
Acta Pharmaceutica Sinica B 2020;10(10):1966e1976
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.el sev ie r.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Lactoferrin-mediated macrophage targeting
delivery and patchouli alcohol-based therapeutic
strategy for inflammatory bowel diseases
Yuge Zhaoa,b,c, Yuting Yanga,b, Jiaxin Zhanga,d, Rong Wanga,b,
Biyun Chenga,c, Dipika Kalambhea,c, Yingshu Wanga,d, Zeyun Gua,c,
Dongying Chena,e,*, Bing Wanga,*, Yongzhuo Huanga,c,f,g,*
aState Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences,
Shanghai 201203, China
bNanchang University College of Pharmacy, Nanchang 330006, China
cUniversity of Chinese Academy of Sciences, Beijing 100049, China
dShanghai University of Traditional Chinese Medicine, Shanghai 201203, China
eLaboratory of Pharmaceutical Analysis, Shanghai Institute of Materia Medica, Chinese Academy of Sciences,
Shanghai 201203, China
fNMPA Key Laboratory for Quality Research and Evaluation of Pharmaceutical Excipients, Shanghai 201203,
China
gZhongshan Branch, The Institute of Drug Research and Development, Chinese Academy of Sciences, Zhongshan
528437, China
Received 2 June 2020; received in revised form 24 June 2020; accepted 14 July 2020
KEY WORDS

Targeting delivery;

Macrophages;

Patchouli alcohol;

Liposome;

Inflammatory bowel
*

Pee

http

221

by
disease;

Colitis
Corresponding authors.

E-mail addresses: dychen@simm.ac.c

r review under responsibility of Chine

s://doi.org/10.1016/j.apsb.2020.07.019

1-3835 ª 2020 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract Inflammatory bowel diseases (IBD) are the incurable chronic recurrent gastrointestinal dis-

orders and currently lack in safe and effective drugs. In this study, patchouli alcohol, a main active com-

pound of traditional Chinese herb patchouli, was developed into biomimetic liposomes for macrophage-

targeting delivery for IBD treatment. The developed lactoferrin-modified liposomes (LF-lipo) can specif-

ically bind to LRP-1 expressed on the activated colonic macrophages and achieve cell-targeting anti-in-

flammatory therapy. LF-lipo reduced the levels of inflammatory cytokines and ROS and suppressed the

MAPK/NF-kB pathway. LF-lipo also suppressed the formation of NLRP3 inflammasome and the conse-

quent IL-1b activation. LF-lipo showed improved therapeutic efficacy in a DSS-induced colitis murine

model, evidenced by the reduced disease activity index, the improved colon functions, and the downre-

gulated inflammatory cytokines in the colon. LF-lipo provided an effective and safe macrophage-
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Macrophage-targeting delivery of patchouli alcohol for IBD treatment 1967
targeting delivery and therapeutic strategy for addressing the unmet medical need in IBD management.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Inflammatory bowel diseases (IBD), mainly divided into Crohn’s
disease (CD) and ulcerative colitis (UC), are characterized by
chronic inflammation in the gastrointestinal tract that can lead to
long-term and even irreversible damage1. IBD are common in
North America and Europe, with the highest incidence in the
developed and urbanized areas2. In the past score years, the
incidence of IBD has dramatically been elevating in developing
countries; for instance, it is expected that there will be 1.5 million
IBD patients in China by 20253. The etiology and pathogenesis of
IBD might be related to genetic susceptibility, impaired intestinal
mucosal barrier function, and immune homeostasis disorders4e6,
but still largely remains unknown. Current drug therapy includes
salicylate, corticosteroids, and immunosuppressants, but yields
limited outcomes, with poor response rate7. In addition, patients
often suffer from serious complications and poor prognosis, such
as infectious diseases and a high incidence of cancer8. Therefore,
it is an urgent need for seeking a novel therapeutic strategy.

Traditional herbs have been used for hundreds of years for
treating colitis in China9, and actively been investigated to identify
the active compounds10. For example, a herb Guang Huo Xiang
(Pogostemon cablin (Blanco) Benth.) has been in a long-standing
clinical practice for gastrointestinal diseases, and its active com-
pound, patchouli alcohol (or patchoulol, PA), a tricyclic sesqui-
terpenoid, has been recently revealed with the functions of
suppressing the NF-kB-mediated intestinal inflammation11. The
therapeutic value of PA was demonstrated in various animal
models of inflammation12,13. Therefore, PA is a potential drug
candidate for IBD treatment.

Macrophages play a bi-directional role in the initiation, progres-
sion, and regression of inflammation14. M1-subtype macrophages are
pro-inflammatory, with an important effect on the host defense against
infection, while M2 is associated with anti-inflammatory responses
and tissue repair15. Macrophage modulation is an important thera-
peutic strategy for some complicated diseases like IBD and can-
cer16,17. There is little known about the macrophage regulation effect
of PA and such an application on IBD therapy.

PA is water-insoluble and difficult to formulate into a con-
ventional dosage form. Oral delivery of PA is restricted by the
poor bioavailability. Currently, there have been few PA advanced
drug delivery systems reported for systemic administration. In this
study, we designed a lactoferrin-modified liposome (LF-lipo) for
delivering PA to colonic macrophages for anti-inflammatory ac-
tivity. Lactoferrin serves as an important nutrient carrier that
transfers iron to the cells. Importantly, lactoferrin can specifically
bind to low-density lipoprotein receptor-related protein (LRP-1)
that is expressed on the inflammatory macrophages and serves as
an endogenous regulator of macrophage18,19. Therefore, the lac-
toferrin modification conferred the biomimetic delivery function
to the liposomes. Similar to tumor tissues, the inflamed intestinal
tissues are also characterized by the epithelial enhanced perme-
ability and retention (eEPR) effect that benefits the nanomedicine
treatment, due to defective architecture of the vessel walls16.
Therefore, it was expected that the biomimetic LF-lipo could
achieve both active and passive targeting delivery to inflamed
colonic tissues.

2. Materials and methods

2.1. Materials

Lactoferrin (Jingruijiuan Biotechnology Co., Ltd., Nanjing,
China). Patchouli alcohol (PA, Manster Biotechnology Co., Ltd.,
Chengdu, China). DSPE-PEG-NHS, DSPE-PEG2000, egg yolk
lecithin (PC-98T), and cholesterol (Advanced Vehicle Technology
Co., Ltd., Shanghai, China). Rabbit LRP-1 monoclonal antibody,
murine GAPDH monoclonal antibody, and Actin monoclonal
antibody (Abcam, Cambridge, UK). Cocktail and lipopolysac-
charides (LPS, SigmaeAldrich, St. Louis, MI, USA). Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit/mouse lgG sec-
ondary antibody (Beyotime, Shanghai, China). Cytokines
(Peprotech, Rocky Hill, NJ, USA). RNA extraction reagent and
RNA reverse transcription kit (Yisheng Biotechnology, Shanghai,
China). Other reagents of analytical grade (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China).

2.2. Cells and animals

The bone marrow-derived macrophages (BMDM) were prepared
from bone marrow-derived monocytes from BALB/c mice using a
standard protocol. In brief, BMDM was induced in the DMEM
medium containing 20% FBS and 20 ng/mL M-CSF. M1 subtype
was differentiated using 100 ng/mL LPS and 20 ng/mL IFN-g
cytokine, while M2F using 40 ng/mL IL-4.

BALB/c female mice (about 8 weeks) were obtained from
Shanghai Laboratory Animal Center, Chinese Academy of Sci-
ences, China. Animal experiments were performed following the
Institutional Animal Care and Use Committee (IACUC) guide-
lines and approved by the Shanghai Institute of Materia Medica
(SIMM), Chinese Academy of Sciences, Shanghai, China.

2.3. Preparation of LF-lipo

The liposomes were fabricated by using a standard thin-film
method. In brief, lecithin yolk, cholesterol, DSPE-PEG2000,
DSPE-PEG-NHS (30:6:6:1, w/w), and patchouli alcohol were
proportionally weighed and dissolved in chloroform. Chloroform
was removed under vacuum using a rotary evaporator. PBS was
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added to hydrate the dry lipid film to form an aqueous liposome
suspension. The liposomes were processed by an ultrasonic probe.
The liposomes were pushed through the polycarbonate membrane
with the use of an extruder (Avanti Polar Lipids, Alabaster, AL,
USA) and then purified using a Sephadex G-50 column (GE
Healthcare, Boston, MA, USA) to get rid of free patchouli alcohol.
LF (8 mg) was added to the liposome suspension for incubation
overnight. The thus-formed LF-lipo was further purified. Free
lactoferrin was removed by centrifugation using an Amico filter
device (100 K, MilliporeSigma, Burlington, MA, USA).

2.4. Characterization of LF-lipo

The LF modification content in the liposome was analyzed by
SDS-PAGE, and measured by using ImageJ software (https://
imagej.nih.gov). Particle size, polydispersity index (PDI), and z-
potential were determined by Zeta Size Nanoparticle Analyzer
(Malvern Panalytical, Malvern, UK). The liposomes were imaged
by transmission electron microscopy (TEM). The drug-loading
capacity (DL, %) and entrapment efficiency (EE, %) were deter-
mined by GC-FID (Agilent 6890N, Agilent Technologies, Santa
Clara, CA, USA).

2.5. Stability and in vitro drug release

Liposome samples were suspended in PBS containing 10% FBS
and placed on a shaker at 37 �C. Particle size change was moni-
tored at a preset time course. Drug accumulative release was
performed by placing liposomes in a dialysis tube in a PBS release
medium (pH 7.4) containing 15% ethanol at a sink condition. The
experiment was conducted at a shaker (37 �C, 150 rpm), Suzhou
Pei-Ying Experimental Instrument Co. Ltd., Taichang, China) and,
at various time points, 0.5 mL of the release medium was sampled
and equal volume of fresh medium supplemented. The PA con-
centration at the released medium was determined by GC-FID.

2.6. Cellular uptake assay

M1F or HUVEC were treated with the coumarin-6-labeled LF-
lipo for 1 h and then washed thoroughly. In the blockade study,
the M1F were pretreated with 50 mmol/L lactoferrin to block
LRP-1 for 1 h followed by incubation with LF-lipo. The intra-
cellular delivery efficiency was measured by a flow cytometer
(FACS Calibur, Becton Dickinson, Franklin Lakes, NJ, USA). The
cells were fixed with 4% paraformaldehyde and stained with DAPI
and observed with fluorescence microscopy (CARL ZEISS,
Oberkochen, Germany).

2.7. Cell viability assay

The cytotoxicity of the drugs to macrophages was measured by a
standard MTT assay. M1F were cultured with different concen-
trations of PA, Lipo, and LF-lipo for 24 h, followed by MTT
procedures. The absorbance at 490 nm was recorded by a
microreader (Multiskan, Thermo Fisher, Waltham, MA, USA).

2.8. Cytokine analysis by ELISA

The levels of cytokines were measured using an ELISA kit
(Dakewe, Beijing, China) following a protocol from the
manufacturer.
2.9. Cytokine analysis by qPCR

RNA extracted from the macrophages or tissues was used to
process RNA-to-cDNA transcription using a reverse transcription
kit for quantitative PCR according to a standard protocol. The
amplification was processed for 1 cycle at 95 �C for 5 min and 40
cycles at 95 �C (10 s), 60 �C (20 s), and 72 �C (20 s).

2.10. Western blot

Proteins in cells or tissues were extracted using a radio-
immunoprecipitation assay (RIPA) lysate kit and the concentra-
tion measured by a BCA protein assay kit (Beyotime, Shanghai,
China). The samples were then processed by SDS-PAGE and
electrophoretically transferred onto a polyvinylidene fluoride
membrane that subsequently was blocked with 5% BSA solution
for 1 h and then sequentially treated with the intended primary
antibodies and HRP-labeled secondary antibody. The membrane
was subjected to a ChemiDoc MPTM Imaging System (Bio-Rad,
Hercules, CA, USA).

2.11. Measurement of intracellular ROS

Macrophages in 12-well plates were exposed to PA, Lipo, or LF-
lipo for 12 h, respectively, to detect the intracellular ROS level.
Then cells were analyzed using a ROS detection kit (Beyotime,
Shanghai, China) and a flow cytometer.

2.12. Biodistribution study by in vivo imaging

Intravenous administration of Cy5-labeled LF-lipo or Lipo was
given to the colitis mice. The biodistribution of the LF-lipo and
Lipo was analyzed using the IVIS imaging system (Caliper Per-
kinElmer, Hopkinton, USA) at a preset time course. At the
endpoint, the mice were sacrificed, and the organs including the
colon were dissected for ex vivo imaging.

2.13. Targeting colonic macrophage study

The colitis model mice were intravenously injected with the Cy5-
labeled LF-lipo or Lipo. After 24 h, the mice were euthanized and
the colon tissues were dissected to prepare the cell suspension.
CD45, CD11b, F4/80, and CD86 antibodies were used for cell
staining and M1F sorting. Flow cytometry was used to screen
M1F containing Cy5-liposomes (CD86þ/Cy5þ).

2.14. DSS-induced colitis in mice

The colitis model induced by DSS was established according to a
previous method20. The mice were given a three-cycle DSS
treatment to induce chronic colitis, each containing 7-day 2% DSS
and then 14-day drinking water. Following this pattern, the mice
underwent three cycles to induce chronic colitis. The colitis ani-
mals were randomly set into a DSS group (untreated control) and
three treatment groups (i.e., PA, Lipo, and LF-lipo), while a
healthy group as a control. Drug therapy was given at each interval
of the cycle via intravenous injection at a PA dose of 15 mg/kg.

2.15. Evaluation of colitis treatment efficacy

During the treatment period, body weight changes, visible stool
consistency, and fecal bleeding were assessed daily for
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Figure 1 Characterization of LF-lipo. (A) LF modification ratio in LF-lipo detected by Coomassie brilliant blue staining in SDS-PAGE

electrophoresis. (B) Particle size and TEM images of LF-lipo and Lipo. (C) Stability of LF-lipo and Lipo in a serum-containing PBS.

(D) z-potential measurement. (E) In vitro release of PA from LF-lipo and Lipo. Data are expressed as mean � SD (n Z 3).
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determining disease activity index (DAI) that serves as the sum-
mation of the stool consistency index (0e3), fecal bleeding index
(0e3), and weight loss index (0e4)21. After treatments, the
colonic length (from the cecum to the rectum) was determined.
The distal section was dissected to analyze the cytokines and
related biomarkers. The dissected organs were weighed, and
processed for histological examination.
2.16. Analysis of intestinal permeability

After fasting for 24 h, the colitis mice were given FITC-Dextran
(100 mg/mL in PBS) with a dose of 44 mg/100 g via intragastric
administration. After 4 h, blood was sampled from the orbit, and
the serum concentration of FITC-Dextran was detected at l

485 nm.
2.17. Analysis of colonial immune cells

The procedure was modified from a previous report22. Colon tis-
sues were dissected, opened longitudinally, and then incubated
with HBSS solution containing DTT and EDTA. The mucus was
washed away with cold PBS. Colon tissues were cut into 1-cm
pieces for enzymatic digestion (RPMI, 2% FBS, 200 U/mL
collagenase type IV) at 37 �C for 1 h. The cell suspension pre-
pared from the homogenized tissues was incubated with the target
antibodies for flow cytometric assay.
2.18. Statistical analysis

T-test and one-way ANOVAwere used for statistical analysis. Data
are presented as mean � standard deviation (SD). n value was 3, if
it was not specified. Statistical differences were defined as
*P < 0.05, **P < 0.01, and ***P < 0.001; ns means not significant.
3. Results

3.1. Characterization of lactoferrin-modified liposomes (LF-
lipo)

LF-lipo was prepared using a typical thin-film method as reported
previously23. The lactoferrin/DSPE-PEG-NHS conjugation effi-
ciency in the liposome was 13.3% (mol/mol, Fig. 1A). The particle
size of LF-lipo and Lipo was about 140 nm (Fig. 1B) with a
polymer dispersity index (PDI) around 0.2 (Supporting
Information Table S1). They maintained colloidal stability for
72 h in PBS containing 10% FBS (Fig. 1C). The LF-lipo and Lipo
were negatively charged (Fig. 1D). The drug-loading capacity (DL
%) and entrapment efficiency (EE%) were listed in Table S1. Both
liposomes show a slow release profile in a PBS containing 15%
ethanol (Fig. 1E). It should be noted that ethanol was used to
increase PA solubility in PBS to ensure sink condition.

3.2. Cellular uptake assay

LF-lipo was designed for targeting LRP-1 on the macrophages.
The LRP-1 expression was high in M1 macrophages (M1F) and
the colonic tissues, but low in normal tissues, HUVEC cells, and
M2F (Fig. 2A). M1-associated biomarkers (iNOS, STAT1) were
highly expressed in the inflammatory colons, while the M2-related
mannose receptor was poorly expressed. It suggests that the M1
subtype was the dominant subpopulation of macrophages in the
inflammatory colons. The cellular uptake efficiency of LF-lipo
was 2.2-fold higher than the non-modified Lipo (Fig. 2B
and C). When the cells were pretreated with lactoferrin to block
LRP-1, the uptake of LF-lipo decreased to the same level as that of
Lipo (Fig. 2C and D). Meanwhile, there was no significant dif-
ference between LF-Lipo and Lipo in the uptake by HUVEC with
poor expression of LRP-1 (Supporting Information Fig. S1); the
result is also supported by confocal microscopic imaging



Figure 2 Cellular uptake of LF-lipo and Lipo. (A) Expression of LRP-1 on HUVEC cells, macrophages, and colonic tissues. (B) M1 and M2F

in the normal and DSS-induced colitis tissues detected by Western blot (M1 markers: iNOS, STAT1; M2 marker: MR). Flow cytometric assay of

cellular uptake efficiency in M1F (C) and statistical analysis (D). (E) Confocal fluorescence images of M1F after incubation with coumarin-6-

labeled LF-lipo and Lipo (scale bar Z 100 mm). Data are expressed as mean � SD (n Z 3). ***P < 0.001; ns, no significance.
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(Fig. 2D). It suggests the importance of LF/LRP-1 interaction in
mediating M1F-targeting delivery.

3.3. M1F regulation by LF-lipo

M1F are the inflammatory immune cells that generate and release
large amounts of inflammatory cytokines and trigger the inflam-
matory responses. By contrast, M2F possess anti-inflammatory
functions and heal the impaired tissues. After treatment with
PA, LF-lipo, or lipo, the mRNA levels of the pro-inflammatory
cytokines including IL-1b, IL-6, IL-12, IL-18, and TNF-a in the
M1F were significantly reduced, and LF-lipo had the best effect
(Fig. 3A). After drug treatment, the secreted cytokines by the
M1F in the supernatants were measured by ELISA, and LF-lipo
also remarkably suppressed the secretion of the proinflammatory
IL-1b, IL-6, IL-12, and TNF-a (Fig. 3B). By contrast, the anti-
inflammatory cytokines IL-10 and TGF-b were upregulated as
shown in the qPCR results (Fig. 3C). The downregulation of the
inflammatory IL-1b was further confirmed by the Western blot
results, while the anti-inflammatory TGF-b was up-regulated after
LF-lipo treatment (Fig. 3D). Of note, the levels of CD206 and
Arg-1 (the M2-associated biomarkers) were increased after LF-
lipo treatment (Supporting Information Fig. S2), suggesting the
repolarization from M1 to M2.

Importantly, both free drug and liposomes show high biosafety
to macrophages at the tested concentrations up to 32 mg/mL
(Fig. 3E), indicating that the anti-inflammatory effect of PA and
liposomes on macrophages relied on repolarization, instead of
M1F depletion.
3.4. Reduced intracellular ROS levels by LF-lipo

In addition to the effect of M1/M2 repolarization, PA is of
antioxidant capacity and can restore the activity of antioxidant
enzymes and thus possessed a strong free radical scavenging
ability24. M1F can produce a surplus amount of reactive oxygen
species (ROS) that further aggravates the immune responses by
mediating secretion of pro-inflammatory cytokines IL-1b, IL-6,
and TNF-a, via a mechanism of ROS-dependent MAPK
signaling25. Our results show that drug treatment decreased ROS
production in M1F and LF-lipo exhibited the most potent effect
(Fig. 4A and B). Accordingly, the prof-inflammatory cytokine
secretion was attenuated as shown in the section above.

3.5. The MAPK and NF-kB pathways suppressed by LF-lipo

MAPK and NF-kB are the essential inflammatory signaling
pathways. The MAPKs family, including ERK, P38, and JNK,
plays an important role in inflammatory signaling26. The activated
MAPKs can trigger inflammatory responses and produce a large
amount of inflammatory cytokines. It was found that the MAPK
pathway activation was suppressed by LF-lipo, as reflected by the
downregulation of the phosphorylated ERK, P38, and JNK
(Fig. 4C).

NF-kB P65 normally binds to its inhibitor IkBa, but once
stimulated by inflammatory factors (e.g., LPS), IkBa degrades,
thereby removing the inhibition of NF-kB P65. NF-kB P65 is
subsequently phosphorylated and initiates the production of in-
flammatory cytokines, thus activating NF-kB/NLRP3/IL-1b



Figure 3 Macrophage regulation effect of liposomes (A) The mRNA levels of proinflammatory cytokines in the drug-treated M1F examined

by qPCR (B) The macrophage secretory proinflammatory cytokines examined by ELISA (C) The mRNA levels of anti-inflammatory cytokines in

the drug-treated M1F (D) The expression levels of IL-1b and TGF-b in the drug-treated M1F (E) The biocompatibility of liposomes with M1F.

Data are expressed as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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pathways: the activated NF-kB promotes the formation of NLRP3
inflammasome that consequently converts pro-IL-1b to IL-1b27e29.
The suppression of MAPK and NF-kB pathways by LF-lipo was
investigated. Our results revealed that LF-lipo efficiently inhibited
IkBa degradation and NF-kB P65 phosphorylation (Fig. 4D). As a
consequence, NLRP3 formation was reduced, and thereby con-
version of IL-1b from pro-IL-1b was inhibited (Fig. 4E). The
observation above demonstrated that the inflammation regression
caused by LF-lipo treatment was associated with the MAPK and
NF-kB pathways.
3.6. Biodistribution and targeting delivery of LF-lipo

The distribution and targeting effect of LF-lipo in a colitis mouse
model was investigated. The results show the increased drug
accumulation in the abdominal cavity in the colitis mice treated
with LF-lipo (Fig. 5A and B). In the dissected colon tissues, LF-
lipo had a higher accumulation than the Lipo group, because of
LF-mediated targeting to the overexpressed LRP-1 in colon tissues
(Fig. 5C and D).
In order to detect the uptake of Cy5-labeled LF-lipo by the
colonic macrophages, flow cytometry was used to measure the
CD86þ/Cy5þ macrophages in colon tissues. There was a 2.5-fold
of more CD86þ/Cy5þ macrophages in the LF-lipo group than the
Lipo group (Fig. 5E and F), demonstrating that LF-lipo exhibited
enhanced efficiency targeting the M1F in the colon.

3.7. In vivo treatment study

The treatment study was carried out in the DSS-induced colitis
mice (Fig. 6A). After drug treatment, the disease activity index
(DAI, Fig. 6B) was decreased and so was the body weight loss
(Fig. 6C). It indicated the improvement of the pathological con-
ditions. LF-lipo exhibited the best treatment outcomes. The colon
length was a key indicator of the colitis conditions. The colons in
the untreated colitis mice were significantly shortened compared
to those in the normal animals (i.e., PBS group), while the colons
in the treatment groups were longer than the untreated colitis
group (Fig. 6D), indicating the improvement. Colitis is charac-
terized by enhanced intestinal permeability and orally adminis-
tered FITC-dextran is an indicator for evaluating the intestinal



Figure 4 Anti-inflammation mechanisms of LF-lipo via suppressing intracellular ROS generation and the MAPK and NF-kB pathways.

(A) The reduced intracellular ROS levels in M1F after drug treatment. (B) Statistical analysis of ROS levels. (C) The suppressed of MAPK

pathway indicated by the down-regulation of P-ERK, P-P38, and P-JNK. (D) Western blot assay of NF-kB (P-P65 and IkBa) expression. (E) The

down-regulation of NLRP3, Pro-IL-1b, and IL-1b in M1F after treatment. Data are expressed as mean � SD (n Z 3). *P < 0.05, **P < 0.01,
***P < 0.001.
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permeability. As shown in the untreated colitis group, the FITC-
dextran concentration in the blood obviously elevated compared
to the treatment groups. However, the intestinal permeability was
repaired in the treatment groups and LF-lipo treatment showed the
lowest FITC-dextran concentration (Fig. 6E). The cytokine
mRNA expression in the animal colon tissues were measured by
qPCR, and they were significantly down-regulated after treatment,
with the best effect in the LF-lipo group (Fig. 6F). Statistical
analysis shows that the major factors (e.g., colon length, IL-1b,
and IL-6) are statistically different between LF-lipo and Lipo. The
quantity of infiltrating cells in the colon tissues was measured by
flow cytometry. The data indicate that the number of regulatory T
cells (Tregs) in the colon increased (Fig. 6H, and Supporting
Information Fig. S3), while the dendritic cells (DCs) decreased
(Fig. 6I, and Supporting Information Fig. S4), especially in the
LF-lipo group. Treg cells are a pivotal suppressor of immune
activation to prevent excessive inflammation30, and Treg cells can
yield a therapeutic effect on the severe inflammatory colitis31.
Colonic lamina propria DCs are the important activator of T cells
and closely associated with colitis development32.

The treatment biosafety was preliminarily evaluated by organ
coefficient measurement and histopathological examination. There
is no significant difference in the organ coefficients and no patho-
logical changes in the major organs after treatment (Fig. 7A and B).
4. Discussion

PA is a major active compound in patchouli and its extract
patchouli oil that serves as herbal medicine and food supplement.



Figure 5 Biodistribution and targeting delivery study. (A) Invivo imaging of colitismice. (B) Statistical analysis of invivo radiant efficiency. (C) Invitro

radiant efficiency of themajor organs and colons. (D) Statistical analysis of ex vivo colonic radiant efficiency. (E)M1F-tageting evaluation by detecting the

M1 that captured Cy5 labeled liposomes in colitis tissues, indicated by population of CD86þ/Cy5þmacrophages detected byflow cytometry (F) Statistical

analysis of CD86þCy5þ macrophage population. Data are expressed as mean � SD (nZ 3). **P < 0.01, ***P < 0.001.
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PA is safe and the maximum dose in animal studies can reach
100 mg/kg via oral administration33. PA is involved in various
therapeutic purposes, e.g., anti-inflammation11, anti-atheroscle-
rosis34, anti-influenza virus infection35, and antibacterial infec-
tion36. The common therapeutic target of these applications is
macrophages. In the intestinal mucosa, macrophages are boun-
tiful and predominately involved in IBD, and the activated M1
subgroup of macrophages is an essential inflammatory mediator
driving the inflammation progression37. Therefore, PA-based
macrophage modulation and anti-inflammatory treatment have
attracted much attention due to its efficacy and safety. Yet, its
low bioavailability imposes a challenge against the clinical
translation.

Inflammation targeting delivery has been actively studied38.
Although there have been some works on inflamed colon targeting
delivery, the target delivery to an inflamed cell type (e.g., M1F) in
colitic tissues is still under-explored. LRP-1 is highly expressed in
inflamed macrophages and is related to the inflammation39,40. But
currently, there was no report about the potential of LRP-1 as a
drug delivery target for colitis treatment. Our work used LF as a
targeting ligand for colitis-targeting delivery, and its natural re-
ceptor is LRP-1. In recent years, the EPR-based targeting mech-
anism has been under bitter debate for the applicability in cancer
therapy due to the high heterogenicity of tumors41. But its
application in inflammatory diseases (i.e., eEPR effect) has drawn
more and more attention42,43. Increased vessel permeability and
vascular leak are common in the inflammatory tissues44. Nano
drugs via systemic administration can efficiently accumulate in
the inflamed and damaged tissues through the eEPR effect45. The
biodistribution efficiency in the inflammatory colon tissues is
associated with particle size; for example, the nanoparticles
around 110 nm was better than the smaller 50 nm and the larger



Figure 6 In vivo treatment study. (A) Schematic diagram of colitis induction and treatment. (B) Disease activity index (DAI) record. (C) Changes in

body weight during the treatment. (D) Representative colon tissues of each group. (E) Statistical analysis of colon length. (F) Intestinal permeability

indicated by serum FITC-Dextran concentration. (G) Cytokines in the colons detected by qPCR. Population of Tregs (H) and DCs (I) in colon tissues.

Data are expressed as mean � SD (B, C, E, F, G, n Z 6; H, I, n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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180 nm46. In addition, there are a large number of macrophages
infiltrating into the inflamed colon, providing a great advantage of
facilitating the uptake of nanoparticles into the inflammatory
macrophages. Therefore, nanomedicine is promising for IBD
therapy via systemic administration.
It is well accepted that macrophages are an important drug
target of IBD treatment47. NF-kB signaling in the macrophages
triggers inflamed responses, and NF-kB upregulation in the
inflamed tissues was found in the UC patients48. The MAPK
signaling activation is common in the inflammatory macrophages



Figure 7 Preliminary biosafety evaluation. (A) Organs coefficients; there was no signficant difference among the groups. (B) The histological

examination of the major organs (scale bar Z 100 mm). There were no pathological changes. Data are expressed as mean � SD (n Z 6).

Macrophage-targeting delivery of patchouli alcohol for IBD treatment 1975
and colitis tissues49. Therefore, a therapeutic strategy for sup-
pression of the MAPK/NF-kB pathway may improve inflamma-
tory diseases, such as colitis50. Our work demonstrated that PA
could inactivate MAPK and NF-kB and repolarize the inflamma-
tory M1F to the anti-inflammatory M2 subtype.

5. Conclusions

A macrophage-targeting therapeutic method and a liposomal de-
livery strategy were designed for IBD in this work. LF was applied
as a liposomal ligand for targeting delivery to the inflammatory
macrophages at the lesion site. The targeting effect of LF-lipo was
verified by the in vitro and in vivo experiments. LF-lipo can reduce
the production of ROS and downregulate inflammatory cytokines.
The anti-inflammatory mechanisms were related to inhibiting
MAPK/NF-kB pathway. LF-lipo exhibited enhanced treatment
outcomes in a colitis murine model. This study provides a safe and
effective therapeutic method for IBD management.
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