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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease affecting about 25% of
world population, while there are still no approved targeted therapies. Although platensimycin (PTM)
was first discovered to be a broad-spectrum antibiotic, it was also effective against type II diabetes in
animal models due to its ability to inhibit both bacterial and mammalian fatty acid synthases (FASN).
Herein, we report the pharmacological effect and potential mode of action of PTM against NAFLD in
a Western diet/CCI4-induced mouse model and a free fatty acids (FFAs)-induced HepG2 cell model.
The proper dose of PTM and its liposome-based nano-formulations not only significantly attenuated
the Western diet-induced weight gain and the levels of plasma total triglycerides and glucose, but
reduced liver steatosis in mice according to histological analyses. Western blotting analysis showed a
reduced protein level of FASN in the mouse liver, suggesting that PTM intervened in the development
of NAFLD through FASN inhibition. PTM reduced both the protein and mRNA levels of FASN in
FFAs-induced HepG2 cells, as well as the expression of several key proteins in lipogenesis, including
sterol regulatory element binding protein-1, acetyl-CoA carboxylase, and stearoyl-CoA desaturase.
The expression of lipid oxidation-related genes, including peroxisome proliferator activated receptor
α and acyl-CoA oxidase 1, was significantly elevated. In conclusion, our study supports the reposition
of PTM to intervene in NAFLD progression, since it could effectively inhibit de novo lipogenesis.

Keywords: non-alcoholic fatty liver diseases; platensimycin; de novo lipogenesis; FASN

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis, which
may further progress to non-alcoholic steatohepatitis (NASH) with hepatocyte damage
and inflammation [1]. The NAFLD epidemic affects about 25% of the global population,
with a significant increase in Asia [2,3]. Moreover, 40% of these patients are classified as
non-obese and almost a fifth of them are lean, while they might develop liver cirrhosis
more rapidly than obese individuals with NAFLD [4,5]. Many metabolic diseases including
type II diabetes, obesity, hyperlipidemia, and hypertension are associated with NAFLD [6].
In particular, NAFLD is identified as an important risk factor for severe coronavirus
disease 2019 (COVID-19) outcomes, probably due to the increased expression of angiotensin
converting enzyme 2 and transmembrane protease serine 2 in multiple tissues of NAFLD
patients infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [7,8].

Despite the high prevalence and rising incidence of NAFLD, there are no approved
therapeutics in the markets. One major reason is that NAFLD is a multisystemic disease
with successive liver abnormalities and extra-hepatic complications. The accumulation of
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toxic lipids in liver results in hepatocyte damage, followed by fibrogenesis and genomic
instability, which eventually leads to cirrhosis and liver carcinoma. There are many on-
going-phase II and III clinical trials against NASH to explore various intrahepatic targets,
including hepatocyte injury, inflammation, and fibrosis. For example, dietary carbohydrates
can be converted to fatty acids in hepatocytes via de novo lipogenesis (DNL) to produce
triglycerides (TGs) [9]. This contributes to hepatic steatosis in individuals with NAFLD
with 26% TGs in the liver from DNL, and a two-fold higher rate of DNL than that of
individuals with low liver fat [10,11]. Therefore, lipogenic enzymes, such as acetyl Co-A
carboxylase (ACC) and fatty acid synthase (FASN) in the DNL pathway, are ideal targets
for NAFLD treatment (Figure 1).
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A large number of ACC inhibitors, such as GS-0976, are highly effective in reducing
hepatic steatosis, improving insulin sensitivity, and favorably affecting dyslipidemia in
animal models of NAFLD and NASH [12–18]. However, ACC inhibition decreases malonyl-
CoA levels that may affect the synthesis of polyunsaturated fatty acids and it would also
increase circulating TGs [15,19]. FASN catalyzes the final step of DNL, converting acetyl-
CoA and malonyl-CoA to palmitate. FASN gene expression level is elevated in NAFLD
patients [20]. Recent clinical data using FASN inhibitors, such as FT-4101 and TVB-2640,
have inhibited DNL and robustly improved hepatic steatosis without elevating circulating
TGs [21–23].

Despite these great strides, there are no safe and effective FASN inhibitors available
for the treatment of NAFLD in clinics. Platensimycin (PTM), a highly morphed and
investigational diterpenoid isolated from soil Streptomyces, is a potent and highly selective
inhibitor of mammalian fatty acid synthase (EC50 = 0.1 µM) (Figure 1) [24]. Although
it was first discovered to be a potent bacterial FabF inhibitor [25], Singh and co-worker
later discovered that it also inhibits fatty acid synthesis and hepatic de novo lipogenesis in
rat primary hepatocytes, while it does inhibit sterol synthesis. PTM was effective against
several type II diabetic animal models, including db/+ and db/db mice, diet-induced obese
(eDIO) mice, and rhesus monkeys [24,26]. NAFLD and type II diabetes share many common
risk factors, including insulin resistance. A bidirectional relationship between NASH and
type 2 diabetes has recently been proposed, based on the potential beneficial effect of anti-
diabetic and metabolic investigational drugs on NASH [27]. Therefore, we hypothesized
that PTM might be effective against NAFLD, due to its capability to inhibit DNL in mice
and monkey models of type 2 diabetes. In this study, we explored the preventive and
therapeutical effects of PTM and its liposomal formulation using a NAFLD mouse model
and a HepG2 cell model. PTM could not only effectively prevent the development of
NAFLD in mice with a low dosage, but alleviate the severity of liver steatosis, by inhibiting
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the expression of FASN and related metabolic genes. Our study suggests that PTM could
be used as a promising drug lead against NAFLD.

2. Materials and Methods
2.1. Reagents

PTM was obtained according to our previous report [28]. PTM-loaded liposome
nanoparticles (Lip/PTM) and mannose-modified liposome nanoparticles (M-Lip/PTM)
were prepared by the dehydration−rehydration method based on our previous method [29].

2.2. Cell Culture and Treatment

Human hepatocyte cell line HepG2 was cultured in Dulbecco’s modified eagle medium
(DMEM) (Thermo Fisher Scientific, Shanghai, China), supplemented with 10% fetal bovine
serum (FBS) (Gemini), 100 units/mL of penicillin and 10 mg/mL of streptomycin (Thermo),
and maintained under standard conditions of 37 ◦C with 5% CO2 in a humidified incubator
(Thermo). In order to establish the NAFLD cellular model, oleic acid (OA) (Sangon, Shanghai,
China) and palmitic acid (PA) (Sigma-Aldrich, Shanghai, China) at a ratio of 2:1 (0.67 and
0.33 mM, respectively) were mixed with fatty acid-free bovine serum albumin (BSA) (Bomei,
Hefei, China) [30]. After attaining 80% confluence, HepG2 cells were cultured with FBS-free
DMEM medium overnight and then exposed to 1 mM FFAs (OA/PA, 2:1) containing 1%
BSA, with or without PTM for 48 h. Meanwhile, the control cells were treated with 1% BSA
only. After treatment, cells were washed twice with phosphate buffered saline (PBS) and
fixed in 10% paraformaldehyde for 30 min at room temperature. Next, the Oil red O staining
working buffer (stock solution: 5 mg/mL in isopropanol, working solution: 60% Oil red O
stock solution) was added and kept for 15 min, then washed with PBS and 60% isopropanol.
After staining, cells were washed thoroughly with PBS (3×) and stained with hematoxylin
dye solution. To quantify the Oil red O content, samples were extracted by isopropanol at
room temperature for 5 min, and the optical density of each sample was read at 510 nm.

2.3. Cell Viability

Cell viability assays were performed using Cell Counting Kit-8 (CCK-8) (Dojindo
Molecular Technologies, Shanghai, China) according to manufacture instructions. Briefly,
HepG2 cells were plated at 3000 cells per well in 96-well plates in a medium containing 10%
FBS. After treatment with various concentrations of PTM for another 48 h, CCK8 solution
(10 µL) was added to each well and incubated for 1 h. Cell viability was finally measured
using a microplate reader (TECAN) at a wavelength of 450 nm.

2.4. Animals

All animal studies were approved by Animal Ethics Committee of Central South
University (CSU) and carried out at the Department of Laboratory Animals in CSU. Seven-
week-old C57BL/6J male mice were purchased from Hunan Silaikejingda Experimental
Animal Company Limited (Changsha, China). The mice had free access to chow and water.
Animals were acclimatized for 5–6 days prior to initiating the study.

2.5. Animal Study

The mouse model with NAFLD was similarly established as described [31]. In brief,
C57BL/6J mice were fed with Western diet containing 42% fat, 44% sucrose, and 0.2%
Cholesterol (w/w) (Trophic, TP26305) and a high solution of D-fructose and D -glucose
(23.1 and 18.9 g/L). Meanwhile, CCl4 at the dose of 0.2 mL/kg of body weight was injected
intra-peritoneally (IP injection) once per week. Mice in the normal group were fed with a
normal chow diet (Trophic, TP 26358) and normal tap water, while corn oil was injected
intra-peritoneally once per week. Mice were randomly distributed into nine groups as the
following: Normal control group (normal diet/corn oil, n = 10); NAFLD group (WD/CCl4,
n = 10); NAFLD + EGCG group (oral, 100 mg/kg for 13 weeks, n = 10); NAFLD + PTM group
(oral, 10 or 50 mg/kg for 13 weeks, n = 10); NAFLD + PTM group (ip.10 mg/kg, n = 6 or oral
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50 mg/kg for 5 weeks, n = 10); NAFLD + Lip/PTM group (IP injection, 10 mg/kg for 5 weeks,
n = 6); NAFLD + M-Lip/PTM group (IP injection, 10 mg/kg for 5 weeks, n = 6).

2.6. Histopathology Analysis and Lipid Measurement

Fresh liver tissues were fixed in 10% formalin, processed into 6-µm-thick paraffin
sections, and stained with hematoxylin and eosin (H&E). Liver tissues were stained with
Oil red O staining for the assessment of hepatic steatosis according to the manufacturer’s
instructions (American Master Tech, Lodi, CA, USA). Images (200×) were captured using
a Leica microscope (Center Valley, PA, USA) and examined in a blinded manner. For
the determination of the lipid spectrum, the TG and TC contents were measured with
a biochemical analyzer (Leidu, Shenzhen, China). The TC and TG contents in the liver
tissue were quantified with a kit (Jiancheng, Nanjing, China) according to manufacturer
instructions.

2.7. Determination of Plasma Alanine Aminotransferase Concentration

Alanine aminotransferase in serum was quantified using a commercial kit (Jiancheng
bioengineering, Nanjing, China).

2.8. Oral Glucose Tolerance Test (OGTT)

Mice were fasted overnight and the baseline blood glucose levels were measured using
the tail-vein blood. Five days before the termination of experiments, their blood glucose
levels were determined using a glucose meter (Sinocare, Changsha, China) at different time
points (0, 30, 60, 90, and 120 min after oral gavage of glucose (2 g/kg)).

2.9. Quantitative Real-Time PCR

HepG2 cells were plated in 6-well tissue culture-treated plates in DMEM (2 × 105 cells/per
well). After 24 h, cells were supplemented with a mixture of free fatty acid (FFAs, OA:PA = 2:1)
containing 1% BSA at a total final concentration of 1 mM, and treated with PTM or EGCG for
48 h. Next, the total RNA of treated cells was individually extracted using the TRIzol reagent
(Takara), and ~1 µg of each RNA was reverse-transcribed to cDNA in a 20 µL reaction using
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Dalian, China). The respective gene
expression levels were measured under the following conditions: 45 cycles of 95 ◦C for 10 s,
60 ◦C for 30 s, and 72 ◦C for 30 s using a LightCycler 96 (Roche) and quantified using the cycle
threshold (Ct) value. The target genes were normalized relative to the reference gene encoding
β-actin.

2.10. Western Blot Analysis

After HepG2 cells were plated in 6-well tissue culture-treated plates (2 × 105 cells/per
well), the cells were supplemented with a mixture of FFAs (OA:PA = 2:1) at a final concen-
tration of 1 mM. PTM or EGCG (10 or 50 µM) was used to treat HepG2 cells for 48 h. After
the treated cells were washed with ice-cold PBS and lysed with RIPA lysis buffer (Beyotime,
Shanghai, China), the cell supernatant was collected and protein concentrations were mea-
sured using the BCA Protein Assay Kit (Beyotime, Shanghai). An equal amount of protein
(20 µg) was separated by 8% SDS-PAGE gel and the proteins were transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Millipore, Billerica). The membranes were blocked with
5% skimmed milk in tris-buffered saline tween (TBST) buffer for 1 h and then incubated with
the following primary antibodies anti-FASN (rabbit, 273 KDa, ab128870, 1:30,000 dilution,
Abcam) and GAPDH (rabbit, 36 KDa, AP0066, 1: 10,000 dillution, Bioworld) overnight at 4 ◦C.
The resulting PVDF membrane was next washed in TBST three times and incubated with the
secondary antibodies (anti-rabbit IgG, BS13278, 1:10,000 dilution, Bioworld) for 1 h at room
temperature. Immunoreactive bands were visualized by the ChemiDoc XRS+ imaging system
(Bio-Rad). Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control. For the quantification of the protein bands, Image J (National Institutes of
Health, Bethesda, MD, USA) was used to obtain the densitometric values.
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2.11. Statistical Analysis

All data were represented as means ± S.E.M of three independent experiments. All sta-
tistical analyses were conducted using prism software using T test. p < 0.05 was considered
to be statistically significant.

3. Results
3.1. The Protective Effects of PTM against the Development of NAFLD in a Murine Model Induced
by Western Diet and CCl4

Various murine models have been used to replicate the characteristics of human
NAFLD, such as hepatocyte ballooning, liver steatosis, and lobular inflammation, in order
to study their pathogenesis mechanisms and the development of transformative treatments.
Tsuchida and co-workers recently developed a murine NASH model with rapid disease
progression, by the combination of Western diet and intraperitoneal injection of CCl4 [31].
The WD/CCl4-treated C57BL/6J mice showed severe steatohepatitis and stage 3 bridging
fibrosis as early as 12 weeks, which has been widely used to advance our understanding of
NAFLD, fibrosis, and the progression to hepatocellular carcinoma in a shorter time window.
Therefore, we first evaluated if PTM could prevent the development of NAFLD in this
murine model, using (-)-epigallocatechin-3-gallate (EGCG) as a control (Figure 2a). EGCG
is a plant polyphenol widely used as a dietary supplement, which has shown protective
and therapeutical effects on NAFLD mice and small-scale clinical trials [32]. We have
previously shown that the liposomal delivery of PTM may improve its pharmacokinetic
properties by prolonging its half-life in the circulation system, since over 99% PTM may
be secreted through kidney if free PTM was administered via oral or iv injection [33]. We
therefore also evaluated the therapeutic effects of Lip/PTM and M-Lip/M, two liposomal
formulations of PTM against NAFLD in this model.

The treatment of C57BL/6J mice by WD/CCl4 resulted in the decrease of mouse body
weight in comparison with mice with chow diet and corn oil injection, which suggests that
chronic injection of CCl4 (0.2 mg/kg) likely induced liver injury and caused the significant
weight loss (Figures 2b and S1). There was a significant increase of TGs in the plasma
and liver of WD/CCl4-treated mice in comparison to the normal group (Figures 2c,d and
S2). In addition, both levels of the free diet blood glucose and the fasting blood glucose
of WD/CCl4-treated mice increased, while their glucose tolerance declined (Figures 2e,f
and S3). H&E staining indicated that the liver of the WD/CCl4-treated group had marked
accumulation of lipid droplets, which is consistent with the over two-fold more area stained
by Oil red O than that of normal groups (Figure 2g,h). However, the level of serum alanine
aminotransferase in WD/CCl4-treated mice was only slightly higher than that of normal
groups, suggesting a low degree of hepatitis (Figure S4). Taken together, these data suggest
the WD/CCl4-treated mice after thirteen-week had been developing certain degree of fatty
livers, with several characteristics of lean NAFLD patients, e.g., fatty liver and reduced
weight.

In contrast, when EGCG (100 mg/kg) or PTM (10 mg/kg) was given daily to WD/CCl4-
treated mice simultaneously, their fasting blood glucose decreased and the glucose tolerance
increased, accompanying by a decrease of their body weights (Figure 2). Furthermore, the
serum TG levels were also reduced, while the serum TC levels of EGCG and PTM-treated
mice were significantly higher than those of WD/CCl4-treated mice (Figure 2c,d). The rea-
son for this could be that the specific inhibition of EGCG or PTM of FASN reduced de novo
fatty acid production, which promoted a compensation mechanism for the biosynthesis of
sterol in mice. Histological analysis of liver tissues of EGCG-treated mice exhibited reduced
accumulation of lipid droplets, while a lower dose of PTM (10 mg/kg) resulted in even
significantly less lipid production in the livers of treated mice than the higher dose of PTM
(50 mg/kg) (Figure 2g,h). These data suggest that both PTM and EGCG have protective
effects against WD/CCl4 induced NAFLD formation.
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Figure 2. PTM reverses hepatic steatosis in mice induced by western diet and CCl4. (a) Schematic diagram of the experi-
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Figure 2. PTM reverses hepatic steatosis in mice induced by western diet and CCl4. (a) Schematic dia-
gram of the experimental design for the in vivo experiments. #1: treatment for 13 weeks, #2: treatment
for 5 weeks. (b) Body weight change. (c) Plasma cholesterol. (d) Plasma triglyceride. € Free diet
blood glucose. (f) Oral glucose tolerance test. (g) Representative images of liver sections stained with
H&E or Oil red O. (h) Quantification of Oil red O staining. Data are expressed as means ± SEMs,
n = 5–10 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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In an alternative protocol, PTM was given to WD/CCl4-treated mice after eight weeks,
by oral administration (50 mg/kg) or IP injection (10 mg/kg), along with Lip/PTM and
M/Lip-PTM (10 mg/kg), two liposomal formulations of PTM. The goal is to evaluate if
these treatments may reverse certain pathological features induced by WD/CCl4. Although
the body weight of mice treated by PTM (10 mg/kg, IP injection) decreased during the
treatment, there was no significant change of the body weight of mice treated by both PTM
nano-formulations (Figure 2). Although there were no significant changes of the levels of
TC and TG in the plasma of treated mice, the level of TG in the livers of mice treated by
M-Lip/PTM was reduced to the level of normal mice (Figure S2). This is also consistent
with the significant reduced lipid accumulation in mouse liver tissues observed in HE
staining and Oil red O staining, in which M/Lip-PTM and PTM (10 mg/kg, IP injection)
exhibited lowest lipid accumulation. Intriguingly, PTM (50 mg/kg) showed almost no
effects towards lipid accumulation in WD/CCl4 treated mice (Figure 2g,h). These data
suggest that proper amount of PTM and the targeted delivery of PTM to mouse liver may
be critical to achieve a superior protective effect against NAFLD formation.

3.2. PTM and PTM-Loaded Liposome Nanoparticles Attenuate Protein Abundance of FASN in
Mouse Livers

In order to understand the pharmacological role of PTM and its liposomal nanoparti-
cles in preventing the development of murine NAFLD induced by WD/CCl4, we further
studied if PTM could inhibit the expression of FASN in the livers of treated mice. Using
eDIO mice, Singh and co-workers showed that a four-day PTM treatment (100 mg/kg, p.o.)
reduced ~40% of FASN protein in their livers [26]. Compared with the normal group, the
protein expression of FASN was about two-fold higher in mice treated with WD/CCl4 for
13-weeks (Figure 3a). In contrast, PTM (10 mg/kg) significantly reduced the level of FASN.
Interestingly, there was no significant change of FASN in liver tissues of mice treated by
PTM (50 mg/kg), which is consistent with the previous histological results. Similarly, PTM
(10 mg/kg, IP injection) was able to reduce the protein level of FASN significantly in model
mice, while the higher dosage of PTM have no obvious effects towards FASN (Figure 3b).
Encouragingly, M-Lip/PTM (10 mg/kg, IP injection) was able to reduce the protein level of
FASN to that of normal mice, while Lip/PTM seemed to have no effects (Figure 3c). These
results suggest that PTM may prevent the development of NAFLD effectively at a proper
dose, i.e., 10 mg/kg. Notably, the liver-specific liposomal delivery of PTM containing
mannose was capable to reduce FASN overexpression in mouse liver to that of normal mice
for a shorter period.
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liver tissue. (a) Western blot analysis of FASN protein expression after 10 mg/kg and 50 mg/kg PTM oral
treatment for 13 weeks. (b) Western blot analysis of FASN protein expression after 50 mg/kg PTM oral
treatment and 10 mg/kg PTM intraperitoneal injection treatment for 5 weeks. (c) Western blot analysis of
FASN protein expression after 10 mg/kg Lip/PTM and 10 mg/kg M-Lip/PTM intraperitoneal injection
treatment for 5 weeks. Data are expressed as means ± SD, n = 3 mice per group. * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.3. PTM Treatment Alleviated FFAs-Induced Lipid Accumulation in HepG2 Cells

Various 2D and 3D human cell models have been developed to study the sophisticated
pathology of NAFLD with primary human hepatocytes or hepatoma cell lines, including
HepaRG, HepG2, and Huh 7 [30]. In order to form the steatotic cell phenotype, we treated
HepG2 cells with the complex of BSA and oleic acid/palmitic acid at 0.4 and 0.2 mM with
PTM (5, 10, 50 µM) or EGCG (50 µM) for 48 h, respectively, based on previous reports [30].
Oil red O staining was used to observe the accumulation of lipid droplets. Marked lipid
accumulation was clearly observed in HepG2 cells treated with fatty acids, in comparison
to the untreated cells. PTM significantly reduced the lipid droplet formation in the treated
HepG2 cells in a dose-dependent manner, whereas EGCG also reduced the accumulation
of lipid droplets (Figure 4a,b). In order to study if the inhibitory effect of PTM on lipid
accumulation was caused by its cytotoxicity, cell viability tests of PTM were carried out
using the MTT assay. PTM showed no cytotoxicity in the range of 5–500 µM against HepG2
cells, consistent with the previous report that PTM has no cytotoxicity towards mammalian
cells (Figure 4c) [25].
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Figure 4. In vitro cytotoxicity and effect of PTM on lipid accumulation. (a) Effect of PTM on lipid
accumulation in HepG2 cells. (b) Lipid content was extracted from Oil red O stained cells by
isopropanol and quantified by spectrophotometric analysis at 510 nm. (c) Effects of PTM on HepG2
cell viability in response to different concentrations of PTM after incubation for 72 h. Data was
visualized by GraphPad software. Error bars represent means ± SD. * p < 0.05, *** p < 0.001.

3.4. PTM Affects the Levels of mRNA and Protein Expression of Lipid Metabolism in HepG2 Cells

To explore the mode of action of PTM against fatty acid-induced steatosis in HepG2 cells,
we first examined its effects towards the expression of fasn and its protein level, using EGCG as
a control. Compared with the untreated HepG2 cells, supplementation of fatty acids increased
cellular FASN, while PTM and EGCG treatment obviously attenuated the cellular production
of FASN (Figure 5a,b). Quantitative real-time PCR revealed the increased mRNA level of
FASN in fatty acid-treated HepG2 cells and the significant reduction of fasn expression upon
PTM treatment in a dose-dependent manner, in comparison to untreated ones (Figure 5c).
Notably, PTM (50 µM) could reduce the levels of both FASN protein and its mRNA in fatty
acids-treated HepG2 cells lower than those of untreated HepG2 cells. This result is consistent
with the potent inhibitory effect of PTM in rat primary hepatocytes, whereas PTM inhibited
the biosynthesis of free fatty acids with an IC50 of 0.063 µM [24]. Since the de novo synthesis of
fatty acids in HepG2 cells is catalyzed by FASN, we ascribed the difference of inhibitory effects
of fatty acids and FASN to the different cell types and culture conditions with or without the
supplementation of fatty acids.
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Figure 5. Effects of PTM on mRNA and protein abundance of target proteins involved in lipid
metabolism in HepG2 cells. (a) Western blot analysis of the effects of PTM on the level of FASN,
using EGCG as a control. (b) Protein blot densities were quantified by ImageJ Software; protein
expression was normalized to GAPDH. (c)–(i). Quantitative RT-PCR analyses of the mRNA levels of
FASN, SREBP-1c, ACC, SCD1, CPT-1a, PPARα, and ACOX1, relative to the internal control β-actin.
Data were visualized by GraphPad software. Error bars represent means ± SD. * p < 0.05, ** p < 0.01,
*** p < 0.001.

Since FASN is a key node of cellular lipid metabolism, we next evaluated if FASN
inhibition by PTM in HepG2 cells may have certain global effects towards lipid metabolism.
EGCG (50 µM) was also used as a control. Therefore, quantitative RT-PCR was used to study
the expression of key enzymes for cellular lipogenesis in fatty acid-treated HepG2 cells
with or without PTM treatment, including sterol regulatory element binding transcription
factor-1c (SREBP-1c), acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase 1 (SCD1),
as well as β-oxidation including carnitine palmitoyl transferase 1a (CPT-1a), peroxisome
proliferator activated receptor α (PPARα), and acyl-CoA oxidase 1 (ACOX1) (Figure 5d–f).
In our study, the mRNA levels of SREBP-1c, ACC, and SCD1 significantly increased in fatty
acids-treated HepG2, compared to those in untreated ones. However, their expressions
could be reduced to those of HepG2 cells without fatty acid supplementation upon PTM
treatment. However, in fatty acids-induced HepG2 cells, the gene expression of PPARα,
CPT-1a, and ACOX1 responsible for lipid oxidation significantly decreased, in comparison
to uninduced ones. At the concentration of 50 µM, PTM and EGCG could enhance the
expression of PPARα in fatty acids-induced HepG2 cells to that of uninduced ones. PTM
(50 µM) slightly improved the expression of ACOX1, but not CPT-1a, which could be
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increased by EGCG. These data suggested that PTM is preferably peroxisomal β-oxidation
rather than mitochondrial β-oxidation (Figure 5g–i).

Fatty acid mitochondrial and peroxisomal β-oxidation is the central oxidative path-
way for lipids, and CPT-1a is a significant rate-limiting enzyme for mitochondrial β-
oxidation [34]. The entry of fatty acids into mitochondria relies on CPT-1a. Nevertheless,
as mitochondria cannot oxidize very long chain fatty acids, they are metabolized via perox-
isomal β-oxidation that is regulated by ACOX1. Taken together, PTM may attenuate fatty
acids-induced lipid accumulation in HepG2 cells mainly through the downregulation of
lipogenesis.

4. Discussion

NAFLD is the most prevalent chronic liver disease without effective pharmacological
intervention in clinics. FASN is a promising target for NAFLD treatment, due to its rate-
limiting capacity to control hepatic DNL. In the present study, we provide the first evidence
that PTM and PTM-loaded liposomes could prevent the development of NAFLD in a
murine model induced by WD/CCl4. Using a FFAs-induced HepG2 cell model, we showed
that PTM could attenuate lipid accumulation through the down-regulation of FASN and
several key proteins for lipogenesis, including SREBP-1c, ACC, and SCD1. This result
suggests that the FASN inhibitor PTM may be used to intervene in the development of
NAFLD.

PTM has previously been discovered as a potent inhibitor against bacterial FabF, and
it was latter re-discovered as a potent and highly selective inhibitor of mammalian FASN
to be effective against type II diabetic animals. Considering the bidirectional relationship
between NASH and type II diabetes, we envisioned that PTM might be effective against
the development NAFLD by targeting FASN similarly. In FFAs-treated HepG2 cells, we
showed that PTM alleviated the lipid droplet formation in a dose-dependent manner,
mainly through down-regulating the expression of FASN, SREBP-1c, ACC, and SCD1.
Importantly, PTM (5 µM) was able to reduce the expression of SREBP-1c, ACC, and SCD1
to that of uninduced HepG2 cells, suggesting that PTM-mediated FASN inhibition would
have a global impact in lipid metabolism (Figure 5). In the WD/CCl4 murine model, the
chronic treatment of PTM (10 mg/kg) for 13 weeks significantly reduced the protein level
of FASN in the livers of treated mice, corroborating attenuated liver steatosis and reduced
TG in their livers and plasma (Figure 2 and Figure S2). Further, the five-week treatment
regime by M/Lip-PTM or PTM (10 mg/kg) could also reduce steatosis and the level of TG
in the livers of treated mice, while FASN in mouse livers was also significantly reduced.

However, higher PTM concentrations (50 mg/kg) exhibited no obvious effects against
NAFLD, resulting in only slightly reduced FASN levels and liver steatosis. We assumed
the presence of a certain compensatory mechanism upon stronger FASN inhibition. The
liver-specific FASN knock-out (FASKOL) mice even developed hypoglycemia and fatty
liver on a zero-fat diet, which was reasoned as the interference of PPARα activation,
disruption of the transcription of genes critical for fatty acid oxidation, as well as interfered
gluconeogenesis [35]. PTM (50 mg/kg) may cause accumulation of malonyl-CoA, which
would inhibit CPT-1a and the entry of fatty acyl-CoA into mitochondria, resulting in
suppressing β-oxidation [26]. The overall effect of significant FASN inhibition may be
translated into the elevation of hepatic TG, despite the net consequence of FASN inhibition
is to reduce the synthesis of TG. Intriguingly, there was no change of the mRNA level of
CPT-1a in HepG2 cells treated by PTM (50 µM) (Figure 5h). We ascribed the difference to
the dosage effects between the mouse model and HepG2 cells treated with oleic acid and
palmitic acid.

Finally, the contribution of liver DNL varies dramatically in different species and
disease states. For example, there are about 25% DNL in lean mice and 60% DNL in
db/db mice, while DNL may contribute to 7–9% of plasma fatty acids in human and
non-human primates, as well as 26% of them in NAFLD patients with hyperglycemia
and hyperinsulinemia [26]. Thus, the effective dose of PTM needs to be further explored.
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Alternatively, manipulating the regulatory pathway of FASN under pathological conditions
is a promising method for the treatment of NAFLD, such as the recent identified FASN-
binding sorting nexin 8 [34,36]. The direct inhibition of FASN might trigger chronic on-
target safety risks due to the reduced β-oxidation of fatty acids by compromising the
activity of PPARα, since FASKOL mice showed lipid accumulation and hypoglycemia with
a zero-fat diet or fasting. Considering the superior anti-NAFLD effects of a lower dosage of
PTM (10 vs. 50 mg/kg) in the murine NAFLD model, the judicious selection of dosage of
FASN inhibitors may be critical to achieve certain clinical benefits. It is encouraging that
several recent clinical trials have demonstrated that FASN inhibitors can reduce hepatic
DNL and steatosis in patients with NAFLD [17,21,23].

In summary, we have shown that PTM and PTM-loaded liposome nanoparticles could
be used to reduce the development of NAFLD in a murine model through modulating DNL
via FASN inhibition. Our study not only shows the potential of PTM against NAFLD, but
highlights its multi-faceted applications against metabolic diseases and deadly pathogens.
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triglycerides of mice induced by WD/CCl4; Figure S3. The AUC of OGTT of treated mice by
WD/CCl4; Figure S4. The plasma level of alanine aminotransferase of mice treated by WD/CCl4.
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