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The changes of small intestinal homeostasis have been recognized to contribute essentially to the obese devel-
opment. However, the core small intestinal regulator which mediates over-nutrient impacts on the homeostasis
of the small intestines remains elusive. Here, we identify the MMP-12 as such a responsive factor in mouse small
intestines. Taking advantages of the nano delivery system, we demonstrate that small intestine-specific MMP-12
knockdown alleviates high-fat diet feeding-induced metabolic disorders and improves intestinal homeostasis in
mice, including a significant decrease in lipid transportation, bile acid reabsorption, and inflammation. In par-
allel, the small intestinal integrity is recovered and the gut microbiota composition is reversed towards that
under normal diet feeding. Mechanistically, MMP-12, differing from its traditional elastolytic function, acts as a
transcriptional factor to activate Fabp4 transcription through epigenetic modification. In translational medicine,
clinical applications of our nanosystem and therapeutic interventions targeting MMP-12 will benefit patients

with obesity and associated diseases.

1. Introduction

With the development of the global social economy in the 21st
century, obesity has become a global pandemic disease [1,2]. Over the
last 40 years, the prevalence of obesity has almost tripled worldwide [3].
The development of obesity is closely associated with multiple diseases,
such as type 2 diabetes, hepatic steatosis, cardiovascular diseases, and
even cancer [4-9]. Hence, obesity is a great threat to public health and
causes an economic burden for society. Although effective strategies,
including lifestyle intervention, conventional pharmacology and
weight-loss surgery, are well established to counteract obesity, their
undesirable inconstancy and side effects are not exempt in all cases [7,
10]. Therefore, an urgent medical need exists for the large and hetero-
geneous population of obese patients.

Although obesity is caused by various pathological factors, changes
in the small intestinal homeostasis have been recognized to contribute
essentially to obesity progression [11]. As the first organ exposed to
nutrients, the small intestine has to change its capacity to adapt external
nutrient signals, such as a HFD [12]. When challenged with dietary fat,
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our stomach functions as a bioreactor for dietary lipid oxidation. These
lipids are further engulfed by enterocytes within the duodenum and are
re-esterified into complex lipid molecules [4]. Then, they bind with li-
poproteins (e.g., ApoB48 and ApoB100) and are assembled into pri-
marily chylomicrons in the jejunum [13]. These chylomicrons enter the
lymphatics through lacteals and further drain into the venous circula-
tion [14,15]. Subsequently, the ileum plays a nonredundant role in
handling lipid overflow by controlling bile acid (BA) reabsorption,
cholesterol absorption and metabolism [16-18]. In addition, disruptions
of lipid homeostasis can lead to unexpected intestinal inflammation and
permeability destruction, as well as alterations in the composition of the
intestinal microbiota [19-21]. Collectively, the coordination of such
processes in the whole intestine guarantees metabolic homeostasis
within our bodies. However, diets with high fat have been associated
with various metabolic syndromes, including obesity and diabetes
mellitus [22]. These HFD feeding-induced detrimental effects are
ascribed to their profound impacts on the overall intestinal homeostasis
as stated above. Thus, correction of the small intestinal homeostasis has
become a promising approach to treat obesity.
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To screen out the direct mediator that transfers HFD signals to in-
testinal homeostasis, we clustered high-throughput RNA-seq results
from the jejunum and ileum (two major organs for lipid absorption)
collected from mice subjected to 11 weeks of HFD feeding. We found
that the mRNA expression levels of MMP-12 were markedly elevated in
both small intestinal tissues. MMP-12 was first demonstrated as an in-
flammatory macrophage-secreted elastolytic MMP [23]. In addition,
MMP-12 is able to degrade a broad spectrum of extracellular matrix
(ECM) components, such as collagen IV, fibronectin and laminin. Hence,
inflammation-induced MMP-12 degrades the basement membrane,
allowing macrophages to penetrate into injured tissue [24]. Accord-
ingly, the expression and enzymatic activity of MMP-12 are increased in
multiple inflammatory diseases, including atherosclerosis and chronic
obstructive pulmonary disease [25]. Importantly, MMP-12 is involved in
obesity development. For example, MMP-12 is highly expressed in the
adipose tissue of HFD-fed mice. MMP-12 deficiency alleviates
obesity-induced inflammation and improves metabolic dysfunction.
Such a beneficial effect may be dependent on the organization and
composition of the ECM, raising the possibility that
MMP-12-orchestrated ECM deposition and degradation are involved in
maintaining metabolic homeostasis. Notably, intestinal ECM homeo-
stasis is abolished in HFD-fed mice. Hence, identification of the role of
MMP-12 in the regulation of small intestinal function is of great urgency
in the treatment of obesity.

In the present study, to effectively and specifically knock down
MMP-12 in mouse small intestines, we established a new nanoparticle
(NP) system consisting of chitosan (CS), PLGA (poly(lactic-coglycolic
acid)) and polyethylene glycol (PEG) (CS@PLGA NPs, CPA NPs) to
specifically deliver MMP-12 siRNAs into mouse small intestines. By
making the best of this NPs system, we found that it improved the small
intestinal homeostasis of HFD feeding-induced obese mice. As a conse-
quence, these mice exhibited improved metabolic physiology and
reduced systemic inflammation. Mechanistically, MMP-12 exerted DNA-
binding abilities, rather than its elastolytic activity, to induce fatty acid-
binding protein 4 (Fabp4) transcription. Taken together, we demon-
strated a mediatory role of MMP-12 in transferring HFD signals to small
intestinal homeostasis and systemic metabolic homeostasis.

2. Materials and methods
2.1. Animals

Male C57BL/6 J mice were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, Jiangsu, China). Male
C57BL/6 J mice were maintained in a 12 h LD cycle and in a tempera-
ture- and humidity-controlled environment. Note that we housed these
mice at a thermoneutral temperature (26 + 1 °C) to avoid the mild cold
(22 £ 1 °C)-induced activation impacts on the energy expenditure of
mice. All experiments were approved and conducted according to the
guidance of the Laboratory Animal Care & Use Committee at China
Pharmaceutical University (Permit number SYXK-2016-0011). To
establish the HFD-fed obese model, 10-week-old mice were fed with
HFD (60% kcal from fat, Research Diets, New Brunswick, NJ, USA) for
11 weeks. To dissect the role of MMP-12 in the regulation of intestinal
homeostasis, MMP-12 expression was knocked down in the mouse small
intestine by using CPA NPs carrying either a MMP-12 siRNA mixture (at
a dose of 40 pg/kg body weight once every 3 days) or its corresponding
control for a total of 27 days. The following day after final gavage, mice
were analyzed and later sacrificed to collect sera, tissues and feces for
further analyses.

2.2. Cell culture
Caco-2 cell line was obtained from the Cell Bank of the Chinese

Academy of Sciences (Shanghai, China). Cells were cultured in Dul-
becco’s modification of Eagle’s medium (DMEM, Gibco, Waltham, MA,
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USA) supplemented with 10% fetal bovine serum (FBS, Sciencell, San
Diego, CA, USA) with 1% antibiotics (penicillin/streptomycin, Sigma,
Louis, MO, USA) at 37 °C in a humidified atmosphere containing 5%
COo.

2.3. Human subjects

Human serum and fecal samples were freshly isolated from control
and hyperlipdemic persons (serum triglycerides (TG) levels ranging
from 0.78 to 2.68 mmol/L and serum total cholesterol (TC) levels
ranging from 3.86 to 6.33 mmol/L). Pearson correlation analysis was
performed to examine the correlation of fecal MMP-12 levels with serum
TG or TC. This study was approved by the Ethics Committee at Nanjing
Qixia Hospital (Permit number 20191202), all patients have written the
informed consent.

2.4. High-throughput RNA sequencing

To screen candidates in mouse small intestines that linking HFD
signals to the lipid homeostasis, mice were fed with HFD for 11 weeks, as
described above. Small intestine (ileum and jejunum) samples were
pooled and the total RNA was isolated to construct the RNA-seq li-
braries. The quality of the RNA libraries was evaluated using the Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Library
preparations were sequenced on an Illumina Hiseq platform (Illumina,
San Diego, CA, USA) by Novogene Co., LTD. Fragments Per Kilobase of
transcript per Million mapped reads (FPKM) were calculated for addi-
tional statistics. All reads were mapped to the mouse genome (GRCm38/
mm10) [26]. The differentially expressed transcripts of small intestine
were analyzed by either DEseq2 (with biological repeat) or edgeR
(without biological repeat) package of R software, P < 0.05 and |Logs
(Fold change)| > 2.5 (only for screening key genes in Fig. 1) or >1 (for
other analyses) were considered to be statistically difference. The visu-
alization of differential gene is performed by ggplot2 package of R
software. ClusterProfiler package of R language was used to analyze and
visualize GO terms of the differential genes. P < 0.05 was considered as a
threshold of GO enrichment analysis.

2.5. Gene and protein analyses

The gene mRNA and protein expression are examined as described in
our previous study [27]. Note that the gene expression levels were
normalized to 36B4 (for mouse tissues) and f-actin (for human Caco-2
cells). A complete list of QPCR primers is shown in Table S12. For the
protein expression analysis, antibodies against MMP-12 (Cat. No.
22989-1-AP; 1:1000 dilution), ApoB-48 (Cat. No. 20578-1-AP; 1:2000
dilution), ZO-1 (Cat. No. 21773-1-AP; 1:5000 dilution), Occludin (Cat.
No. 27260-1-AP; 1:3000 dilution), Fabp1l (Cat. No. 13626-1-AP; 1:2000
dilution), Fabp2 (Cat. No. 21252-1-AP; 1:2000 dilution), Fabp3 (Cat.
No. 10676-1-AP; 1:2000 dilution), Fabp4 (Cat. No. 12802-1-AP; 1:2000
dilution), Fabp5 (Cat. No. 12348-1-AP; 1:2000 dilution), Fabp6 (Cat.
No. 13781-1-AP; 1:2000 dilution) and Fabp7 (Cat. No. 51010-1-AP;
1:2000 dilution) were purchased from Proteintech (Chicago, IL, USA).
The antibody against Fabp12 (Cat. No. A12620; 1:1000 dilution) was
purchased from ABclonal Technology Co., Ltd. (Wuhan, Hubei, China).
The antibody against f-ACTIN (Cat. No. BS6007MH; 1:1000 dilution)
was purchased from Bioworld Technology (Nanjing, Jiangsu, China).

2.6. MMP-12 activity

MMP-12 activity was determined by casein zymography as described
before [28]. Additionally, protein concentrations in the mouse jejunum,
ileum and Caco-2 cells were determined using the BCA method (Beyo-
time Biotechnology Company, Shanghai, China). All samples (total
protein concentration 10 pg/lane) were separated on 10% gelatin gels.
After electrophoresis, gels were stained with 0.25% Coomassie brilliant
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Fig. 1. MMP-12 responses to HFD signals in mouse small intestines. (A) Venn diagrams of high-throughput RNA sequencing results from small intestinal samples
(including jejunum and ileum, respectively) of mice fed either an ND or an HFD for 11 weeks. (B) Heat map of eight clustered genes derived from high-throughput
RNA sequencing results. (C) RT-qPCR validation of eight clustered gene mRNA expression levels in the small intestine of HFD-fed mice, N = 6 for each group. (D) RT-
qPCR analyses of mRNA expression levels of 5 genes in Caco-2 cells treated with 0.4 mM FFAs for 24 h *P < 0.05, **P < 0.01 vs. control group, N = 6 for each group.
(E) Western blot analysis of MMP-12 protein expression levels in the small intestines of HFD-fed mice (upper) and FFA-treated Caco-2 cells (below). (F) Zymographic
analysis of MMP-12 enzymatic activity in the small intestines of HFD-fed mice (upper) and FFA-treated Caco-2 cells (below). (G) Serum and fecal MMP-12 levels in
HFD-fed mice. *P < 0.05, **P < 0.01 vs. ND group, N = 6 for each group. (H) Supernatant MMP-12 levels in FFA-treated Caco-2 cells. *P < 0.05, **P < 0.01 vs.
Control group, N = 6 for each group. (I) IF analysis of the small intestinal protein expression levels of MMP-12 accompanied with CD4, Gr-1, F4/80 and ALP (scale
bars: 50 pm). Quantitative data were presented as mean + SD. Significance was assessed using two-tailed Student’s t-test. Jej: jejunum,; Ile: ileum.

blue R-250 and then incubated in the eluent (10% acetic acid, 20% solution was dropped into 25 mL of deionized water and stirred for 1.5 h

methanol in distilled water) until bands of gelatinolytic activity were
visualized.

2.7. Synthesis and characterizations of CPA NPs

CPA NPs were synthesized by two-step reactions. Firstly, the PLGA
NPs were prepared using a nanoprecipitation method [29]. In brief, 10
mg of PLGA-PEG polymer was dissolved in 1 mL of acetone to form a
primary emulsion which was further emulsified in an aqueous polyvinyl
alcohol (PVA) solution (12 mL, 2% w/v) to form an oil-in-water emul-
sion using a probe sonicator for 30 s at 180 W over an ice bath. Then, the

to allow solvent evaporation. The NPs suspension was then rinsed 3
times by centrifugation (12,000 rpm, 4 °C, 15 min) and dispersed in
water by stirring for 15 min. The PLGA NPs were used fresh or kept at
—80 °C for various studies. Secondly, we used a stable self-assembly
method to prepare CPA NPs as described previously. A fixed amount
of PLGA NPs were suspended in a 0.4% (w/v) sodium tripolyphosphate
solution, and slowly added dropwise to a 1% (w/v) CS solution, and
continuously stirred at room temperature for 1 h. The suspension was
then centrifuged at 14,000 rpm for 15 min at 4 °C, and the supernatant
was removed. It was then washed twice with deionized water, and the
NPs recovered by centrifugation were resuspended in buffer for further
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use. CPA NPs containing GM6001 (a well-known MMP-12 inhibitor) or
MMP-12 siRNA were synthesized using the above method. Furthermore,
the amount of GM6001 and siRNA loaded into the NPs were analyzed by
ultraviolet spectrophotometer (UV-1800 PC, Mapada Instruments
Limited, Shanghai, China). GM6001 or siRNA entrapment efficiency is
the ratio of initial drug or RNA contents to that is encapsulated by the
NPs. Mean particle size and zeta potential of the prepared NPs with or
without CS coating were determined using a Malvern Zetasizer
(ZEN3690, Malvern Instruments Limited, Malvern, Worcestershire, UK).
Also, nanocarrier were stained with 1% phosphotungstic acid solution
and observed for size and morphology using a transmission electron
microscopy (TEM) (HT-7700, Hitachi, Tokyo, Japan) operating at 200
kv.

2.8. Nanocarrier stability

To evaluate the nanocarrier stability over time under physiological
conditions, CPA NPs were incubated in simulated gastric fluid and
simulated intestinal fluid, respectively, and the change in the average
particle size and PDI of the NPs was analyzed for 5 h. These character-
izations were examined using a Malvern Zetasizer system (ZEN3690,
Malvern Instruments Limited, Malvern, Worcestershire, UK) at room
temperature.

2.9. Mechanism of cellular uptake of CPA NPs

Caco-2 cells were seeded in 22 mm confocal dishes at a density of 1
x 10 cells per well. Free FAM siRNA and FAM siRNA NPs (NPs: PLGA
NPs and CPA NPs) were added to the cells and incubated for 4 h,
respectively. Then, cells were washed to remove non-internalized par-
ticles, fixed with 4% formaldehyde and nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). The process of cellular uptake was
observed with a Nikon fluorescence microscope (ECLIPSE, Ts2R-FL,
Tokyo, Japan). To further identify the mechanism of cellular uptake of
CPA NPs, Caco-2 cells were planted in confocal dish as described above.
The cells were then pre-incubated for 2 h with serum-free medium
containing endocytosis inhibitors. The doses for these inhibitor were
selected according to a previous study [30]. The dose of CPZ was 10
pg/mL, the dose of Filipin was 1 pg/mL, and the dose of EIPA was 10
pg/mL. Then, the culture media were removed and replaced with fresh
media containing FAM siRNA/CPA NPs for 4 h. Finally, intracellular
FAM fluorescence was visualized under a Nikon fluorescence micro-
scope (ECLIPSE, Ts2R-FL, Tokyo, Japan).

2.10. Metabolic cage and insulin sensitivity analyses

Body weights were recorded every week. For food intake measure-
ment, food consumption was weighed once every 3 days for 27
consecutive days. For the metabolic cage study, mice were acclimated in
metabolic cages (TSE Systems, Berlin Germany) for 3 days, and then the
VO,, VCO,, and energy expenditure were recorded continuously for
another 3 days. The heat production was calculated and adjusted to
body weight. To assess the impact of small intestine-specific MMP-12
knockdown on mouse glucose tolerance and insulin sensitivity, Glucose
tolerance test (GTT) and insulin tolerance test (ITT) were performed. For
the GTT analysis, mice were fasted for 16 h and then injected intra-
peritoneal (i.p.) with glucose (1 g/kg body weight). For ITT analysis,
mice were fasted for 6 h and ip. injected with insulin (2 U/kg body
weight) [31]. Blood glucose levels were measured before the injection
and 15, 30, 60, 120 min after the injection with a glucose monitor
(Roche Diagnostics, Indianapolis, IN, USA). Areas under curve (AUC)
were calculated and statistically analyzed by Origin8 (Version 8.6,
OriginLab, Northampton, MA, USA). Given that the HOMA was used to
quantify HOMA-IR. HOMA-IR values were then calculated using fasted
glucose and serum insulin values in the following equation: HOMA-IR =
fasting glucose (mg/dL) x fasting insulin (mIU/L)/405 [32].
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2.11. Serological analysis

Serum samples were collected in a centrifuge tube and centrifuged at
4000 rpm for 10 min at 4 °C. Serum levels of alanine aminotransferase
(ALT), aspartate transaminase (AST), TG, TC, low density lipoprotein
cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), BA,
blood urea nitrogen (BUN), creatine, and nonesterified fatty acids
(NEFAs), as well as inflammatory cytokines including MCP-1, TNF-a and
IL-6 were determined by using commercial kits (Jiancheng Institute of
Biotechnology, Nanjing, Jiangsu, China). Serum levels of lipopolysac-
charide (LPS) and D-lactitol (D-Lac) were measured with by ELISA assay
according to instruction of the manufacturer (Jiancheng Institute of
Biotechnology, Nanjing, Jiangsu, China). Serum and fecal MMP-12
levels were measured using the MMP-12 ELISA kit (Ruixin Biotech,
Quanzhou, Fujian, China).

2.12. TEM analysis

The TEM analysis was performed by Servicebio company (Wuhan,
Hubei, China) according to a previous study [12]. Images were taken by
using Hitachi HT7800 electron microscope (HT-7800, Hitachi, Tokyo,
Japan).

2.13. Short chain fatty acid (SCFA) analysis

Quantification analysis of fecal SCFAs, including acetic acid, propi-
onic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid,
were performed on an Agilent 7890 A gas chromatography equipped
with an Agilent 5975C mass spectrometric detector. To this end, 100 mg
of fecal samples was added to a microfuge tube containing 1 mL of 0.5%
H3POy4, then homogenized for 2 min, centrifuged at 17,949xg for 10
min. Then 800 pL of supernatant was extracted with equal amounts of
ethyl acetate and allowed to vortex for 2 min. Samples were centrifuged
at 17,949xg for 10 min. The internal standard of 4-methylpentanoic
acid was spiked into the supernatant, and transferred to a gas chro-
matograph vial. Concentrations of individual SCFAs were analyzed with
a polar TG-WAS capillary column (30 mm x 0.25 mm x 0.25 pm,
Thermo, Waltham, MA, USA). Helium was used as a carrier gas at a
constant flow rate of 1 mL/min. The injector temperature was 280 °C
and the ion source temperature was 280 °C. The initial oven temperature
was 80 °C, rising to 200 °C at 10 °C/min, then to 225 °C at 5 °C/min, and
finally to 250 °C at a rate of 2 °C/min, with a final hold at this tem-
perature for 5 min.

2.14. Transfection and reporter gene assays

Promoter activity assays were conducted in Caco-2 cells. The human
FABP4 promoter (—200 to —1 bp) was amplified from the human
genomic DNA by using primers shown in Table S12. The poly(A) tract of
the MMP-12 binding sites were mutated and synthesized by Tsingke
company (Nanjing, Jiangsu, China). All transient transfections were
conducted as previously described [33].

2.15. ChIP assay

ChIP assays were performed in Caco-2 cells with/without MMP-12
overexpression as previously described [33]. For the antibody infor-
mation, the anti-MMP-12 (Cat. No. ab52897, Abcam, Cambridge, MA,
USA) and anti-AcH3 (Cat. No. 06-599, Millipore, Bedford, MA, USA),
anti-H3K9-Me2, Cat. No. ab1220, Abcam, Cambridge, MA, USA), or
normal mouse IgG (Cat. No. SC-2025, Santa Cruz, Dallas, TX, USA) in the
presence of bovine serum albumin (BSA) and salmon sperm DNA. In
addition, the qPCR using primers flanking the proximal binding sites for
MMP-12 on the human FABP4 promoter were presented in Table S12.
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2.16. Statistical analysis

Statistical analysis was performed by using the GraphPad Prism 7
programme (California, USA). Quantitative data were presented as
mean + SD. Two-group comparisons were performed using two-tailed
Student’s t-test. Multigroup comparisons were performed using one-
way ANOVA followed Tukey’s multiple comparisons test. Spearman
correlation analysis was performed between SCFAs, gene expression,
and operational taxonomic units (OTUs) using psych package of R, and
the correlation heatmap was drawn through the heatmap package. A P
value < 0.05 was considered statistically significant.

3. Results
3.1. MMP-12 responses to HFD signals in mouse small intestines

To address the aforementioned question, we performed high-
throughput RNA sequencing by using small intestinal samples
(including jejunum and ileum) dissected from 11-week HFD-fed mice.
Bioinformatic analysis revealed a cluster of 8 genes that were robustly
regulated by HFD signals in both the mouse jejunum and the ileum
(Fig. 1A and B, Table S1), which was confirmed by independent RT-
gPCR and semiquantitative analyses (Fig. 1C and S1A, Table S2).
Moreover, in vitro analysis revealed that 0.4 mM free fatty acids (FFAs,
an equimolar mixture of oleic acid and palmitic acid) increased the
mRNA expression levels of MMP-12, LEP and CYP1A1 in Caco-2 cells, a
colorectal adenocarcinoma-derived cell line. However, other genes,
including GPR17 and KCNJ14, were modestly altered by such stimula-
tion (Fig. 1D). Given that MMP-12 was the most responsive gene cor-
responding to the hyperlipidemic signals in vivo and in vitro, we
ultimately focused our research on this gene. Consistently, the protein
expression levels of MMP-12 were similarly increased (Fig. 1E, S1B and
S10).

Of note, MMP-12 is also a macrophage metal elastase that possesses
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biological and pathophysiological functions based on its enzymatic ac-
tivity. Hence, we evaluated the enzymatic activities of MMP-12 and
found that they were consistently increased in the jejunum and ileum of
HFD-fed mice, as well as in FFA-treated Caco-2 cells (Fig. 1F, S1D and
S1E). Moreover, MMP-12 is known as a secretory protease that degrades
the ECM during the destruction of inflammatory tissues. As shown in
Fig. 1G, the serum and fecal levels of MMP-12 were correspondingly
increased in HFD-fed mice. Meanwhile, FFAs also increased the MMP-12
concentrations in the supernatant from Caco-2 cells (Fig. 1H). In addi-
tion, immunofluorescence (IF) analyses revealed that this HFD-induced
MMP-12 mainly accumulated in ALP-expressing epithelial cells, but not
in F4/80-positive macrophages, Gr-1-positive neutrophils, and CD4-
positive T lymphocytes (Fig. 1I), indicating MMP-12 may exert its
function in epithelial cells within the small intestines. Taking these data
together, we concluded that MMP-12 may serve as an important factor
responding to HFD signals in the small intestine.

3.2. Preparation and characterization of CPA NPs

To specifically and effectively knock down MMP-12 in the small
intestines of HFD-fed mice, we designed an oral NP system using PLGA-
PEG and CS based on the pH-sensitive and adhesive effects of CS. In
brief, PLGA-PEG was first synthesized by conjugating COOH-PEG-NH2
to PLGA-N-hydroxysuccinimide (PLGA-NHS) through amide bond for-
mation (Fig. 2A). In the 'H nuclear magnetic resonance (NMR) spectra of
PLGA-PEG, the peaks at 5.2, 4.8, 3.7, and 1.6 ppm were ascribed to (3,
-OCH-), (2, -OCH>-), (4, -CH2-CH0-), and (5, -OCH(CHj3)-), respec-
tively (Fig. 2B). The degradable CPA NPs were prepared using PLGA-
PEG polymer (as a core) coated with a CS shell (as a protective shelter
to avoid gastric acid) by double-emulsion and ionic gelation strategies
(Fig. 2C). The CPA NPs were roughly spherical in shape and had a
particle diameter of ~227 nm, as analyzed by TEM and light scattering
spectrometry (Fig. 2D). The polymer disparity index (PDI) and zeta
potential were 0.23 £ 0.01 and 57.8 £+ 4.98 mV, respectively (Fig. 2E).
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Essential to the NP system, the protonation of the CS shell stabilized the
PLGA-PEG NPs under acidic conditions (Fig. 2F). Next, cationic poly-L-
lysine (PLL) was used for siRNA complexation (PLL/siRNA weight ratio
of 0.5, Fig. 2G). In contrast, this shell collapsed in the simulated intes-
tinal fluid (SIF), an in vitro system that mimics the basic environment in
the small intestines (Table S3) [34].

Endocytosis has been well recognized as an important process
through which extracellular cargos are internalized by cells [35]. To
identify the mechanisms through which the CPA NPs entered the in-
testinal cells, we treated human Caco-2 cells with CPA NPs carrying FAM
siRNA (with green fluorescence) for 4 h in the presence of different in-
hibitors for the endocytic process. As shown in Fig. 3A, CPA NP trans-
fection was partially blocked by treatment with either EIPA (a
macropinocytic inhibitor) or chlorpromazine (a clathrin-mediated
endocytic inhibitor). Notably, cellular uptake was dramatically dimin-
ished in combination with filipin (a caveolae-mediated endocytic in-
hibitor). Taken together, these results suggested that caveolae-mediated
endocytosis is the predominant pathway for the cellular uptake of CPA
NPs. In addition, the CPA NP-coated siRNA was more prone to absorp-
tion than the PLGA NPs (Fig. 3B), which could be explained by the
stronger positive electricity of the CPA NPs.

To evaluate the biodistribution of CPA NPs, Cy5-siRNA was loaded in
PLGA to form fluorescent NPs for in vivo tracking. Next, the mice were
gavaged with Cy5-siRNA-labeled CPA NPs (40 pg/kg) and equivalent
Cy5-siRNA-labeled PLGA NPs for 72 h. We found that the fluorescent
signals of Cy5-siRNA-labeled CPA NPs accumulated in mouse small
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intestines and exhibited retentive ability compared with that of the Cy5-
siRNA-labeled PLGA NPs at 72 h (Fig. 3C). Since the intestine is the main
target organ of our CPA NPs, we therefore investigated the fluorescence
distribution of Cy5-siRNA in the intestine of mice administrated with
either PLGA or CPA NPs at the 48-h time point, and found that each of
them was quite non-uniform (Figure S2A). Hence, we extended the time
interval and detected the fluorescent signals of Cy5-siRNA at 72-h time
point. As shown in Fig. 3D, the Cy5-siRNA-loaded CPA NPs were evenly
distributed at this time point. In addition, we did not observe any
fluorescent signals in other metabolic organs, including the liver,
epididymal white adipose tissue (eWAT), kidney, or spleen (Fig. 3E).

Considering that CPA NPs are possibly circulated in blood after
passing enterocytes, serum siRNA levels were further examined at the
indicated time points in order to verify off-target effects in other organs.
By using fluorescence spectrophotometer analysis, we found that serum
Cy5-siRNA levels from CPA NPs-treated mice were significantly lower at
each time point, when compared to those from PLGA NPs-treated mice
(Figure S2B). These data further demonstrated that CS could function as
a shell to preserve the siRNA within the small intestines. Meanwhile, we
noticed that Cy5-siRNA was still existed with in the circulation system of
CPA NPs-treated mice. Such relative low levels of serum Cy5-siRNA
might be caused by the unavoidable free PLGA NPs formed during the
synthesis of CPA NPs. Additionally, serum levels of Cy5-siRNA from CPA
NPs-treated mice were peaked at 48 h and then gradually declined
(Figure S2B). Taken these data together, we gavaged the mice with the
CPA NPs in a 3-day interval.

Cy5 siRNA PLGA NPs

Cy5 siRNA CPA NPs

D Cy5 siRNA PLGA NPs  Cy5 siRNA CPA NPs

004

Caecum

m
E
[
1Y
=N

Liver spleen Kidney eWAT

Cy5siRNA Cy5 siRNA
PLGA NPs

CPA NPs

Fig. 3. Mechanism of cellular uptake and biodistribution of CPA NPs in vitro and in vivo. (A) Representative fluorescence microscopy images of Caco-2 cells treated
with either FAM siRNA CPA NPs alone or in combination with indicated inhibitors (scale bars: 25 pm). (B) Fluorescence microscopy images of Caco-2 cells transfected
with FAM siRNA PLGA NPs or FAM siRNA CPA NPs (scale bars: 25 pm). (C) Distribution of the indicated NPs in vivo. (D) Representative images of the intestinal tract
of mice 72 h after administration of either Cy5 siRNA PLGA NPs or Cy5 siRNA CPA NPs by intragastric administration. (E) Biodistribution of Cy5 siRNA PLGA NPs
and Cy5 siRNA CPA NPs in the mouse liver, eWAT, spleen, kidney and heart. Quantitative data were presented as mean =+ SD.
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3.3. Biosafety analysis of CPA NPs

To investigate the potential toxic effects of CPA NPs, we treated
Caco-2 cells with different components or doses of CPA NPs. We found
that none of them affected the cell viability of Caco-2 cells, indicating
that CPA NPs were safe for intestinal cells (Figure S3A and S3B). More
importantly, CPA NPs modestly affected the mouse body weight and
food intake when compared to the PBS-treated group (Figure S3C and
S$3D). In addition, we did not observe any changes in serological hepatic
injury parameters, including ALT and AST (Figure S3E). Similar results
were observed for renal injury markers, such as serum creatinine and
BUN (Figure S3F and S3G). Histologically, we found that no significant
differences existed in any examined organs between groups
(Figure S3H).
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3.4. MMP-12-siRNA-CPA NPs improve HFD feeding-induced obesity and
insulin resistance

To further identify the specific role of MMP-12 in mouse small in-
testines, we used a state-of-art CPA NP system carrying an MMP-12
siRNA mixture to construct mice with small intestine-specific MMP-12
knockdown (with 93.46 + 0.54% encapsulation efficiency, Figure S4A).
The CPA NPs-mediated knockdown efficiency and specificity are shown
in Figure S4B-S4E. Note that enzyme-linked immunosorbent assay
(ELISA) analysis revealed that knockdown of MMP-12 in mouse small
intestines significantly reduced the serum and fecal levels of MMP-12,
indicating that the small intestine was a dominant organ for MMP-12
secretion (Figure S4F). As shown in Fig. 4A and B, the MMP-12-
siRNA-CPA NPs-treated mice had a lower ratio in body weight gain
than the non-intervention mice. Meanwhile, the food intake was
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modestly altered by MMP-12-siRNA-CPA NPs in HFD-fed mice (Fig. 4C).
Since the small intestine is an important organ for maintaining lipid
homeostasis and contributes essentially to obese development, we
determined the impact of MMP-12 knockdown on whole-body energy
metabolism using metabolic cage analysis. We found that administration
of MMP-12-siRNA-CPA NPs significantly increased Oy consumption,
CO, production and heat production in HFD-fed mice (Fig. 4D-G).
Consistently, HFD feeding-induced hypertriglycemia, hypercholester-
olemia, fasting hyperglycemia, hyperinsulinemia, the increased ho-
meostasis model assessment (HOMA) of insulin resistance (HOMA-IR),
and hyperlipidemia were alleviated in these mice (Fig. 4H, S4G and
S4H). In contrast, the fecal levels of TC and NEFAs were correspondingly
increased (Fig. 41 and S4I). In parallel, glucose intolerance and insulin
sensitivity were correspondingly improved by MMP-12 knockdown
(Fig. 4J and K, S4J and S4K). These results suggested that the overall
metabolic disorders were attenuated by MMP-12 manipulation.

3.5. MMP-12-siRNA-CPA NPs ameliorate HFD feeding-induced hepatic
steatosis, adiposity and systemic inflammation

Given that impaired insulin sensitivity facilitates the pathological
progression of hepatic steatosis, adiposity and systemic inflammation
[30], we next examined the effects of MMP-12-siRNA-CPA NPs on these
pathological parameters in HFD-fed mice. Morphological analysis
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indicated that administration of MMP-12-siRNA-CPA NPs significantly
decreased the sizes of the liver and adipose tissues from HFD-fed obese
mice (Fig. 5A, S5A and S5B). In parallel, histological analyses revealed
that large lipid droplets were existed in sections of the liver and the WAT
from HFD-fed obese mice. Such a pathological lipid accumulation was
alleviated by the treatment of MMP-12-siRNA-CPA NPs (Fig. 5B, S5C
and S5D). These changes of hepatic lipid accumulation were further
confirmed by boron-dipyrromethene (BODIPY) staining (Fig. 5C).
Notably, the liver contents of TG and TC, as well as serum levels of
transaminases, were decreased in MMP-12-siRNA-CPA NPs-treated
mice, when compared to the HFD-fed mice (Fig. 5D and E). At the in-
flammatory level, MMP-12-siRNA-CPA NPs treatment significantly
decreased HFD feeding-induced macrophage infiltration in the liver,
eWAT and subcutaneous white adipose tissue (SWAT), as evidenced by
IF analysis of F4/80 expression (Fig. 5F). Additionally, since the adipose
tissues are main sources of inflammation in obesity [36], we examined
the levels of inflammatory cytokines and adipokines, including
interferon-6 (IL-6), IL-1f, tumor necrosis factor-a (TNF-a), monocyte
chemotactic protein-1 (MCP-1) and adiponectin (ADPN). As shown in
Figure S5E, we found that administration of MMP-12-siRNA-CPA NPs
attenuated the protein expression levels of inflammatory cytokines,
while increased the anti-inflammatory adipokine ADPN expression.
Consistently, serological analysis of inflammatory cytokines, including
IL-6, TNF-a, and MCP-1, were decreased in these mice treated with
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Fig. 5. MMP-12-siRNA-CPA NPs ameliorate HFD feeding-induced hepatic steatosis, adiposity and systemic inflammation. (A) Morphologic photos of humanely killed
mice (left, upper); Representative images of liver (left, below), eWAT and sWAT (right). (B) Representative images of H&E staining for liver, eWAT and sWAT
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MMP-12-siRNA-CPA NPs (Fig. 5G). These results confirmed that HFD
feeding-induced systemic inflammation was ameliorated by
MMP-12-siRNA-CPA NP treatment.

3.6. MMP-12-siRNA-CPA NPs improve lipid transportation and BA
reabsorption in the small intestines of HFD-fed mice

To identify the potential mechanism underlying the protective ef-
fects of MMP-12 knockdown in the mouse small intestines on diet-
induced obesity, we next performed transcriptional profiling on small
intestine samples (a mixture of jejunum and ileum) to globally screen
out the downstream events of MMP-12. As shown in Fig. 6A, MMP-12
knockdown increased the expression levels of 630 genes. In contrast,
the expression levels of 454 genes were decreased. Gene ontology (GO)
analysis revealed that a cluster of activated genes was involved in the
immune responses and fatty acid metabolism, while the suppressed
genes were clustered into the lipid transportation and cholesterol
metabolism (Fig. 6B). Hence, we examined whether MMP-12 was
essential for the transport of dietary lipid absorption into the circulation
since the small intestine is an important organ for such a process. As
shown in Fig. 6C, postprandial TG response assays indicated that
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administration of MMP-12-siRNA-CPA NPs markedly decreased serum
TG levels in HFD-fed mice. Histological and BODIPY staining analyses
indicated that refeeding-induced lipid accumulation in the enterocytes
of the mouse small intestines was almost absent in these mice (Fig. 6D).

Of note, chylomicron contributes importantly to mediating the
transportation of dietary lipids into the circulation system [14]. TEM
scanning analysis indicated that smaller chylomicron particles existed in
the serum from MMP-12 knockdown mice after 2-h HFD refeeding
compared to the control group (Fig. 6E, S6A and S6B). Coincident with
these findings, the serum collected from 2-h HFD-refed mice adminis-
tered MMP-12-siRNA-CPA NPs was transparent, whereas the control
serum was milky (Fig. 6E). At the molecular level, ApoB-48 contents in
the chylomicron fraction and serum were correspondingly reduced,
while its expression was consistently reduced in mouse small intestines
(Fig. 6F and S6C).

BAs are involved in the absorption and metabolism of dietary lipids
in the small intestines, as well as gut permeability and bacterial
composition [21]. As shown in Fig. 6G, we found that serum levels of
total BAs were decreased by approximately 45.15% in HFD-fed mice
treated with MMP-12-siRNA-CPA NPs compared to HFD-fed mice.
Furthermore, we examined the mRNA expression levels of BA
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reabsorption biomarkers in the mouse jejunum and ileum, including
Asbt, Ibabp, Osta and Ostb, and found that they were downregulated in
response to MMP-12 knockdown (Figure S6D), which is consistent with
the reduced serum levels of BAs in these mice. Furthermore, fecal levels
of MMP-12 and serum lipids were positively correlated in clinical sam-
ples (Fig. 6H).

3.7. MMP-12-siRNA-CPA NPs attenuate inflammation and maintain the
permeability of mouse small intestines

We next explored the inflammatory status in the small intestines of
HFD-fed mice treated with MMP-12-siRNA-CPA NPs. As shown in
Fig. 7A, HFD feeding significantly decreased the small intestine length,
which was reversed by MMP-12 knockdown. Histological analysis
indicated that MMP-12-siRNA-CPA NPs significantly attenuated HFD
feeding-induced villous atrophy and crypt hyperplasia (Fig. 7B). Since
intestinal goblet cells contribute importantly to intestinal mucin
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excretion, we therefore examined the numbers of these cells using alcian
blue and periodic acid Schiff (AB-PAS) staining. As shown in Fig. 7B,
HFD feeding decreased the numbers of goblet cells in the mouse small
intestines compared to the normal diet (ND) feeding groups. MMP-12-
siRNA-CPA NPs treatment restored this reduction. To confirm the
severity of intestinal inflammation, we evaluated macrophage (F4/80-
positive), neutrophil (Gr-1-positive), and T lymphocyte (CD4-positive)
infiltration. Compared with modest changes observed in the ND group,
HFD-fed mice displayed increased immune cell infiltration in the small
intestines. In contrast, administration of MMP-12-siRNA-CPA NPs
dramatically blocked these infiltrations (Fig. 7C). Accordingly, the
mRNA expression levels of pro-inflammatory cytokines, including II-14
and Tnf-a, were markedly reduced in the small intestines of these mice
(Figure S7A). These results indicated that MMP-12 was a critical medi-
ator in HFD feeding-induced small intestinal inflammation.

Small intestinal permeability is affected by inflammation under
metabolic stress [37]. We found that HFD feeding induced marked tight
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small intestines. (B) H&E and AB-PAS staining of small intestines (scale bars: 200 pm). (C) F4/80, Gr-1 and CD4 expression in the small intestines was assessed by IF
staining (scale bars: 100 pm). (D) TEM analysis of jejunum (left) and ileum (right) epithelial cells. Key morphological features, such as the microvilli (MV), TJ,
epithelial cell border (ECB), and desmosome (DM), are indicated (scale bars: 5 pm). For A-D, N = 6 for each group. **P < 0.01 vs. ND scra siRNA/NP group, #p <
0.05, *#P < 0.01 vs. HFD scra siRNA/NPs. Quantitative data were presented as mean + SD. Significance was established using one-way ANOVA followed Tukey’s
multiple comparisons test. (E) Abundance heatmap of 14 OTUs significantly changed by MMP-12 siRNA/NPs in HFD-fed mice based on RDA, N = 5 for each group.
(F) Abundance heatmap of significantly changed SCFAs, N = 5 for each group. (G) Heatmap of Spearman correlation analysis between changed OTUs and SCFAs. *P
< 0.05, **P < 0.01. Jej: jejunum; Ile: ileum.
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junction (TJ) impairments in the mouse small intestinal epithelium, as
evidenced by increased serum levels of D-Lac, impaired TJ structure and
reduced protein expression levels of TJ biomarkers, including Occludin
and ZO-1. In contrast, MMP-12-siRNA-CPA NPs intervention signifi-
cantly attenuated these impairments by restoring them close to the
levels of the ND-fed group (Fig. 7D, S7B-S7D). Of note, the beneficial
effects of MMP-12-siRNA-CPA NPs were further confirmed by in vitro
studies with increased levels of TJ-associated protein expression and
transepithelial electrical resistance (TEER) (Figure S8A-S8C). Therefore,
we speculate that FFAs may influence intestinal permeability through
the regulation of MMP-12. These results suggested that MMP-12 was a
critical factor in mediating the HFD feeding-induced permeability im-
pairments of mouse small intestines.

3.8. MMP-12-siRNA-CPA NPs alter the composition of gut microbiota
and SCFAs

Gut dysbiosis has been shown to facilitate the development of
obesity, whereas obesity further disrupts the composition of gut
microbiota, thus forming a vicious circle [18]. By using bacterial 16 S
rRNA sequencing (V4 region), a total of 1,648,417 raw reads were ob-
tained after qualification and were annotated to 699 OTUs. Rarefaction
analysis showed that the current sequencing depth covered almost all
the gut microbiota within each sample (Figure S9A and S9B). Unsu-
pervised principal coordinate analysis (PCoA) was used to analyze the
whole structural alterations in the gut microbiota among groups. Along
the PCo2 axis, MMP-12-siRNA-CPA NPs treatment reversed HFD
feeding-induced dysbiosis, whereas no significant changes were
observed in the structure along PCol (Figure S9C). Unweighted
pair-group method with arithmetic mean (UPGMA) analysis indicated
significant separations in the microbiota between ND- and HFD-fed mice
and between HFD-fed groups in presence with or without
MMP-12-siRNA-CPA NPs, suggesting that MMP-12 knockdown could
alter the microbiota composition and shift the microbial community
profile from a HFD feeding-induced dysbiotic state towards homeostasis
in ND-fed mice (Figure S9D). In addition, taxonomic profiling revealed
that MMP-12-siRNA-CPA NPs administration markedly reduced the
contents of the Proteobacteria phylum in the feces from HFD-fed obese
mice (Figure S9E-S9H). Given that the Proteobacteria phylum is a
well-known infective pathogen that contributes to the development of
metabolic endotoxemia, MMP-12-siRNA-CPA NPs consistently reduced
serum levels of LPS in HFD-fed mice (Figure S9I). Such a reduction in
LPS could be a critical explanation for the alleviated inflammation in
these mice.

Next, we used redundancy analysis (RDA) to clarify the specific
bacterial phylotypes changed by HFD signals and MMP-12-siRNA-CPA
NPs treatment (Figure S9J). Compared to the ND-fed group, HFD sig-
nals dramatically altered the 228 OTUs, among which 167 were upre-
gulated and 61 were downregulated. In HFD-fed mice, administration of
MMP-12-siRNA-CPA NPs altered 14 OTUs (8 upregulated and 6 down-
regulated). Interestingly, 6 OTUs were altered by both HFD feeding and
MMP-12-siRNA-CPA NPs administration, and their changes exhibited
opposite trends. Among these, OTU_26 and OTU_144 were classified in
the detrimental Lachnospiraceae family. This family belongs to the Fir-
micutes phylum, which is known to aggravate LPS transfer into the cir-
culation system. In addition, 3 OTUs (OTU_30, OTU_1513 and OTU_129)
were annotated to the beneficial Eggerthellaceae family, which is a
beneficial bacterium responsible for metabolizing secondary plant
polyphenols to ameliorate gut inflammation (Fig. 7E and Table S4).

Among gut microbiota-generated metabolites, SCFAs, which are
metabolized by intestinal microbiota through indigestible carbohy-
drates, have been determined to downregulate inflammatory cytokine
production in macrophages. We thus evaluated the contents of 6
dominant SCFAs in mouse feces. As shown in Fig. 7F and Table S5, HFD
signals significantly reduced the contents of SCFAs compared to ND
signals. In contrast, such a reduction was reversed by MMP-12-siRNA-
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CPA NPs treatment. Coincident with these results, Spearman correla-
tion analysis revealed that MMP-12-siRNA-CPA NPs-induced substantial
elevation of SCFAs, including propionic acid, acetic acid and butyric
acid, was positively correlated with 3 beneficial OTUs (OTU_30,
OTU_1513 and OTU_129) but negatively correlated with 2 detrimental
OTUs (OTU_26 and OTU_144) (Fig. 7G, Table S6 and S7), suggesting that
these OTUs are essential bacteria in MMP-12 knockdown-regulated
SCFA production.

Taken together, these data suggested that MMP-12-siRNA-CPA NPs
may exert their anti-inflammatory effects and improve gut health by
regulation of the gut bacterial composition and the production of the
SCFAs.

3.9. GM6001-CPA NPs modestly affect HFD feeding-induced obesity

To further dissect whether these beneficial roles of MMP-12 knock-
down in mouse small intestines were dependent on its reduced enzy-
matic activity or expression, we used the CPA NPs system carrying the
pan-MMP inhibitor GM6001 (100 mg/kg, GM6001/CPA NPs diameter:
209.4 nm; Encapsulation efficiency: 91.73 + 1.74%, Figure S10A) to
neutralize all the MMP enzymatic activity, in case of the compensatory
effects from other MMPs. As shown in Figure S10B, GM6001 signifi-
cantly decreased the enzymatic activity of MMP-12 in the small in-
testines of mice fed a HFD. However, GM6001-CPA NPs modestly
affected the HFD feeding-induced increase in body weight gain as well as
the reduction in food intake (Figure S10C and S10D). In addition, HFD
feeding increased blood glucose levels and impaired glucose tolerance,
while GM6001-CPA NPs did not alter these parameters. Morphologi-
cally, administration of GM6001-CPA NPs modestly affected HFD
feeding-induced fasting hyperglycemia, hyperlipidemia, hypercholes-
terolemia, and glucose intolerance (Figure S10E-S10G). Similarly, HFD
feeding-induced hepatic and epididymal fat accumulation was unaltered
in GM6001-CPA NPs-treated obese mice (Figure S10H-10K). In addition,
HFD signals, including increased serum AST and ALT, as well as TG and
TC, were similarly unchanged (Figure S10L and S10 M). Consistently,
administration of GM6001-CPA NPs modestly affected the size of adi-
pose tissue and lipid droplets in the mouse liver (Figure S1ION and
$100). In addition, the inflammatory cytokines, such as IL-6 and MCP-1,
were decreased in response to GM6001 treatment at both the serological
and protein expression levels, while protein expression levels of IL-1f,
TNF-o and ADPN were modestly affected by GM6001 (Figure S11A and
S11B). The systemic reduction of IL-6 and MCP-1 levels may due to the
possibility of unavoidable free PLGA NPs, which may carry minor doses
of GM6001 and circulate in blood after passing enterocytes, further
delivering GM6001 into various tissues. Given the known Ki value of
GM6001 is 3.6 nM on the enzymatic activities of all MMPs [38], the
potential minor doses of GM6001 in circulation system may also cause a
minor improvement of systemic inflammation. Taken together, these
data revealed that the beneficial role of MMP-12 knockdown was not
dependent on its enzymatic function.

3.10. Fabp4 serves as an effector of MMP-12 in the small intestines of
HFD-fed mice

It should be noted that MMP-12 exerts DNA-binding abilities to
control gene expression in the nucleus [39]. As shown in Fig. 8A, we
found that HFD feeding significantly increased the nuclear and cytosolic
contents of MMP-12 proteins in mouse small intestines (jejunum and
ileum). Similar results were observed in the in vitro analysis (Fig. 8B).
Considering the modest effect of the MMP-12 inhibitor, we speculated
that MMP-12 indeed functions as a transcriptional factor involved in the
regulation of small intestinal homeostasis. Hence, we performed
Spearman correlation analysis to evaluate potential associations among
intestinal gene expression, gut microbiota composition and SCFA con-
tents. Venn analysis clustered 2 genes, including Fabp4 and Nnmt, which
were positive, in line with the above beneficial effects of MMP-12
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Fig. 8. Fabp4 serves as an effector of MMP-12 in the small intestines of HFD-fed mice. (A and B) IF analysis of cytosolic and nuclear MMP-12 protein expression in
mouse small intestines (jejunum and ileum) (scale bars: 100 pm) and Caco-2 cells (scale bars: 20 pm). (C) Heatmap of Spearman correlation analysis between changed
small intestinal gene expression and OTUs (left), *P < 0.05, **P < 0.01. Heatmap of Spearman correlation analysis between changed small intestinal gene expression
and SCFA contents (right), *P < 0.05, **P < 0.01. Venn diagrams and RT-qPCR validation of correlation analyses (middle), *P < 0.05, **P < 0.01 vs. HFD scra siRNA/
NPs or FFA scra siRNA/NPs group. (D) IHC analysis of Fabp4 expression (scale bars: 200 pm). (E) Luciferase activity of the FABP4 promoter or FABP4™" promotor in
Caco-2 cells transfected with vehicle or MMP-12 plasmids, N = 6 for each group. (F) ChIP assays with the indicated antibodies in Caco-2 cells transfected with vehicle
or MMP-12 plasmid, N = 3 for each group. **P < 0.01 vs. vehicle group. Caco-2 cells were transfected with the indicated plasmid or siRNA for 24 h and then treated
with 0.4 mM FFAs for another 24 h. (G) Nile red staining (scale bars: 20 pm). (H) Supernatant IL-6, MCP-1 and TNF-«a levels. (I) The TEER levels, N = 5 for each
group. *P < 0.05, **P < 0.01 vs. Vehicle + scra siRNA group, “P < 0.05, **P < 0.01 vs. MMP-12 overexpression (OE) + FABP4 siRNA group. Quantitative data were
presented as mean =+ SD. Significance was established using one-way ANOVA followed Tukey’s multiple comparisons test. Jej: jejunum; Ile: ileum. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

knockdown (Fig. 8C and Table S8-511). We further evaluated the mRNA (activation) accumulation, accompanied by a modest impact on the
expression levels of these two genes in response to MMP-12 knockdown H3K9-me2 levels around the FABP4 proximal promoter (Fig. 8F), sug-
in vivo and in vitro and found that Fabp4 mRNA expression was most gesting that MMP-12 is a potential enhancer of FABP4 transcription by
robustly decreased in the small intestines of HFD-fed mice treated with increasing the accumulation of histone acetylation. Next, we wanted to
MMP-12 siRNA NPs and in FFA-treated Caco-2 cells with MMP-12 explore whether FABP4 linked MMP-12 signals to the homeostasis of the
knockdown (Fig. 8C). The protein expression of FABP4 exhibited a small intestinal homeostasis. We knocked down FABP4 expression in
similar tendency (Fig. 8D and S12A-S12D). MMP-12-overexpressing Caco-2 cells. The knockdown efficiency of

Bioinformatics analysis indicated that a classic MMP-12-binding FABP4 siRNA and the overexpression efficiency of MMP-12 are pre-
motif featuring a poly(A) tract of 6 bases was present on the proximal sented in Figure S10G. We found that knockdown of FABP4 partially
promoter of FABP4 (—148 bp — —142 bp, Fig. 8E). Luciferase activity antagonized MMP-12-facilitated lipid accumulation, pro-inflammatory

analysis indicated that overexpression of MMP-12 significantly cytokine expression and secretion, and TJ impairment (Fig. 8G-I and
increased the transcriptional activity of the FABP4 promoter. However, S12G).

such an activation effect was abolished when this poly(A) tract was In addition, we examined the protein expression levels of other
mutated (Fig. 8E). Consistently, the mRNA and protein expression levels Fabps, including Fabp1/2/3/5/6/7/12, that were expressed in mouse
of FABP4 were correspondingly increased in MMP-12-overexpressing small intestines [40]. As shown in Figure S13, HFD feeding increased

Caco-2 cells (Figure S12E and S12F). At the epigenetic level, acetyl- Fabp1/2/5/6/12 protein expression levels, while decreased the Fabp7
histone H3 (AcH3) and K9-dimethylated histone H3 (H3K9-me2) are in mouse small intestines. Given the increased Fabp4 levels, these data
two hallmarks associated with chromatin activity and gene transcription collectively indicated that the small intestinal Fabp family plays po-
[33]. In our study, overexpression of MMP-12 led to robust AcH3 tential roles in correspondence to HFD feeding signals. Meanwhile, we

12



M. Song et al.

noticed that protein expression levels of Fabpl/5/7 were further
increased, when MMP-12 was knocked down. Such an increase of these
Fabp proteins may be caused by an unexpected compensatory effect,
which has been documented by other studies [41,42]. In our study, the
endogenous expression levels of Fabpl/5/7 are less than that of Fabp4
in the small intestine of HFD-fed mice (Figure S12A and S13). Hence,
these undesired increases may fail to antagonize the net beneficial effect
of MMP-12 knockdown-decreased Fabp4 expression.

4. Discussion

MMP-12 is a macrophage metal elastase that cleaves elastin, which is
a major component in the media of the small intestines. Macrophages
are the major source of MMP-12, the expression of which is markedly
increased in various inflammatory diseases [25,43]. Given the causative
relationship between inflammation and obesity, MMP-12 expression is
increased in mouse WAT in response to HFD-feeding signals. Although
MMP-12 is also expressed in the small intestines, whether it contributes
to homeostasis and whole-body metabolism remains elusive. In the
present study, our findings revealed that HFD signals induced marked
MMP-12 expression in mouse small intestines and feces. To specifically
and effectively knock down MMP-12 in the small intestines of HFD-fed
mice, we successfully constructed an NP system to effectively and
orally deliver MMP-12 siRNA. Making the best of this NPs system, we
found that small intestine-specific MMP-12 knockdown improved HFD
feeding-induced metabolic disorders, including hyperglycemia, hyper-
insulinemia, glucose intolerance, impaired insulin sensitivity and sys-
temic inflammation. In addition, the HFD-feeding-induced disruptions
of lipid uptake/transportation, BA reabsorption, permeability and
inflammation in mouse small intestines were recuperated by MMP-12
knockdown. We also revealed that small intestinal MMP-12 exerts
DNA-binding abilities in the cellular nucleus, rather than its elastolytic
activity, when corresponding to HFD-feeding signals, while FABP4
served as its key transcriptional downstream effector. Our findings shed
some light on the pathophysiological and transcription-regulatory
function of MMP-12 and developed a state-of-the-art siRNA delivery
system for gene-specific intervention in mouse small intestines.

To tissue-specifically regulate MMP-12 expression, we first focused
on small intestines and designed a CPA NPs system. Given the extensive
applications of nanotechnology in delivering various RNAs into tumors
[44-46], herein, we developed a novel NPs system for the systemic
delivery of siRNA into the small intestines to treat metabolic diseases.
Our findings broadened the current applications of the NPs system for
gene therapies for metabolic disorders. In our present study, CPA NPs
exert the following beneficial advantages. For basal materials, CS, iso-
lated from lobsters, crabs and other marine invertebrates, is safe and
biocompatible, accompanied by pH-sensitive and adhesive properties
[47]. Herein, we established a CS to serve as a protective shelter to avoid
gastric acid and to retain the functional siRNA in the small intestines. In
addition, as another core component of our NPs, PLGA is a widely used
polymer with biodegradable and biocompatible abilities that has been
approved in the clinic to deliver antitumor drugs for multiple cancer
treatments, including colorectal cancer and ovarian cancer [35,48]. Of
note, sialic acid is widely distributed and is presented with negative
charge in mucins, which should prevent the negative-charged PLGA NPs
penetrate through a mucus layer to small intestinal cells [49]. To
overcome this problem, we coated the surface of PLGA NPs with a layer
of CS and finally prepared a typical core-shell CPA NPs. Because the CS
owns positive surface charge and is known to safely interact with in-
testinal mucosal proteins [50], CPA NPs could be effectively absorbed by
small intestinal cells. We used this material as a core to coat the
PLL-modified siRNAs [29]. By taking advantage of double-emulsion and
ionic gelation strategies, we constructed an NPs system and effectively
applied it for the in vivo knockdown of MMP-12 in mouse small in-
testines based on the protective effects of CS. Our CPA NPs system did
not affect MMP-12 expression in other organs, including the liver,
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kidney and colon, demonstrating its excellent specificity in the small
intestines. Therefore, the CPA NPs system possesses great potential in
delivering either RNAs or drugs into the small intestines. Notably,
adeno-associated viruses (AAVs) have also been developed to manipu-
late gene expression in small intestines [51]. However, technical limi-
tations, such as difficulties in the achievement of high-titer AAVs, still
restrict the clinical applications of this method [52]. In contrast, our CPA
NPs system was host-friendly due to its transient impacts on gene
expression, since they were prone to be excreted by intestinal peristalsis
within the feces. In addition, although MMP inhibition holds significant
therapeutic potentials for the treatment of inflammatory diseases, this
approach unfortunately has been hindered by significant side effects of
MMP inhibitors due to the important physiologic role of MMPs in tissue
remodeling. In the present study, we took advantages of the nanosystem
to specifically knock down MMP-12 expression in the mouse small in-
testine and improve the HFD feeding-induced metabolic disorders. This
strategy may partially avoid the global side effects caused by MMP in-
hibitors. Lastly, it does not escape our attention that the small intestines
consist of various types of cells, including intestinal villous epithelial
cells, columnar cells and goblet cells [53]. Moreover, when the mice
were fed a HFD, neutrophils and macrophages also infiltrated into the
small intestines to trigger inflammatory responses, which facilitated
metabolic disorders [54,55]. In our study, we found that HFD feeding
increased the accumulation of MMP-12 within the intestinal epithelial
cells by using immunofluorescent analysis with cell-specific biomarkers,
indicating that the ALP-positive epithelial cells were the bona fide venue
for MMP-12’s pathophysiological function. Hence, deep single-cell
RNA-seq analyses and cell type-specific NPs systems based on targeted
peptides should be considered for the precision treatment of
MMP-12-based metabolic diseases [56-58].

Global MMP-12 deficiency mice have been generated for nearly a
decade to identify the pathophysiological functions of MMP-12 [59].
However, we noticed that global MMP-12 deficiency increased the body
weight, which differs from our results [60]. This discrepancy may be
caused by the difference within the microenvironment of the global
knockout and tissue-specific knockdown mice. This phenomenon has
also been achieved in many other studies. For example, Bmal1 functions
as a core clock component to orchestrate the circadian homeostasis [61].
As reported, global Bmall KO impairs glucose tolerance in mice [61]. In
contrast, liver-specific Bmall deficiency improves mouse glucose toler-
ance [62]. Therefore, the physiological function of MMP-12 are
organ-specific and based on its bona fide organ properties. Meanwhile,
developing a tissue-specific manipulation strategy (e.g. nanosystem)
targeting MMP-12 should be taken into consideration for the future
clinical applications and translational medicine. On the other hand, we
did not observe such a significant reduction in the body weight of
HFD-fed obese mice. The potential reasons are as follows: 1. Because we
only intervened with MMP-12-siRNA-CPA NPs for 27 days, we hypoth-
esized that an extended intervention would result in a more significant
decrease in obesity as determined by body weight. 2. The plausible side
effects caused by the undesired increases of Fabpl/5/7 protein may
partially contribute to the maintenance of the body weight in the
HFD-fed mice administrated with MMP-12 siRNA CPA NPs.

In our study, the functional phenotype of MMP-12 knockdown is
extensive in the alleviation of small intestinal disorders and metabolic
dysfunction of HFD-fed obese mice. The possible reasons for such
extensive functions of MMP-12 were as follows: 1. CPA NPs could
functionally deliver the siRNA into various cells existed in the small
intestines, and thus decreasing the MMP-12 expression. Hence, the
beneficial effects of MMP-12 knockdown were a net cluster of all the
MMP-12-expressing cells in small intestines. 2. Fabp4, as one of the
potential downstream effectors of MMP-12, was also highly expressed
both in paneth cells and capillary endothelium of the small intestine,
while paneth cells is a critical cell type contributing to the Fabp4’s
secretion into the circulation system [63]. Given that secreted Fabp4
could functionally affect multiple biological processes in the liver and
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adipose tissues [40], the reduction of Fabp4 induced by MMP-12
knockdown may be a possible explanation for the MMP-12’s versatile
functions in regulating lipid metabolism and inflammation. 3. MMP-12
is also defined as a secreted protein [64]. Consistently, we found that it
was also existed in the feces of both HFD-fed obese mice and hyper-
lipidemic patients, indicating the underlying relationships between
MMP-12 and gut microbiota. At the meanwhile, small intestine-specific
MMP-12 knockdown affected the abundance of 13 OTUs and decreased
the levels of Proteobacteria phylum independent of Fabp4, indicating
such a crosstalk may contribute to the shift of bacterial composition in
HFD-fed mice. Because the disrupted gut microbiota composition is a
well-known determinant in the pathogenesis of metabolic disorders,
while the correction of the HFD feeding-induced gut dysbiosis has been
proven to treat the obesity [65], the bacterial composition could be
another mediator that relaying the MMP-12’s signals under HFD feeding
status.

Fabps have been proved to affect lipid fluxes, metabolism and
signaling within cells through facilitating the transportation of lipids to
specific cellular compartments, including the mitochondrion, peroxi-
some, endoplasmic reticulum and nucleus [41]. In our present study, we
found that the expression levels of Fabp4 were upregulated both in the
small intestine of HFD-fed mice and FFA-treated Caco-2 cells in an
MMP-12 dependent manner. However, Fabps are well known to play
important roles in a tissue-specific manner [66]. Hence, we examined
protein expression levels of other Fabps in response to MMP-12 knock-
down, further confirming that Fabp4 was a potential effector of MMP-12
in the small intestine of HFD-fed obese mice. Fabp4 is abundantly
expressed in the adipose tissue and macrophage, and has been docu-
mented to have a significant role in many aspects of metabolic syn-
drome, including dyslipidemia [40]. For example, Fabp4 deficiency can
affect adipocyte biology and fatty acid metabolism to alleviate the sys-
temic insulin resistance, dyslipidemia, and lipotoxicity associated with
genetic or diet-induced obesity [67]. More importantly, Fabp4 protein is
also expressed in the paneth cells and capillary endothelium of the small
intestine, but not in lymph vessel [68]. In our study, the expression of
Fabp4 in the small intestines was negative correlated with five SCFAs,
and knockdown of Fabp4 partially attenuated MMP-12-facilitated lipid
accumulation and TJ impairment in FFA-treated Caco-2 cells, further
confirming the regulatory function of Fabp4 in triglyceride absorption
and lipid metabolism. On the other hand, Fabp4 is also involved in the
development of inflammation. For instance, a Fabp4 inhibitor can
reduce saturated fatty acid-induced inflammation and ameliorate lipid
deposits in the skeletal muscle, while the Fabp4-deficient macrophage
exhibits a decreased ability to produce inflammatory cytokines and
accumulate cholesterol esters [67]. Consistent with these findings, we
found that knockdown of FABP4 partially attenuated
MMP-12-facilitated pro-inflammatory cytokine expression and secretion
in Caco-2 cells, indicating that Fabp4 functions as an important medi-
ator of inflammatory signals in the small intestine. These data collec-
tively indicated that Fabp4 is extensively involved in the regulation of
triglyceride absorption and inflammatory responses in the small
intestines.

Fabp4 was demonstrated as a potential downstream effector of MMP-
12, it might function as a more specific and safer therapeutic target
instead of MMP-12 and minimize the MMP-12 inactivity-induced side
effects in future studies. However, it should be noted that Fabp4 was
screened by Spearman correlation analyses based on MMP-12-
orchestrated the transcriptional network, gut microbiota composition
and SCFA contents, since we wanted to find out the most positive
responder that was in line with the above beneficial effects of MMP-12
knockdown. By using in vitro analyses, we confirmed that Fabp4 was a
potential downstream effector involved in the MMP-12-regulated lipid
absorption, TJ permeability and inflammation. Besides, although the
potential relationships between the transcriptional network and gut
microbiota composition existed, the correlations were not strong enough
to cover all the different expressed genes and bacterial phylum, as well
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as specific OTUs. In our study, Fabp4 only exhibited a negative corre-
lation with a specific OTU (OTU_1), which is a probiotic bacterium
involved in the regulation of lactic acid formation to produce SCFAs
[69]. However, 16 S rRNA sequencing revealed that MMP-12 affected
the abundance of at last 14 OTUs and the Proteobacteria phylum. Hence,
MMP-12 knockdown also corrected gut dysbiosis. Taken together, we
thus believed that knockdown of MMP-12 may exert a more broaden
effect on the small intestinal microenvironments and metabolic
dysfunction, when compared to the Fabp4 knockdown.

Considering that MMP-12 is classically identified as an elastase, we
blocked MMP-12 enzymatic activity by using the MMP-specific inhibitor
GM6001 [70,71]. We unexpectedly found that this inhibitor shows
modest effects on HFD feeding-induced metabolic physiology, indi-
cating that the beneficial role of MMP-12 knockdown did not rely on its
enzymatic function. Unprecedentedly, both HFD feeding and FFA
stimulation triggered a marked translocation of MMP-12 into the cell
nucleus, as evidenced by IHC and immunocytochemistry (ICC) analyses.
These results are in accordance with a previous study, which suggested
that MMP-12 also exerts DNA-binding abilities [39] and thus functions
as a transcriptional factor in response to virus infection. Similarly, in
mouse small intestines, MMP-12 activates FABP4 transcription by
directly binding to the poly(A) tract presented on its proximal promoter.
Histones respond sensitively to external signals, such as food and light,
and thus undergo multiple posttranslational modifications, including
acetylation and methylation [72,73]. However, the MMP-12-triggered
epigenetic regulation of histones remains elusive. Our findings showed
that overexpression of MMP-12 transformed the local chromatin envi-
ronment of the poly(A) tract on the FABP4 promoter into an active state,
which was confirmed by increased AcH3 (an active biomarker) accu-
mulation. However, we found that the levels of H3K9-me2 were not
altered by MMP-12 overexpression. These results indicated that
MMP-12 may function as an enhancer to facilitate gene transcription by
altering histone acetylation rather than methylation. Hence, our find-
ings extend the current recognition of the epigenetic regulation of lipid
transportation and intestinal homeostasis via the MMP-12/FABP4 axis.

5. Conclusion

In conclusion, the present study highlights a non-classic transcrip-
tional regulatory function of MMP-12 in mouse small intestines that
activates Fabp4 transcription to regulate the homeostasis of small in-
testinal homeostasis and whole-body metabolism. In addition, we
established a small intestine-specific CPA NPs system, thus providing
proof-of-concept siRNA-based metabolic gene manipulations. Trans-
lational research that advances the clinical applications of the CPA NPs
system and therapeutic interventions targeting MMP-12 will benefit
patients with obesity and its associated diseases.
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