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 Prolyl endopeptidase (PREP) is a 
serine endopeptidase that participates in many pathologi-
cal processes including inflammation, oxidative stress, and 
autophagy. Our previous studies found that PREP knockout 
exhibited multiple benefits in high-fat diet (HFD) or methio-
nine choline-deficient diet-induced metabolic dysfunction-
associated fatty liver disease (MAFLD). However, cumulative 
studies have suggested that PREP performs complex func-
tions during disease development. Therefore, further un-
derstanding the role of PREP in MAFLD development is the 
foundation of PREP intervention. Methods: In this study, an 
HFD-induced MAFLD model at different time points (4, 8, 12, 
and 16 weeks) was used to explore dynamic changes in the 
PREP proline-glycine-proline (PGP)/N-acetyl-seryl-aspartyl-
lysyl-proline (AcSDKP) system. To explore its potential value 

in MAFLD treatment, saline, or the PREP inhibitor, KYP-2047, 
was administered to HFD-induced MAFLD mice from the 10th 
to 16th weeks. Results: PREP activity and expression were 
increased in HFD-mice compared with control mice from the 
12th week onwards, and increased PREP mainly resulted in 
the activation of the matrix metalloproteinase 8/9 (MMP8/9)-
PREP-PGP axis rather than the thymosin β4-meprin α/PREP-
AcSDKP axis. In addition, KYP-2047 reduced HFD-induced 
liver injury and oxidative stress, improved lipid metabolism 
through the suppression of lipogenic genes and the induction 
of β-oxidation-related genes, and attenuated hepatic inflam-
mation by decreasing MMP8/9 and PGP. Moreover, KYP2047 
restored HFD-induced impaired autophagy and this was veri-
fied in HepG2 cells. Conclusions: These findings suggest 
that increased PREP activity/expression during MAFLD de-
velopment might be a key factor in the transition from sim-
ple steatosis to steatohepatitis, and KYP-2047 might possess 
therapeutic potential for MAFLD treatment.
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Introduction
Metabolic dysfunction-associated fatty liver disease (MAFLD), 
a new nomenclature for nonalcoholic fatty liver disease 
(NAFLD), was proposed to reflect the current understand-
ing of fatty liver diseases associated with metabolic dysfunc-
tion.1,2 MAFLD comprises a spectrum of liver histopathologies 
ranging from simple steatosis to steatohepatitis and more 
advanced stages, including fibrosis and cirrhosis, ultimately 
resulting in liver failure and hepatocellular carcinoma.1 Cur-
rently, MAFLD has become a ‘pandemic’ posing a substantial 
health and economic burden to patients and society.3,4

Prolyl endopeptidase (PREP) is a serine endopeptidase that 
hydrolyzes peptide bonds at the proline carboxyl terminal.5 
Notably, numerous studies have suggested that in addition 
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to its earlier recognized enzymatic functions, PREP possesses 
nonenzymatic functions and participates in many pathologi-
cal processes, such as inflammation, oxidative stress, and 
autophagy.6 Furthermore, our previous studies found that 
PREP knockout could alleviate hepatic steatosis, inflamma-
tion, and oxidative stress in high-fat diet (HFD) or methio-
nine-choline-deficient (MCD) diet-induced MAFLD models.7,8 
Therefore, we hypothesized that PREP inhibitors may be an 
effective pharmacological treatment for MAFLD. However, cu-
mulative studies have suggested that PREP performs complex 
functions that vary according to the etiology and stage of the 
disease9–12 and that PREP positively modulates inflammatory 
reactions.9,10,13 The combined action of PREP and matrix met-
alloproteinases 8/9 (MMP8/9) cleaves collagen into proline-
glycine-proline (PGP), a potent neutrophil chemoattractant 
and activator.9 Moreover, PREP inhibition or knockout signifi-
cantly suppresses PGP production and neutrophilic inflamma-
tion.10,13 However, PREP also negatively modulates inflam-
matory reactions.11,12,14 PREP may exhibit anti-inflammatory 
and antifibrotic effects through N-acetyl-seryl-aspartyl-lysyl-
proline (AcSDKP), which is released from thymosin β4 (Tβ4) 
by the combined action of meprin α and PREP.11 Our previous 
findings suggested a deficiency in endogenous AcSDKP could 
accelerate liver fibrosis progression in a carbon tetrachloride 
(CCl4)-induced rat model.12 Therefore, understanding the dy-
namic changes in PREP-PGP/AcSDKP, and clarifying its role 
and molecular mechanism in developing inflammatory dis-
eases such as MAFLD, is the foundation for PREP intervention.

This study used the HFD-induced MAFLD model to ex-
plore dynamic changes in the PREP-PGP/AcSDKP system 
over time. In addition, we established another HFD-induced 
MAFLD mouse model and used a PREP inhibitor, KYP-2047, 
to examine whether the pharmacological blocking of PREP 
could exhibit the benefits shown in our previous PREP knock-
out studies,7,8 and to further evaluate the possibility of using 
PREP inhibitors as therapeutic drugs for MAFLD.

Methods

Animal experiments
All animal handling and experimental procedures were ap-
proved by the Animal Care and Use Committee of Xinhua 
Hospital, affiliated with Shanghai Jiao Tong University School 
of Medicine. C57BL/6J mice were obtained from the Shanghai 
Experimental Animal Center (Shanghai, China) and housed 
five per cage in a specific pathogen-free facility with a 12:12 
h light-dark cycle. After anesthesia, blood was obtained from 
the eyes of the mice, and they were euthanized by cervical 
dislocation. Liver tissue was either fixed in 4% paraformalde-
hyde or snap-frozen in liquid nitrogen and stored at −80°C 
until assayed.

Experiment 1: Mice were randomly divided into control 
and HFD groups. Control mice were fed a standard chow 
diet; HFD-mice were fed an HFD7 including 88% standard 
diet, 10% lard, and 2% cholesterol (Trophi Feed High-tech 
Co., Ltd., Nantong, China). Forty control and 40 HFD-mice 
were used; 10 mice per group were sacrificed at 4, 8,12, and 
16 weeks.

Experiment 2: Three groups of six mice each were in-
cluded, controls, HFD, and HFD treated with KYP-2047 
(HFD+KYP-2047). Control mice were fed a standard chow 
diet, while HFD and HFD+KYP-2047 were fed an HFD for 16 
weeks. At the end of 10 weeks, the HFD+KYP-2047 group was 
infused with KYP-2047 (#SML0208; Sigma-Aldrich, St. Louis, 
MO, USA) diluted in 50% dimethylsulfoxide (DMSO) in saline 
at 5 mg/kg/day through a subcutaneous osmotic minipump 

(Alza Corp, Palo Alto, CA, USA) for 6 weeks, and the control 
and HFD model groups were infused with an equal amount of 
vehicle (50% DMSO) in saline, as previously described.15,16 
This dosage was used because previous pharmacokinetic 
study of KYP-204717 showed that a dose of 15 µmol/kg (5 
mg/kg) exhibited extensive and long-lasting PREP inhibition in 
the liver for more than 12 h. Mice were sacrificed at 16 weeks.

Biochemical assays
Serum levels of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), alkaline phosphatase (ALP), total 
cholesterol (TC), low-density lipoprotein cholesterol (LDL-
C), and fasting blood glucose (FBG) were assayed with an 
automated analyzer (Cobasc702; Roche, Basil, Switzer-
land). Fasting serum insulin levels were measured with an 
ultra-sensitive mouse insulin ELISA kit (#90080; Crystal 
Chem, Elk Grove Village, IL, USA) following the manufac-
turer’s instructions. The homeostasis model assessment 
of insulin resistance (HOMA-IR) was calculated as fasting 
glucose (mM) × fasting insulin (mU/L)/22.5 as previously 
described.18

Liver catalase (CAT) and lactate dehydrogenase (LDH) 
levels were determined using commercially available kits 
(#A007-1-1 and #A020-1-2; Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China). Hepatic reactive oxygen species 
(ROS) were determined using OxiSelect in vitro ROS/reactive 
nitrogen species assay kits (#STA-347; Cell Biolabs, San Die-
go, CA, USA) following the manufacturer’s instructions.

Histological analysis
Formalin-fixed and paraffin-embedded liver tissues were cut 
into 6 µm sections, deparaffinized with xylene, and washed 
with absolute ethanol, followed by hematoxylin and eosin (HE) 
staining (#G1005; Servicebio, Wuhan, China) according to 
standard procedures.19 The presence of neutrophils and mac-
rophages in the liver was assessed by immunohistochemical 
staining as described previously.20,21 Paraffin-embedded liver 
sections were incubated with CD68 antibody (#ab125212; 
Abcam, Cambridge, UK) or myeloperoxidase (MPO) antibody 
(#gb11224; Servicebio). The level of liver fibrosis was as-
sessed by Masson’s trichrome staining (#G1006; Service-
bio) as previously described.22,23 Liver fibrosis was evaluated 
based on the METAVIR classification (F0–F4): portal fibrosis 
without septa (F1), portal fibrosis with rare septa (F2), and 
numerous septa with and without cirrhosis (F3-4).24 Moreo-
ver, mild fibrosis was defined as F1 or F2 and severe fibrosis 
as F3 or F4. The number of positive cells was calculated as the 
mean of the counts in six fields of view (×400).

NAFLD activity score (NAS)
Histological alterations were evaluated based on the NAS 
(range: 0–8).25 Briefly, steatosis (quantity of lipid droplets) 
was scored as 0 (< 5%), 1 (5–33%), 2 (33–66%), or 3 
(>66%). Lobular inflammation (foci of inflammatory cells) 
was scored as 0 (none), 1 (≤2 foci per 20 × magnification), 
or 2 (>2 foci per 20 × magnification). Hepatocyte ballooning 
was scored as 0 (none), 1 (few), or 2 (many).

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR)
Total RNA was isolated from the liver using TRIzol reagent 
(#D9108B; Takara, Shiga, Japan), and reverse transcribed 
into cDNA using reverse transcriptase (#RR036A; Takara). 
qRT-PCR was performed using SYBR Premix ExTaq (#RR420A; 
Takara) on a ViiA7 RT-PCR system (Applied Biosystems Inc., 
Waltham, MA, USA) following the standard SYBR Green pro-
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tocol. All primer sequences are shown in Supplementary Ta-
ble 1. Glyceraldehyde 3phosphate dehydrogenase (GAPDH) 
was used as the internal control. The relative mRNA expres-
sion for each gene was calculated as 2−ΔΔCt.

Western blotting
Liver tissues and HepG2 Cells were lysed with RIPA buff-
er (#P0013E; Beyotime) containing protease inhibitors 
(#ST506; Beyotime) and InStab phosphatase inhibitor cock-
tail (#20109ES05; Yeasen, Shanghai, China). Lysates were 
centrifuged (16,000 rpm, 15 m, 4°C), and the supernatant 
was collected, boiled in SDS sample buffer for 5–10 m, and 
separated by 8–12% SDS-PAGE. After that, proteins were 
transferred onto polyvinylidene fluoride membranes at 300 
mA and blocked with 5% nonfat milk dissolved in Tris-buff-
ered saline containing 0.1% Tween-20 (TBST) for 2 h. Mem-
branes were incubated with primary antibodies overnight 
at 4°C, followed by washing with TBST three times for 5 m 
each, then incubated with HRP-conjugated secondary anti-
bodies (#A0208 or # A0216; Beyotime). Signals were de-
tected with the immobilon western chemiluminescent HRP 
substrate (#WBKLS0100; Millipore, Darmstadt, Germany), 
imaged with a ChemiDoc XRS+ system (Bio-Rad, Hercu-
les, CA, USA), and quantified with Image Lab Version 2.0.1 
(Bio-Rad). Primary antibodies against PREP (#ab58988; 
Abcam), MMP8 (#ab81286; Abcam), MMP9 (#ab38898; 
Abcam), meprin α (#AF4007; R&D Systems, Minneapolis, 
MN, USA), Tβ4 (#19850-1-AP, Proteintech), NF-κB phos-
phor-P65 (#3033T; Cell Signaling Technology, Danvers, MA, 
USA), phosphoERK1/2 (#4370T; Cell Signaling Technology), 
α-smooth muscle actin (α-SMA, #19245T; Cell Signaling 
Technology), Beclin1 (#3495T; Cell Signaling Technology), 
P62 (#ab109012’ Abcam), and LC3II (#14600-1-AP; Pro-
teintech, Rosemont, IL, USA) were used. GAPDH (#60004-
1-Ig; Proteintech) was used as the loading control.

Liver and serum PREP activity
Approximately 100 mg of frozen liver tissue was homoge-
nized with 500 µL of 10 mM Tris-HCl buffer (pH 7.4), fol-
lowed by centrifugation (16,000 g, 20 m, 4°C). The super-
natant was removed and used for subsequent experiments. 
The supernatant of liver homogenates (10 µL) or the serum 
samples (10 µL) was added to 465 µL Tris-HCl (10 mM, pH 
7.4) and incubated at 30°C for 30 m. After that, 25 µL of 
substrate (4 mM Suc-Gly-Pro-AMC; Bachem, Bubendorf, 
Switzerland) was added and mixed gently. The reaction was 
incubated at 30°C for 60 m and terminated by adding 500 µL 
1 M sodium acetate buffer (pH 4.2). The formation of AMC 
was determined by measuring the fluorescence intensity at 
460 nm with excitation at 355 nm using Synergy H4 Plate 
Reader (BioTek, Winooski, VT, USA). The results of PREP ac-
tivity were reported as pmol AMC/m/mg total protein.

Measurement of PGP
Approximately 50 mg of frozen liver tissue was sonicated 
with 800 µL of methanol/acetonitrile mixture (1:1, v/v) for 
30 m at 4°C and placed in a −20°C freezer for 1 h followed 
by centrifugation (15,000 rpm, 30 m, 4°C). The supernatant 
was subjected to API5500 QQQ – MS and Waters Acquity 
UPLC systems (Waters Corp., Milford, MA, USA) under the 
below conditions. Ultra-performance liquid chromatography 
separation was performed on an ACQUITY UPLC BEH HILIC 
(100 mm × 2.1 mm, dp=1.7 µm) with a mobile phase of 
0.2% formic acid and acetonitrile running at 0.7 mL/m. The 
positive electrospray mass transitions were monitored at 
270>70 and 270>116 of PGP.

Measurement of AcSDKP
Liver AcSDKP concentration was measured using a highly 
sensitive and specific enzyme immunoassay kit (SPI-Bio and 
CEA, Fontenay-aux-Roses, France) following the manufac-
turer’s protocol.12

Preparation of palmitic acid (PA) and KYP-2047
A PA-induced MAFLD cell model was established by exposing 
HepG2 cells to 0.25 mM PA for 24 h. PA powder (#P9767; 
Sigma-Aldrich, St. Louis, USA) was dissolved in sterile water 
supplemented with 1% fatty acid-free bovine serum albumin 
(BSA, #A8806; Sigma-Aldrich) at 70°C and filtered through a 
0.22 µm filter to produce a 5 mM PA stock solution. Working 
PA solution was added to the cells at a concentration of 0.25 
mM. A 100 mM KYP-2047 stock solution (#SML0208; Sigma-
Aldrich) in DMSO was added to the HepG2 cell culture medi-
um at a final working concentration of 10 µM (0.01% DMSO).

Cell culture and treatment
HepG2 human hepatoma cells were purchased from Ameri-
can Type Culture Collection and cultured in high-glucose 
DMEM (#C11995500BT; Gibco, Waltham, MA, USA), with 
10% fetal bovine serum (# 04-001-1ACS; Biological In-
dustries, Beit Haemek, Israel) at 37°C, 5% CO2. When the 
cultures reached 70–80% confluence, they were exposed to 
different stimuli for 24 h to explore the effect of KYP-2047 
(10 µM) on the 0.25 mM PA-induced MAFLD cell model. The 
cells were divided into four groups according to the follow-
ing experimental conditions: control, KYP-2047, and PA with 
or without KYP-2047 treatment. Control reactions contained 
equivalent concentrations of DMSO and BSA.

Autophagy flux analysis
HepG2 cells were grown to 40–50% confluence in 12-well 
plates and transfected with Ad-mCherry-GFP-LC3B adeno-
virus (#C3011; Beyotime) at an MOI of 50 for 24 h. After 
two washes, infected HepG2 cells were treated with PA, KYP-
2047, or a combination of PA and KYP-2047 for 24 h. After 
that, autophagy flux was observed under a fluorescence mi-
croscope (BX51; Olympus, Tokyo, Japan) and evaluated by 
calculating the number of yellow and red puncta.

Statistical analysis
The results were reported as means±SDs. Independent sam-
ples t-tests were used for two-sample comparisons, and one-
way analysis of variance with Tukey’s multiple comparisons 
tests was used to compare multiple samples. Statistical pro-
cessing was performed using SPSS (version 20.0; IBM Corp., 
Armonk, NY, USA) software. A p-value of <0.05 was consid-
ered statistically significant.

Results

Increased PREP protein expression and activity dur-
ing MAFLD development
To identify the potential molecular mechanisms by which 
PREP promotes MAFLD development, we established an 
HFD-induced MAFLD mouse model assessed at different time 
points using HE staining (Fig. 1A). First, we explored PREP 
protein expression in the livers of HFD-fed mice at different 
time points. PREP protein levels were significantly higher in 
HFD-fed mice than in control mice from 12 to 16 w (Fig. 1B, 
C). Furthermore, we assessed the biological activity of PREP 
in the serum and showed that serum PREP activity was sig-
nificantly higher in HFD-mice than in control mice from week 
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8 onwards, and the differences between groups were largest 
after 16 weeks (Fig. 1D).

MMP8/9-PREP-PGP axis was activated and the Tβ4-
meprin α/PREP-AcSDKP axis was inhibited in livers 
of HFD-mice
During MAFLD development, our results showed that the 
MMP9 protein level in the liver was significantly increased in 
HFD-mice compared with that in the control mice at all time 
points (Fig. 2A–D). Significant differences in MMP8 protein 
levels between control and HFD-mice were observed at 8, 
12, and 16 weeks (Fig. 2A–D). Correspondingly, we found 
that the production of PGP in HFD-mice was significantly in-
creased compared to that in control mice after 16 weeks of 
HFD (Fig. 2E). The results suggested that PREP activity and 
protein levels in HFD-mice increased significantly compared 
with those in control mice during the development of MAFLD. 
However, we found that the Tβ4 protein, the substrate re-
quired for AcSDKP synthesis, was decreased in the livers of 
HFD-mice compared with control mice from 8–16 weeks (Fig. 
2F–I). In addition, our study showed that meprin α, a crucial 

regulatory molecule of AcSDKP synthesis, was also decreased 
in the livers of HFD-mice from 8–16 weeks (Fig. 2F–I). The 
production of AcSDKP in HFD-mice was significantly lower 
than that in control mice after 16 weeks of HFD (Fig. 2J). 
Therefore, our results indicated that increased PREP activity 
and protein expression during MAFLD development mainly 
results in the activation of the MMP8/9-PREP-PGP axis rather 
than the Tβ4-meprin α/PREP-AcSDKP axis.

PREP inhibitor attenuated HFD-induced liver injury 
and oxidative stress
To identify whether inhibiting PREP reversed MAFLD patholo-
gies, the PREP inhibitor, KYP-2047, was administered to HFD-
mice. As expected, PREP activity in the serum and liver tissue 
was significantly inhibited after 6 weeks (Fig. 3A, B). As shown 
in Figure 3C, HE staining of liver sections demonstrated that 
KYP-2047 treatment reduced HFD-induced hepatic lipid ac-
cumulation and the infiltration of inflammatory cells. Further-
more, HFD+KYP-2047 mice displayed significantly lower NAS 
than HFD-mice (Table 1). Serum markers of liver function, 
such as ALT (Fig. 3D), AST (Fig. 3E), and ALP (Fig. 3F), were 

Fig. 1.  Activity and protein expression of prolyl endopeptidase (PREP) was increased during metabolic dysfunction-associated fatty liver disease 
(MAFLD) development. (A) Hematoxylin-eosin (HE) staining in high-fat diet (HFD)-induced MAFLD mice model at different time points. (B-C) The expression of PREP 
protein in the liver of control and HFD-mice at different time points;(D) Serum PREP activity of control and HFD-mice at different time points; Data are means±SD 
(n=3–6). #p<0.05 and ##p<0.01, control vs. HFD.
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Fig. 2.  The PREP-proline-glycine-proline (PGP)/N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP) system was developing in the direction of proinflam-
matory matrix metalloproteinases 8/9 (MMP8/9)-PREP-PGP during MAFLD development. (A-D) Protein expression of MMP8 and MMP9 in the liver of control 
and HFD-mice at different time points. (E) The PGP level in the control liver and HFD-mice at 16 weeks. (F-I) Protein expression of meprin α and thymosin-β4 (Tβ4) 
in the liver of control and HFD-mice at different time points. (J) The level of AcSDKP in the liver of control and HFD-mice at 16 weeks; Data are means±SD (n=3–6). 
#p<0.05 and ##p<0.01, control vs. HFD.
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Fig. 3.  PREP inhibitor improved hepatic pathology and serological indicators of liver function in HFD-induced MAFLD. (A, B) Liver PREP and serum PREP 
activity in control, HFD, and HFD+KYP-2047 mice. (C) HE staining of representative samples from control, HFD, and HFD+KYP-2047 mice. (D) Alanine aminotransferase 
(ALT) in each group. (E) Aspartate aminotransferase (AST) in each group. (F) Alkaline phosphatase (ALP) in each group. (G–I) Reactive oxygen species (ROS), lactate 
dehydrogenase (LDH), and catalase (CAT) are in each group. Data are means±SDs (n=5–6). #p<0.05 and ##p<0.01, control vs. HFD; #p<0.05 and ##p<0.01, HFD 
vs. HFD+KYP-2047.

Table 1.  Comparison of NAFLD activity score (NAS) in each group

Group Steatosis Lobular inflammation Ballooning NAS

Control 0 0 0 0
HFD 2.00±0.71## 2.75±0.43## 1.00±0.00## 5.75±1.09##

HFD+KYP-2047 1.00±0.00** 1.00±0.71** 1.00±0.00 3.00±0.71**

Data are means±SDs (n=6). #p<0.05 and ##p<0.01, control vs. HFD; *p<0.05 and **p<0.01, HFD vs. HFD+KYP-2047.
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significantly decreased in the HFD+KYP-2047 mice compared 
with those in the HFD-mice. More important, KYP-2047 treat-
ment improved HFD-induced oxidative stress. As shown in 
Figures 3G and H, ROS and LDH levels were higher in the 
livers of HFD-mice than those in control mice, indicating that 
the HFD could induce hepatic oxidative stress. However, ROS 
and LDH levels in HFD-mice were significantly reduced after 
KYP-2047 treatment. Moreover, CAT antioxidant levels were 
significantly higher in the livers of HFD+KYP-2047 mice than 
in those of HFD-mice (Fig. 3I).

PREP inhibitor attenuated HFD-induced aberrant 
glycolipid metabolism
As shown in Figure 4A–C, HFD+KYP-2047 mice gained less 

body weight and had a lower epididymal fat index than HFD-
mice, but the liver index was similar between the two groups. 
HFD+KYP-2047 mice exhibited a significant improvement in 
glucose metabolism indexes (e.g., FBG, insulin, and HOMA-
IR) compared to HFD-mice (Fig. 4D–F). Although there was 
no difference in serum LDL-C levels between HFD-mice and 
HFD+KYP-2047 mice (Fig. 4H), serum TC was significantly 
lower in HFD+KYP-2047 mice than in HFD-mice (Fig. 4G). 
Furthermore, KYP-2047 treatment down-regulated the ex-
pression of lipogenic genes, sterol regulatory element-bind-
ing protein-1 (SREBP1; Fig. 4I) and acetyl CoA carboxylase-
alpha (ACACA; Fig. 4J), and de novo synthesis of the bile acid 
gene, cholesterol 7-alpha hydroxylase (CYP7A1; Fig. 4K), 
induced by HFD feeding. Moreover, KYP-2047 treatment im-

Fig. 4.  PREP inhibitor ameliorated HFD-induced liver injury and metabolic abnormalities. (A) Body weight in each group. (B) Liver index (liver weight/body weight) 
in each group. (C) Epididymal fat index (epididymal fat weight/body weight) in each group. (D) Fasting blood glucose (FBG) in each group. (E) Insulin in each group. (F) 
Homeostatic model assessment of insulin resistance (HOMA-IR) in each group. (G-H) serum total cholesterol (TC)and low-density lipoprotein cholesterol (LDL-C) in each 
group. (I-L) mRNA expression of Sterol regulatory element-binding protein-1 (SREBP1), acetyl CoA carboxylase-alpha (ACACA), cholesterol 7-alpha hydroxylase (CYP7A1), 
and acyl-coenzyme A oxidase1 (ACOX1). Data are means±SDs (n=3–6 #p<0.05 and##p<0.01, control vs. HFD; *p<0.05 and **p<0.01, HFD vs. HFD+KYP-2047.
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proved the impairment of fatty acid β-oxidation gene, acyl-
coenzyme A oxidase 1 (ACOX1), induced by HFD (Fig. 4L).

PREP inhibitor decreased HFD-induced neutrophil by 
inhibiting MMP8/9 and PGP

Immunohistochemistry was performed for the neutrophil 
marker, MPO, to analyze inflammatory cell infiltration into liver 
tissue. We found that the number of neutrophils in HFD, but 
not HFD + KYP-2047, mouse liver was significantly increased 

(Fig. 5A, B). Similarly, the mRNA expression levels of Lipoca-
lin-2 (LCN-2), another neutrophil activation marker, were 
significantly decreased in HFD+KYP-2047 mice compared 
to HFD-mice (Fig. 5G). Furthermore, KYP-2047 significantly 
down-regulated the expression of genes associated with neu-
trophil chemotaxis (e.g., CXCL1 and CXCL2) induced by HFD 
(Fig. 5C, D). Moreover, serum and liver tissue PREP activity in-
creased significantly after 16 weeks of HFD. However, this was 
down-regulated by a 6-week period of KYP-2047 treatment. 

Fig. 5.  PREP inhibitor restrained the activation of MMP8/9-PREP-PGP axis and reduced hepatic neutrophil accumulation. (A) The representative images 
of myeloperoxidase (MPO) immunohistochemical staining in liver samples from each group (scale bar, 50 µm). (B) MPO-positive cell counts. (C-D) mRNA expression of 
CXCL1 and CXCL2. (E) Protein expression of matrix metalloproteinase (MMP) 8, MMP9, and GAPDH. (F) The relative ratio of protein (MMP8 and MMP9) to GAPDH. (G) 
mRNA expression of Lipocalin-2 (LCN2). (H) The level of PGP in the liver of each group. Data are means±SDs (n=3). #p<0.05 and ##p<0.01, control vs. HFD; *p<0.05 
and **p<0.01, HFD vs. HFD+KYP-2047.
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Additionally, the MMP8 and MMP9 protein levels in the livers of 
HFD-mice were significantly increased after 16 weeks of HFD 
feeding, which could be reduced by treatment with KYP-2047 
(Fig. 5E, F). More importantly, we demonstrated that subcuta-
neous injection of KYP-2047 for 6 weeks significantly reduced 
the production of PGP induced by HFD feeding (Fig. 5H).

PREP inhibitor decreased HFD-induced macrophage 
accumulation and hepatic inflammation

Paraffin-embedded liver sections immunostained with mac-

rophage-specific CD68 antibodies to analyze macrophage 
cell infiltration, showed that the HFD caused a significant ac-
cumulation of macrophages. However, KYP-2047 treatment 
significantly reduced HFD-induced macrophage cell infiltra-
tion (Fig. 6A, B). In addition, we found that KYP-2047 sig-
nificantly down-regulated the expression of genes associated 
with HFD-induced macrophage chemotaxis (e.g., CCL2 and 
CCR5) (Fig. 6C, D). Accordingly, the expression of inflam-
mation-related proteins (e.g., P-ERK and P-P65) (Fig. 6E, F) 
and genes, e.g., interleukin-1β (IL-1β) and tumor necrosis 

Fig. 6.  PREP inhibitor reduced hepatic macrophage accumulation and inflammation. (A) The representative images of CD68 immunohistochemical staining in 
liver samples from each group (scale bar, 50 µm). (B) CD68-positive cell counts. (C-D) mRNA expression of CCL2 and CCR5. (E) Protein expression of P-P65, P-ERK, 
and GAPDH. (F) The relative ratio of protein (P-P65 and P-ERK) to GAPDH. (G-H) mRNA expression of tumor necrosis factor-alpha (TNF-α) and interleukin-1β (IL-1β). 
Data are means±SDs (n=3). #p<0.05 and ##p<0.01, control vs. HFD; *p<0.05 and **p<0.01, HFD vs. HFD+KYP-2047.
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factor-alpha (TNF-α; Fig. 6G, H) was significantly lower in 
HFD+KYP-2047 mice than in HFD-mice.

Although current evidence suggests that PREP inhibitors 
have multiple anti-metabolic and anti-inflammatory proper-
ties, the levels of AcSDKP, an antifibrotic small molecule, were 
further decreased by using KYP-2047 in HFD-mice (Supple-
mentary Fig. 1A). Therefore, we investigated the effect of 
KYP-2047 on HFD-induced liver fibrosis. Masson’s trichrome 
staining showed that HFD feeding induced hepatic fibrosis. 
Briefly, all HFD-mice were in the mild fibrosis stage; 50% 
(3/6) had F1 fibrosis, and 50% (3/6) had F2 fibrosis. More 
importantly, KYP-2047 treatment did not exacerbate HFD-
induced fibrosis. HFD+KYP2047 mice maintained a fibrosis 
score of F1/F2, 66.7% (4/6) had F1 fibrosis, and 33.3% 
(2/6) had F2 fibrosis (Supplementary Fig. 1B). Meanwhile, 
KYP-2047 treatment induced a significant decrease in the ex-
pression of profibrotic marker α-SMA in HFD+KYP-2047 mice 
compared to HFD-mice (Supplementary Fig. 1C, D). Howev-
er, there was no difference in the mRNA expression levels of 
collagen type I alpha 1 chain (COL1A1) and collagen type III 
alpha 1 chain (COL3A1) between HFD and HFD+KYP-2047 
mice (Supplementary Fig. 1E, F).

PREP inhibitor ameliorated impaired autophagy in 
the liver of HFD-mice and PA-exposed HepG2 cells
Autophagy indicator (Beclin1 and LC3BII) levels were lower 
in HFD-mice than in control mice (Fig. 7A, B). However, 
KYP-2047 treatment increased hepatic LC3II and Beclin1 
levels in HFD-fed mice. Because the reduction of P62 is 
considered a marker of autophagic flux activation and vice 
versa,26 we measured the P62 protein expression levels. 
Our results showed that P62 protein levels significantly in-
creased after a 16-week HFD, whereas they were down-
regulated by a 6-week period of KYP-2047 treatment (Fig. 
7A, B). To further clarify the association between PREP and 
autophagy, we evaluated whether inhibiting PREP ame-
liorates PA-induced impaired autophagy in HepG2 cells. 
We found that LC3II was increased after PA stimulation 
for 24 h, and KYP-2047 treatment further increased the 
LC3II level in the PA+KYP-2047 group compared with the 
PA group (Fig. 7F). This appears to contradict our in vivo 
results, but, in general, autophagy consists of two steps, 
formation and degradation of autophagosomes.27 Thus, in-
creased LC3II may result from either increased autophago-
some formation or suppressed degradation of autophago-
somes. HepG2 cells were infected with mCherry-GFP-LC3 
adenovirus to monitor autophagy flux in the presence of 
PA and/or KYP-2047. Using this probe, we could distinguish 
between autophagosomes (GFP+/mCherry+, yellow dots) 
and autolysosomes (GFP−/mCherry+, red dots). Under 
normal conditions, the mCherry-GFP-LC3B fusion protein 
displayed a diffuse cytoplasmic distribution and homogene-
ous yellow fluorescence (Fig. 7C). Treatment with PA for 24 
h resulted in a significant increase in yellow dots compared 
with the control group (Fig. 7C). However, PA+KYP-2047 
treatment led to a significant increase in the number of red 
dots and a decrease in the number of yellow dots com-
pared with PA treatment alone (Fig. 7C). Briefly, autophagy 
was initiated after HepG2 cells were treated with PA alone 
or PA+KYP-2047. Moreover, 24-h PA treatment suppressed 
the process of the autophagy-lysosome pathway, while KYP-
2047 improved the above pathway and restored autophagic 
flux. Consistent with this, treatment with PA significantly 
increased the P62 protein levels, and KYP-2047 significantly 
inhibited PA-induced P62 accumulation (Fig. 7E). In addi-
tion, Beclin1 levels (Fig. 7D) were significantly upregulated 
in the PA+KYP-2047 group compared with those in the PA 

group, further indicating the benefits of KYP-2047 related 
to autophagy.

Discussion
In this study, we first used an HFD-induced MAFLD mouse 
model at different times (4, 8, 12, and 16 weeks) to explore 
the dynamic changes in the PREP-PGP/AcSDKP system dur-
ing MAFLD initiation and development. We demonstrated that 
PREP activity and protein expression in the HFD group were 
both significantly higher than those in the control group from 
the 12th week onwards, and the maximum difference was 
in the steatohepatitis stage (16 weeks HFD). The increased 
PREP activity and protein levels mainly result in the activation 
of the MMP8/9-PREP-PGP axis rather than the Tβ4-meprin α/
PREP-AcSDKP axis. Thus, in another experiment, mice re-
ceived a 16-week HFD to induce steatohepatitis and were 
then treated with the PREP inhibitor, KYP-2047. We demon-
strated that KYP-2047 treatment reduced HFD-induced liver 
injury, oxidative stress, dysglycemia, and dyslipidemia; im-
proved lipid metabolism by suppressing lipogenesis genes 
and inducing β-oxidation-related genes; alleviated hepatic 
fat accumulation; attenuated hepatic inflammation and in-
flammatory cell infiltration by decreasing MMP8/9 and PGP; 
and ameliorated impaired autophagy in vivo and in vitro, 
thus contributing to the improvement of HFD-induced MAFLD 
in mice (Fig. 8).

PREP activity and protein levels changed dynamically dur-
ing MAFLD development in the dynamic models of HFD-fed 
mice. Specifically, no statistical difference in PREP activity 
and protein expression was observed between the control 
and HFD-mice in the simple steatosis stage (4 weeks HFD). 
However, as the model developed further, we found that 
PREP activity and protein expression in the HFD group were 
both significantly higher than those in the control group 
from the 12th week onwards, with the maximum difference 
observed in the steatohepatitis stage (16 weeks HFD). A 
recent study reported that PREP could not be seen in micro-
glial cells (macrophage-like cells) in the brain under normal 
circumstances, but the expression and activity of PREP in 
microglia were significantly increased after immunoglobu-
lin G activation.28 Similarly, recent studies have shown that 
lipopolysaccharide and interferon-gamma can induce mi-
croglia to secrete PREP and enhance its activity.29 Notably, 
PREP is highly active in the liver, mainly in hepatocytes.30,31 
We therefore speculate that hepatocyte damage and ac-
tivated macrophages may be the reason for the increase 
in PREP activity and protein levels during the development 
of MAFLD. In the early stage of MAFLD (simple steatosis), 
the number of damaged hepatocytes and activated mac-
rophages (M1 macrophages) was low; therefore, there was 
no significant difference in PREP activity and protein levels 
in the serum and liver. When MAFLD progresses to steato-
hepatitis, the number of damaged hepatocytes and activat-
ed macrophages increases significantly, causing increased 
PREP expression in the liver, and promoting the release of 
intracellular PREP into the serum.

What role does PREP play in MAFLD development? Previ-
ous studies have shown that the synergy between PREP and 
MMP8/9 can cleave collagen into the neutrophil chemoat-
tractant PGP in inflammatory diseases.9,10 As expected, in 
addition to the increased PREP activity during MAFLD devel-
opment described above, we also found that the expression 
of MMP8/9 protein in HFD-mice was significantly higher than 
that in control mice from 8 to 16 weeks. Furthermore, we 
showed that the neutrophil chemoattractant PGP was sig-
nificantly increased in HFD-mice compared to that in control 
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Fig. 7.  PREP inhibitor can improve impaired autophagy in vivo and in vitro. (A) Protein expression of Beclin1, LC3II, P62, and GAPDH in the liver of control, 
HFD, and HFD+KYP-2047 mice. (B) The relative ratio of protein (Beclin1, LC3II, and P62) to GAPDH. (C) Representative images of HepG2 cells transfected Ad-mCherry-
GFP-LC3B adenovirus after palmitic acid (PA, 200 µM, 24 h) or KYP-2047 treatment (10 µM, 24 h). (D-F) Protein expression of Beclin1, P62, LC3II, and GAPDH in HepG2 
cells. Data are means±SDs (n=3). #p<0.05 and ##p<0.01, control vs. HFD; *p<0.05 and **p<0.01, HFD vs. HFD+KYP-2047; #p<0.05 and ##p<0.01, control vs. PA.
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mice at 16 weeks. These data show that the proinflamma-
tory MMP8/9-PREP-PGP system is activated during MAFLD 
development. However, it is worth noting that PREP not only 
increases the production of proinflammatory PGP but also in-
creases the production of antifibrotic and anti-inflammatory 
AcSDKP, which is released from Tβ4 by the combined action 
of meprin α and PREP.11 Here, we found that although PREP 
activity increased after 16 weeks of HFD, AcSDKP production 

decreased due to the lack of substrate, Tβ4, and enzyme, 
meprin α. Therefore, our results indicate that increased PREP 
activity in MAFLD development mainly resulted in the acti-
vation of the MMP8/9-PREP-PGP axis rather than the Tβ4-
meprin α/PREP-AcSDKP axis, suggesting that increased PREP 
activity could accelerate the transition from simple steatosis 
to steatohepatitis and that PREP inhibition should be consid-
ered as an intervention in the early stage of MAFLD.

Fig. 8.  The PREP-PGP/AcSDKP system was developing in the direction of proinflammatory MMP8/9-PREP-PGP during MAFLD development, and PREP 
inhibitor exerted beneficial effects on MAFLD. In MMP8/9-PREP-PGP axis, MMP8/9 can cleave collagen into small fragments first. Then, these small collagen frag-
ments are cleaved into PGP by PREP. During MAFLD development, increased PREP activity and MMP 8/9 expression positively contribute to the production of PGP. In 
Tβ4-meprin α/PREP-AcSDKP axis, meprin α hydrolyzes Tβ4 into terminal intermediate peptide first. Then, the intermediate peptide serves as the substrate for PREP in 
releasing AcSDKP. During MAFLD development, although PREP activity was increased, the production of AcSDKP was still decreased due to the lack of its substrate thy-
mosin β4 and enzyme meprin α. Therefore, increased PREP activity in MAFLD development mainly results in activating MMP8/9-PREP-PGP axis rather than Tβ4-meprin 
α/PREP-AcSDKP axis. In addition, PREP inhibitor – KYP-2047 could reduce HFD-induce liver injury and oxidative stress, improve dysglycemia and dyslipidemia, alleviate 
hepatic fat accumulation and inflammation, and restore impaired autophagy in the livers of HFD-mice and PA-exposed HepG2 cells, thus stopping MAFLD development.
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MAFLD is the most common chronic liver disease world-
wide.3 However, because of a lack of effective drug therapy, 
lifestyle modifications are usually the first choice interven-
tions.32 Recently, we established PREP-KO mice using CRIS-
PR/Cas9 technology and found that PREP knockout may im-
prove hepatic steatosis, oxidative stress, and inflammatory 
responses in MAFLD mice.7,8 Thus, in this study, we aimed to 
examine whether the pharmacological blocking of PREP can 
perform the above role, and evaluate the possibility of using 
PREP inhibitors as therapeutic drugs for MAFLD.

First, we demonstrated that PREP inhibition protects 
against liver injury. HFD+KYP-2047 mice displayed de-
creased NAS and improved liver function (ALT, AST, and ALP) 
compared to HFD-mice. More importantly, our results showed 
that KYP-2047 treatment protected the liver from HFD-in-
duced oxidative stress damage. The indicators of oxidative 
stress in the livers of HFD+KYP-2047 mice were significantly 
reduced compared to those in HFD-mice. Concomitantly, the 
antioxidant enzymatic activity of CAT was higher in the livers 
of HFD+KYP-2047 mice than in HFD-mice, which was similar 
to our previous results in PREP-KO mice.8

Evidence indicates that PREP and its subfamily members 
are associated with metabolic status.33,34 Moreover, our pre-
vious study showed that PREP knockout protects against 
HFD-induced abnormalities in glucose and lipid metabolism.7 
Those findings were consistent with our present findings that 
KYP-2047 reduced physical parameters (body weight and 
epididymal fat index), serum lipid content (TC), and indica-
tors of glucose metabolism (FBG, insulin, and HOMA-I) in 
HFD-fed mice. Moreover, our present results suggest that 
PREP inhibition can reduce hepatic fat accumulation through 
inhibiting lipogenesis genes and enhancing β-oxidation 
genes, which might further explain the effect of PREP inhibi-
tion on histological improvement in the liver.

Hepatic inflammation is a pivotal feature in the pathogen-
esis of MAFLD, and determines the transition from steato-
sis to steatohepatitis.35 Cumulative studies have shown that 
PREP activity and expression are significantly increased in 
inflammatory diseases,36–39 and that PREP knockout or inhi-
bition could alleviate inflammation.29,33,38 Moreover, our pre-
vious studies also suggested that PREP knockout could allevi-
ate inflammation, either in HFD-induced or MCD diet-induced 
MAFLD models.7,8 As expected, we found that PREP inhibi-
tors improved HFD-induced hepatic inflammation. Specifi-
cally, in addition to the potent inhibitory effect of KYP-2047 
on the MMP8/9-PREP-PGP system, KYP-2047 also reduced 
the expression of other hepatic neutrophil and macrophage 
chemokines induced by HFD. Accordingly, a reduction in the 
number of hepatic macrophages and neutrophils was ob-
served in HFD+KYP-2047 mice compared to that in HFD-
mice. Furthermore, our results showed that KYP-2047 inhib-
ited ERK and P65 phosphorylation and reduced transcription 
of proinflammatory genes, such as TNF-α and IL1β.

Although current evidence suggests that PREP inhibitors 
have multiple anti-metabolic and anti-inflammatory proper-
ties, we found that AcSDKP, an antifibrotic small molecule, 
was further decreased by KYP-2047 in HFD-mice. Therefore, 
we investigated the effect of KYP-2047 on HFD-induced liver 
fibrosis. KYP-2047 treatment did not exacerbate HFD-in-
duced fibrosis but did induce a significant decrease in the ex-
pression of the profibrotic marker α-SMA in HFD+KYP-2047 
mice compared to HFD-mice. Although seemingly contradic-
tory, these two findings may not be mutually exclusive. It 
is well-established that liver fibrosis progression is a com-
plex process involving multiple factors and cells.40 Hepatic 
inflammation and oxidative damage are thought to be key 
factors in the development of fibrogenesis.40,41 We therefore 

speculated that the benefits, such as anti-inflammatory and 
antioxidant stress, derived from short-term KYP-2047 treat-
ment, outweigh the side effect of AcSDKP insufficiency. Ac-
cordingly, we did not observe progression of liver fibrosis in 
HFD-induced MAFLD mice after KYP-2047 treatment. Howev-
er, 16 weeks of HFD feeding is insufficient to drive advanced 
fibrosis in mice.42 Further studies should be performed to ex-
plore the relationship between PREP knockout/inhibition and 
hepatic fibrosis in different liver fibrosis models.

Numerous studies have suggested that PREP is a nega-
tive regulator of autophagy, and PREP inhibition or knockout 
can improve a series of human diseases by enhancing au-
tophagy.6,16,43–45 Notably, impaired autophagy is associated 
with the development of MAFLD.46–48 We hypothesized that 
the PREP inhibitor, KYP-2047, contributes to the improve-
ment of MAFLD by regulating autophagy. Here, we found 
that inhibition of PREP could improve impaired autophagy by 
increasing LC3II and beclin1 levels, P62 decreasing levels. 
Moreover, KYP-2047 increased autophagy flux in PA-exposed 
HepG2 cells, further verifying the relationship between PREP 
inhibition and autophagy. The improvement in autophagy has 
a beneficial role in ameliorating insulin resistance, abnormal 
lipid metabolism, and hepatic inflammation.49 Therefore, we 
speculated that the ameliorative effects of KYP-2047 in the 
HFD-induced MAFLD model were mediated by either a direct 
protective effect of autophagy, or an indirect effect of au-
tophagy, by modulating hepatic steatosis and inflammation.

This study has some limitations. First, PREP expression 
was measured in an animal model, which needs further ex-
ploration in human samples. Second, the effect of PREP in-
hibitor treatment on the progression of MAFLD, especially 
steatohepatitis with advanced fibrosis and cirrhosis, was not 
excluded from this study. However, the present results show 
that short-term AcSDKP deficiency caused by KYP2047 did 
not play a profibrotic role in HFD-induced MAFLD. Third, the 
exact mechanism of PREP inhibition on glucose and lipid me-
tabolism has yet to be fully elucidated and needs to be fur-
ther investigated in future studies.

Conclusions
In conclusion, we demonstrated that increased PREP activity 
in MAFLD development resulted in activation of the MMP8/9-
PREP-PGP axis. Moreover, the PREP inhibitor, KYP-2047, at-
tenuated hepatic steatosis, oxidative stress, inflammation, 
and impaired autophagy in an HFD-induced MAFLD model 
and showed good potential as a therapeutic drug for MAFLD 
treatment at least in a specific stage of the disease. How-
ever, this study was conducted in an animal model, and the 
application of PREP inhibitors in clinical treatment remains 
challenging. Further clinical studies are warranted before the 
PREP inhibitors are used for MAFLD treatment.
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