
accordance with the Animal Welfare guideline.

2.3. Induction of acute inflammation and CRP elevation

The method of Fehrenbacher et al. [18] with some rational mod-
ifications was employed to develop an animal model with elevated
serum CRP level. Complete Freund’s Adjuvant (CFA) emulsion (0.5 mg/
mL) was prepared via mixing 0.5 mL of CFA (1mg/mL of Myco-
bacterium tuberculosis, heat-killed and dried; Sigma-Aldrich, St. Louis,
MO, USA) in 0.5mL of sterile 0.9% saline solution. To find the time
point when serum CRP concentration reaches a peak in CFA-challenged
mice, CRP’s kinetic was evaluated. Male mice were challenged with
50 μL of freshly prepared homogeneous CFA emulsion (0.5 mg/ml), and
the control mice received 50 μL of HEPES buffer by subcutaneous in-
jection into the left hind paw. Before CFA injection (T0), blood was
collected from each group. After injection of CFA, blood was collected
at intervals of 12 h (T12), 16 h (T16), 18 h (T18), 20 h (T20) and 24 h
(T24) from each group. Mice were anesthetized by xylazine-ketamine
and blood was collected by cardiac drainage into a dry tube. Serum was
separated by centrifugation at 1800g for 10min and kept at −20 °C
until analysis. Serum concentrations of CRP were measured using a
mouse CRP sandwich (quantitative) ELISA kit (Abcam; ab157712).

2.4. Effect of nanoliposomal formulations on serum levels of CRP

Since CRP level peaked at 16 h after CFA injection (Fig. 1), the CRP-
lowering effect of nanoliposomal formulations was evaluated at T16.
CFA-challenged mice were randomly divided into five groups (5 mice in
each group) receiving intravenously the nanoliposomal formulations
(HSPC, HSPC/DSPG and DOPC/DOPS at the dose of 250 μmol/kg),
HEPES buffer (as the negative control) or dexamethasone (as the po-
sitive control). After 2 h, blood was collected, serum was separated and
level of CRP was evaluated using ELISA method. This time point was
selected because non-PEGylated liposomes are expected to be cleared
from the circulation after about 2 h from injection.

2.5. Statistical analysis

The results were analyzed using one-way ANOVA and Tukey-
Kramer post-hoc multiple comparison test to evaluate the significance of
the differences among tested formulations. Values were expressed as
mean ± SD or median (interquartile range) for normally and non-

Fig. 1. Kinetic of CRP during 24 h after injection of Freund’s complete adjuvant
(CFA).
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normally distributed data, respectively. Results with p < 0.05 were
considered as statistically significant.

3. Results

3.1. Characterization of nanoliposomal formulations

Table 1 shows physical properties of different nanoliposomal for-
mulations including size, polydispersity index (PDI) and zeta potential.
All nanoliposomal formulations showed a size range from 100 nm to
150 nm in diameter, in which PDI was less than 0.1, showing homo-
geneity of particles. Zeta potential analysis also revealed the negative
charge of nanoliposomes (Table 1).

3.2. Induction of acute CRP elevation

Study of CRP kinetics revealed that serum CRP reached the highest
level after 16 h (T16) of CFA injection and remained in steady state after
this time point (Fig. 1). Therefore, we selected T16 time point to eval-
uate the effect of nanoliposomal formulations on CRP level.

3.3. CRP-lowering effect of negatively charged nanoliposomes

As shown in the Fig. 2, all nanoliposomal formulations could sig-
nificantly decrease serum CRP levels. Nanoliposomes containing
DOPC/DOPS, HSPC and HSPC/DSPG phospholipids decreased CRP by
82.76% (74.44–86.92%, p= 0.0001), 44.41 (35.79–50.21%,
p=0.0001), 38.47% (17.21–43.52%, p= 0.0002) [Median (inter-
quartile range)], respectively, when compared with the control group.
Moreover, the effects of the nanoliposomal formulations were found to
be significantly more than that of dexamethasone which reduced CRP
by 27.47% (16.32–31.63%, P=0.0025). The anti-inflammatory effect
of the DOPC/DOPS nanoliposomes was also visually apparent (Fig. 3).

4. Discussion

Inflammation is now viewed as a causal risk factor for athero-
sclerotic cardiovascular disease [19,20]. The elevated level of serum
CRP is a valid indicator of inflammation and has been found to be as-
sociated with cardiovascular outcomes such as stroke and myocardial
infraction [3,4,21]. Therefore, a potential therapeutic effect of CRP
reduction has been noted, though no specific agent capable of effi-
ciently lowering CRP levels is yet available. Nanoliposomes represent a
promising candidate for CRP reduction due to several important ad-
vantages such as simplicity of production, low cost, biocompatibility
and biodegradability. Recent findings have shown that PC and anionic
phospholipids can bind to serum CRP [16,22–26]. In the present study,
PC-, PG- and PS-containing nanoliposomes were found to strongly de-
crease serum levels of CRP in NMRI mice. The results showed that PS-
rich nanoliposomal formulation (DOPC/DOPS) was more efficacious
than HSPC and HSPC/DSPG formulations to reduce the acutely elevated
levels of CRP. Higher CRP-lowering effect of the PS-containing for-
mulation can be supported by the established anti-inflammatory effects
of PS. It has been reported that incorporation of PS in PC-containing
liposomes improves the anti-inflammatory properties as well as stability
and pharmacokinetic properties of these vesicles, thereby making na-
noliposomes more competent for direct interaction with CRP in the
circulation [27]. Moreover, PS-containing nanoliposomes can serve as a
mimicry of apoptotic bodies and are recognized by macrophages
through scavenger receptor class B type 1 (SR-BI) and CD36 receptors.
Following uptake, PS can shift macrophage polarization towards an
anti-inflammatory phenotype via inhibiting mitogen-activated protein
kinase (MAPK) and NF-κB [27–29]. PC has been shown to bind to CRP
in a calcium-dependent manner, as shown for PC-coated gold nano-
particles [24]. Calcium-dependent interaction of PC and CRP was also
demonstrated in another study in which CRP bound to DPPC monolayer
particles [26]. A mechanistic investigation showed molecular interac-
tion of CRP and PC, suggesting that CRP binds to PC through interaction
with phosphorylcholine moiety [13]. Furthermore, it has been shown
that CRP can bind to negatively charged liposomes containing DPPC/
PG [23], as well as negatively charged phospholipids present in ox-LDL
[16]. The aforementioned findings can substantiate our hypothesis that
nanoliposomal formulations containing PC, PG and PS can efficiently
bind to serum CRP.

Once bound to CRP, nanoliposomes should be promptly eliminated
from the bloodstream to cause a rapid reduction in serum CRP levels.
Presence of phospholipids in liposomes provides a powerful system to
remove CRP [17]. CRP has been reported to induce aggregation of lipid
suspension containing PC [30] and lecithin [31] through calcium-de-
pendent binding. Therefore, nanoliposomes may attach to circulating
CRP and aggregate to larger particles that can be immediately cleared
from the bloodstream via the reticuloendothelial system. CRP-bound
nanoliposome complexes are expected to be removed from the blood
circulation mainly through liver clearance via Kupffer cells where these
complexes will undergo lysosomal degradation resulting in digestion of
CRP protein into amino acid units by acid hydrolases [17].

The present study had some limitations. First, the present results
need to be verified in non-human primates in order to obtain more
robust evidence on the CRP-lowering activity of nanoliposomes.
Second, whether negatively charged nanoliposomes can also be effica-
cious in reducing elevated CRP levels due to chronic inflammation
needs to be tested. Finally, it remains to be elucidated if the CRP-low-
ering activity of tested nanoliposomes follows a dose-dependent pat-
tern.

In summary, the findings of the present study demonstrate the CRP-
lowering capacity of nanoliposomes, particularly those containing ne-
gatively charged phospholipids. Such nanoliposomes were already
shown to lower serum levels of low-density lipoprotein cholesterol and
attenuate atherosclerosis in hypercholesterolemic animals [32–34].
Therefore, the present findings on the rapid CRP-lowering effect

Table 1
Physical properties of liposomal formulations.

Formulation Z-average (nm)
±SD

Z potential
(mV)± SD

PDI
(Polydispersity
index)

HSPC/DSPG 143.9 ± 17 −52.25 ± 9 0.092 ± 0.03
DOPC/DOPS/α-

T
114.5 ± 11 −33.3 ± 6 0.017 ± 0.006

HSPC 126 ± 21 −7.5 ± 3.5 0.012 ± 0.025

Fig. 2. Effect of liposomal formulations and dexamethasone on serum levels of
CRP in mice. The values represent median percentage change relative to the
change in the control group.
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justifies further research on these nanoparticles as potential therapeutic
agents for atherosclerotic cardiovascular disease and other in-
flammatory conditions. Further studies are warranted to test the effi-
cacy of these nanoliposomes in experimental models of atherosclerosis.
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