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Background: The function of flavin containing dimethylaniline monooxygenase 1 (FMO1), which is known to play a part in lipid
metabolism, remains unclear in the development of nonalcoholic fatty liver disease (NAFLD). This research has the objective of
examining the contributions of FMO1 in the progression of NAFLD and the associated mechanisms, particularly the peroxisome
proliferator activated receptor alpha (PPARα) and ferroptosis pathways.
Methods: An in vitroNAFLDmodel was established by treating L02 cells with free fatty acids (FFAs). The FMO1 and ferroptosis
levels were examined in the cellular NAFLD model. FMO1 was knocked down using short-interfering RNA transfection. The
effects of FMO1 knockdown on lipid accumulation, PPARα expression, and ferroptosis were examined in the cellular NAFLD
model. Additionally, the effects of FMO1 and/or PPARα overexpression on lipid metabolism and ferroptosis were analyzed.
Furthermore, L02 cells were pre-treated with GW7647 (PPARα agonist) or RSL3 (ferroptosis activator) and stimulated with
FFAs.
Results: The levels of FMO1 and ferroptosis were upregulated in the in vitro NAFLD model. FMO1 knockdown suppressed the
FFA-induced accumulation of lipids in hepatocytes, downregulation of PPARα expression, and upregulation of ferroptosis. In
contrast, FMO1 overexpression dysregulated lipid metabolism and downregulated PPARα levels. Meanwhile, PPARα overex-
pression mitigated the FMO1 overexpression-induced upregulation of ferroptosis and lipid accumulation. Treatment with RSL3
suppressed the effects of PPARα overexpression on lipid accumulation and FMO1 expression.
Conclusions: FMO1 upregulates ferroptosis by suppressing PPARα in NAFLD, which leads to the dysregulation of lipid
metabolism.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a liver
disease caused by metabolic stress, characterized by abnor-
mal buildup of lipids in liver cells [1]. The progression of
NAFLD is linked to liver inflammation and an increased
risk of liver cirrhosis, failure, and cancer [2,3]. In the
United States and Europe, the prevalence rates of NAFLD
range from 25% to 30% [4], while in China, it is 27% [5].
Despite its high prevalence, the causes and mechanisms of
NAFLD remain unclear [6]. As a result, understanding the
mechanisms behind NAFLD and identifying new therapeu-
tic targets have become important areas of research in hep-
atology.

Ferroptosis, an innovative process of cellular demise,
occurs due to the abnormal peroxidation of unsaturated fatty
acids on the cell membrane, which is mediated by ferrous

ions [7]. Glutathione peroxidase 4 (GPX4), a selenopro-
tein, efficiently reduces peroxidized phospholipids. The in-
activation of glutathione (GSH) induced byGPX4 depletion
promotes ferroptosis [8,9]. The activation of ferroptosis af-
fects hepatocyte function and induces inflammation [10].
The liver is involved in lipid metabolism and stores iron.
Lipid peroxides directly induce ferroptosis, which subse-
quently promotes the progression of NAFLD to inflamma-
tion and fibrosis [11,12]. The mechanisms involved in reg-
ulating ferroptosis in NAFLD have not been elucidated.

Peroxisome proliferator activated receptor alpha
(PPARα) is a ligand-dependent transcriptional regulator
with a critical role in glycolipid metabolism and inflamma-
tory responses [13]. A recent clinical study reported that
pemafibrate, a PPARα modulator, can suppress NAFLD
progression and NAFLD-related inflammation and fibro-
sis [14]. Furthermore, PPARα is reported to regulate fer-
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roptosis [15]. PPARα can alleviate hepatocyte ferroptosis
by promoting GPX4 transcription [16]. However, the reg-
ulatory effects of PPARα on ferroptosis in NAFLD are un-
clear. Previous studies have demonstrated that flavin con-
taining dimethylaniline monooxygenase 1 (FMO1) is sig-
nificantly upregulated in NAFLD [17]. Although FMO1 is
reported to be involved in lipid metabolism, its correlation
with lipid accumulation in NAFLD is unclear [18]. FMO1
can regulate PPARα and mediate metabolic processes [19].
However, the effects of FMO1 on lipid metabolism and fer-
roptosis in NAFLD and the role of PPARα have not been
examined.

In this study, the regulatory effects of FMO1 on
NAFLD through PPARα, as well as on ferroptosis and lipid
accumulation, were examined. This study aimed to com-
plement the current understanding of the role of ferroptosis
in NAFLD and provide useful insights for the treatment of
NAFLD.

Materials and Methods

Cells Culture
The L02 cells, which are healthy human hepato-

cytes (Shanghai Academy of Sciences, Shanghai, China),
were cultured in Dulbecco’s modified Eagle medium
(DMEM)/F12 medium (Gibco, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (Gibco, Carlsbad,
CA, USA), penicillin (100 U/mL) and streptomycin (100
µg/mL) under 37 °C in a 5% CO2 incubator. The cultured
cells were analyzed for mycoplasma infection, and the re-
sults indicated no presence of infection. Additionally, the
L02 cells underwent short tandem repeat analysis. The spe-
cific methods and cell grouping are described below.

Experiment 1: FMO1 Knockdown and Free Fatty
Acid (FFA) Intervention

The cells were categorized into the following groups:
the Control; the FFA group, cells were treated with FFA
(oleate:palmitate = 2:1, 0.5 mmol/L) for 24 hours to de-
velop the NAFLDmodel in vitro; the group known as short-
interfering RNA (siRNA) against FMO1 (si-FMO1) con-
sisted of cells that were transfected with si-FMO1; the FFA
+ si-FMO1 group, consisted of cells that were incubated
with FFA and transfected with si-FMO1.

Experiment 2: Overexpression of FMO1 and PPARα
The cells were assigned into Control (transfected

with empty vector); FMO1 group (cells were treated
with FMO1-overexpression plasmid); PPARα group
(cells were treated with PPARα-overexpression plasmid);
FMO1 + PPARα group (cells were treated with FMO1-
overexpression and PPARα-overexpression plasmids).

Experiment 3: Ferroptosis and FFA-Induced NAFLD
The cells were categorized into several groups: Con-

trol groupwas composed of untreated cells; FFA group con-
sisted of cells treated with FFA (oleate:palmitate = 2:1, 0.5
mmol/L) for 24 hours to create the in vitro NAFLD model.
The FFA + GW7647 group involved cells pre-treated with
10 µM GW7647 (PPARα agonist) for 24 hours and then
treated with 0.5 mmol/L FFA mixture for 24 hours. In the
FFA + RSL3 group, cells were pre-treated with RSL3 (fer-
roptosis activator, 5 µmol/L) for 24 hours and then treated
with 0.5 mmol/L FFA mixture for 24 hours. Finally, in the
FFA + GW7647 + RSL3 group, cells were pre-treated with
both 10 µMGW7647, 5 µmol/L RSL3 and 0.5mmol/L FFA
mixture for 24 hours.

Cell Treatment
Cells cultured in DMEM/F12 medium (Gibco, Carls-

bad, CA, USA) were incubated at 37 °C and 5% CO2 in an
incubator until they reached 80% confluence and starved in
serum-free medium overnight prior to treatment. In order to
establish the in vitro NAFLD model, the cells were treated
with an FFA mixture (oleate:palmitate = 2:1) at a final con-
centration of 0.5 mmol/L in the culture medium for 24 h
[20].

To activate PPARα, the cells were pre-treated with 10
µM GW7647 (Sigma-Aldrich, St. Louis, MO, USA) for 24
h, and then stimulated with FFA for 24 h. The negative con-
trol consisted of cells pre-treatedwith vehicle (dimethyl sul-
foxide (DMSO)) for 24 h and then treated with FFA for 24 h
[21]. To induce ferroptosis, the cells were pre-treated with
5 µmol/L RSL3 (Selleck Chemical, Houston, TX, USA) for
24 h, followed by treatment with FFA for 24 h. The negative
control consisted of cells pre-treated with vehicle (DMSO)
for 24 h and then treated with FFA for 24 h [22].

Cell Transfection
L02 cells were treated with si-FMO1, FMO1 overex-

pression, or PPARα overexpression plasmids (GenePharma
Co., Ltd., Shanghai, China) using lentiviral vectors. Cells
transfected with negative control (NC) vector or si-NC
served as controls. For si-FMO1 transfection, cells were
seeded in a 6-well plate (5 × 104 cells/well) and trans-
fected with si-FMO1 for 24 h, then treated with FFA for
24 h. These siRNA sequences were used in the study:
si-FMO1, 5′-CACUGGCUUUCUUACUAAUCCUUAU-
3′ (sense sequence) and 5′-AUAAGGAUUAGUAAG
AAAGCCAGUG-3′ (antisense sequence); si-NC, 5′-
CACUUCGUUCUAUCACCUAUGUUAU-3′ (sense se-
quence) and 5′-AUAACAUAGGUGAUAGAACGAAGU
G-3′ (antisense sequence).

To achieve overexpression of FMO1 or PPARα, L02
cells were initially plated in a 6-well plate at a density of 5×
104 cells per well. Subsequently, 50 pmol (0.67 µg) of over-
expression plasmids forFMO1 orPPARαwere diluted in 25
µL serum-free DMEM, referred to as reagent A. Reagent
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B was created by incubating 1 µL of EntransterTM-R4000
(Engreen Biosystem Co., Ltd., Beijing, China) with 24 µL
serum-free DMEM for a duration of 25 minutes. Both
reagent A and reagent B, each composed of 25 µL, were
thoroughly mixed by aspiration using a pipette for a total of
10 times. After allowing this mixture to remain undisturbed
for 15 minutes.

Cell Viability
Various treatments were applied to L02 cells that were

seeded in a 96-well plate (1 × 104 cells/well). Following
the treatments, cells were exposed to cell counting kit-8
(CCK-8) solution from Beyotime, Shanghai, China, for 2
hours at 37 °C and with 5% CO2 in an incubator. The op-
tical density (OD) was measured to calculate the viability
following the instruction.

Oil Red O Staining
After being fixed in 10% formalin for 15 minutes, L02

cells were treated with a washing solution for 20 minutes.
Following the removal of the washing solution, the cells
were treated with Oil Red O reagent (C0158M, Beyotime,
Shanghai, China) for 20 minutes at 25 °C. Next, the cells
were rinsed with phosphate-buffered saline for 20 seconds
and counterstained with hematoxylin.

Triglyceride (TG) and Cholesterol Measurement
The enzymatic assay kit (E1025-105, E1026-105, Ap-

plygen Technologies Inc., Beijing, China) was applied to
examine the levels of TGs and total cholesterol in cells. In
a 96-well plate, 10 µL of the supernatant obtained after cells
(2 × 106) were lysed in lysis buffer was mixed with the re-
actants for 30 min. Subsequently, the samples were treated
with the developer for 15 min at 37 °C. A blank well was
utilized for zero adjustment. The absorbance of the reaction
mixture was measured at 450 nm to calculate the concen-
trations of TGs and total cholesterol.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

The sample was homogenized through grinding, then
incubated with 600 µL Trizol for 5 min, then centrifuged
for 5 min (4 °C, 12,000 g). The supernatant was incubated
with a mixture of Trizol and chloroform at a 1:2 ratio, and
the samples were vigorously shaken for 15 s. Next, the
aqueous phase was incubated with isopropanol to precip-
itate RNA. RNA was dissolved in diethyl pyrocarbonate-
treated water, then reverse-transcribed into complementary
DNA with a PrimeScript RT Reagent kit (RR047A, Takara,
Tokyo, Japan). The conditions were 37 °C for 15 min;
98 °C for 5 min. qRT-PCR analysis was performed using
SYBR Green reagent (Takara, Tokyo, Japan). The condi-
tions were: 94 °C for 3 min, 40 cycles of 94 °C for 15 s,
58 °C for 20 s, and 72 °C for 30 s. The expression levels
of FMO1, PPARα, and GPX4 were determined using the

2−∆∆Ct method after normalization with those of GAPDH.
The following primers were used in qRT-PCR anal-
ysis: FMO1, 5′-TGGCACCAGAAATTACAAGTACG-
3′ (forward) and 5′-AAAGCCAGTGCAGACCATGA-3′
(reverse); PPARα, 5′-CACACACCGAGGACTCTTGC-
3′ (forward) and 5′-GCTCCAAGCTGTGGTGACA-3′
(reverse); GPX4, 5′-CCCATGTTGCGTTTTCCGAC-3′
(forward) and 5′-TCCAATGCATACAGGAAACTGGA-3′
(reverse);GAPDH, 5′-GTTTTCCGCCAAGGACATCG-3′
(forward) and 5′-ATAGTGGGGCAGGTCCTTCT-3′ (re-
verse).

Western Blotting
Cells were lysed and centrifuged at 4 °C and 12,000

g for 20 minutes. The protein samples were loaded onto
a 12% gel and subjected to electrophoresis and trans-
ferred to a membrane. This membrane was then probed
overnight at 4 °Cwith these primary antibodies: anti-FMO1
(1:800, PA5-95285, Thermo Fisher Scientific, Sunnyvale,
CA, USA), anti-PPARα (1:1000, MA1-822, Thermo Fisher
Scientific, Sunnyvale, CA, USA), and anti-GPX4 (1:800,
ab252833, Abcam, Cambridge, MA, USA) and with a
secondary antibody (1:2000, ab6721, Abcam, Cambridge,
MA, USA) for 2 hours at 37 °C. To develop the immunore-
active signals, an enhanced chemiluminescence kit (Solar-
bio, Beijing, China) was used. The grayscale values of the
protein bands were determined using IPP6.0 (Media Cyber-
netics Inc., Rockville, MD, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
The glutathione (GSH) concentration was detected us-

ing the GSH kit (S0052, Beyotime, Shanghai, China). The
experimental settings were as follows: blank well (A), no
sample or enzyme labeling reagent; standard well (B), 50
µL of the standard; sample well (C), 10 µL of the sample
and 40 µL of diluent. The samples were thoroughly mixed
and incubated with 50 µL of the enzyme labeling reagent at
37 °C for 30 min. Next, the samples were incubated with
chromogenic reagents A and B (50 µL each) in the dark at
37 °C for 15 min. The OD at 450 nm of the reaction mixture
wasmeasured. The concentration of GSH inwell Cwas cal-
culated using the data of well A as the blank and those of
well B as the standard. The GPX4 levels were examined us-
ing the GPX4 kit (EK-H12496, EK-Bioscience, Shanghai,
China) with a similar ELISA procedure as described above.

Unstable Fe2+ Measurement
The detection of unstable Fe2+ levels was carried out

using the FerroOrange probe (MX4559, MKbio, Shang-
hai, China). To ensure the powder settled at the bottom
of the bottle, the thawed FerroOrange was centrifuged at
low speed using a microcentrifuge. A stock solution of Fer-
roOrange (1 mM) was added to 35 µL of DMSO in a tube
containing 24 µg of FerroOrange. To ensure complete dis-
solution, the mixture was thoroughly mixed five times with
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Fig. 1. Flavin containing dimethylaniline monooxygenase 1 (FMO1) is upregulated in the in vitro nonalcoholic fatty liver disease
(NAFLD) model. (A–C) This study examined lipid accumulation and metabolic indicators in the NAFLD model induced by free fatty
acids (FFAs). (D,E) The expression levels of FMO1 mRNA and protein were significantly higher compared to the Control group,
indicated by ∗∗∗p < 0.001. TG, Triglyceride.

Fig. 2. Peroxisome proliferator activated receptor alpha (PPARα) is downregulated and ferroptosis is upregulated in the in vitro
NAFLD model. (A,B) The expression levels of PPARα mRNA and protein. (C,D) The levels of glutathione peroxidase 4 (GPX4)
mRNA and protein. (E,F) The impact of free fatty acid (FFA) on the hepatocyte levels of glutathione (GSH) and Fe2+. (G) Cell viability
measured by cell counting kit-8 (CCK-8) method. ∗∗∗p < 0.001 compared to the Control group.
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Fig. 3. FMO1 knockdown suppresses lipid accumulation in the in vitro NAFLD model. (A,B) Hepatocytes with FMO1 knockdown
and FMO1 overexpression were established. (C) The impact of free fatty acids (FFAs) and/or FMO1 knockdown on lipid accumulation
in L02 cells. (D,E) The effects of FFAs and/or FMO1 knockdown on indicators of lipid metabolism. ∗∗∗p< 0.001 compared to Control;
##p< 0.01, ###p< 0.001 compared to the FFA group; ^^p< 0.01 compared to the short-interfering RNA against FMO1 (si-FMO1) group.
NC, negative control.

a pipette. Subsequently, cells were seeded in fluorescent
Petri dishes and incubated with the probe solution in a cell
incubator. The cells were then observed under a laser mi-
croscope with excitation and emission wavelengths of 532
and 572 nm, respectively. The concentration of Fe2+ was
calculated relative to the control group.

Statistical Analysis
The data is presented as the mean ± the standard de-

viation. To compare the means, a one-way analysis of vari-
ance was conducted with Tukey’s multiple comparison tests
(GraphPad Prism version 7.0, GraphPad Software Inc., San
Diego, CA, USA). Differences were regarded as significant
when the p-value < 0.05.

Results

FMO1 is Upregulated in FFA-Treated L02 Cells
The FFA-treated L02 cells exhibited lipid accumu-

lation and upregulated TG and cholesterol levels, indi-
cating the successful establishment of the NAFLD model
(Fig. 1A–C). The levels of FMO1 in FFA-stimulated
cells were significantly higher than those in Control cells
(Fig. 1D,E, p < 0.001).

PPARα is Downregulated and Ferroptosis is
Upregulated in the in Vitro NAFLD Model

In the NAFLD model, it was observed that the levels
of PPARαwere decreased (Fig. 2A,B, p< 0.001). The lev-
els of GPX4 were also downregulated following treatment
with FFA (Fig. 2C,D, p < 0.001). Moreover, FFA caused
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Fig. 4. Knocking downFMO1 reduces the decrease in peroxisome proliferator activated receptor alpha (PPARα) and the increase
in ferroptosis in an in vitro model of NAFLD. (A) The mRNA levels of PPARα are affected by free fatty acids (FFAs) and/or FMO1
knockdown. (B–D) Ferroptosis is influenced by FFAs and/or FMO1 knockdown. (E) Cell viability measured by CCK-8 method. ∗∗∗p
< 0.001 compared to Control; ##p < 0.01 compared to the FFA group; ^^p < 0.01 compared to the si-FMO1 group.

a decrease in the GSH level (Fig. 2E, p < 0.001) and a sig-
nificant increase in the intracellular Fe2+ level (Fig. 2F, p
< 0.001). Additionally, the viability of cells was reduced
by FFA treatment (Fig. 2G, p < 0.001). These findings in-
dicate the occurrence of hepatocyte ferroptosis in NAFLD.

FMO1 Knockdown Suppresses Lipid Accumulation
in NAFLD

The researchers conducted rescue experiments to ex-
amine the regulatory effects of FMO1 on hepatocyte
lipid accumulation, PPARα expression, and ferroptosis in
NAFLD. Both FMO1 knockdown and FMO1 overexpress-
ing L02 cells were created (Fig. 3A,B, p < 0.001). FMO1
knockdown had a minor inhibitory effect on lipid accu-
mulation and significantly reduced FFA-induced NAFLD
(Fig. 3C). The si-FMO1 group showed lower TG and
cholesterol levels compared to the Control group. More-
over, the FFA + si-FMO1 group had lower TG and choles-
terol levels than the FFA group (Fig. 3D,E, p< 0.01). These
findings indicate that suppressing FMO1 through knock-
down can inhibit FFA-induced lipid accumulation.

FMO1 Knockdown Mitigates FFA-Induced PPARα
Downregulation and Ferroptosis Upregulation in
L02 Cells

Afterwards, the researchers investigated the impact of
FFA and FMO1 knockdown on PPARα and ferroptosis.
The results showed that FMO1 knockdown effectively less-
ened the decrease in PPARα mRNA levels induced by FFA
(Fig. 4A, p < 0.01). In comparison to the Control group,
the FFA group exhibited reduced levels of GPX4 and GSH,
while levels of Fe2+ were increased (Fig. 4B–D, p< 0.001).
In the FFA + si-FMO1 group, GPX4 and GSH levels were
higher than in the FFA group but lower than in the si-FMO1
group (Fig. 4B–D, p < 0.01). Moreover, Fe2+ levels in the
FFA + si-FMO1 group were lower than in the FFA group
but higher than in the si-FMO1 group (Fig. 4B–D, p <

0.01). The cell viability rate in the FFA + si-FMO1 group
was significantly higher than in the FFA group (Fig. 4E, p
< 0.01). These results indicate that FMO1 knockdown re-
duces lipid accumulation and alleviates the downregulation
of PPARα and upregulation of ferroptosis induced by FFA.
Consequently, these findings shed light on the underlying
mechanism of FMO1, providing valuable insights.

https://www.discovmed.com/


618

Fig. 5. PPARα overexpression suppresses FMO1-induced lipid accumulation. (A,B) Hepatocytes were engineered to have increased
levels of PPARα. (C,D) The effect of increasing FMO1 and/or PPARα levels on lipid accumulation was investigated. ∗∗∗p < 0.001
compared to Control; ##p < 0.01 compared to the FMO1 group; ^^p < 0.01 compared to the PPARα group.

Fig. 6. PPARα overexpression suppresses FMO1-induced ferroptosis. (A) Effects of FMO1 overexpression and/or PPARα overex-
pression on glutathione peroxidase 4 (GPX4) transcription. (B–D) Effects of FMO1 overexpression and/or PPARα overexpression on
ferroptosis. (E) Cell viability measured by CCK-8 method. ∗p < 0.05 compared to the Control group; ∗∗∗p < 0.001 compared with the
Control group; ##p < 0.01 compared with the FMO1 group; ^^p < 0.01 compared with the PPARα group.
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Fig. 7. The alleviating effects of PPARα on lipid accumulation are suppressed when ferroptosis induction occurs in the in vitro
NAFLD model. (A,B) The levels of Fe2+ and glutathione (GSH) in hepatocytes induced by free fatty acids (FFAs) are affected by
GW7647 (PPARα agonist) and/or RSL3 (ferroptosis activator). (C) GW7647 and/or RSL3 impact fat accumulation induced by FFA.
(D,E) GW7647 and/or RSL3 influence the indicators of lipid metabolism induced by FFA. (F) Intracellular TG levels. ∗∗∗p < 0.001
compared with the Control group; ##p < 0.01 compared with the FFA group; ^^p < 0.01 compared with the FFA + GW7647 group; &&p
< 0.01 compared with the FFA + RSL3 group.

PPARα Overexpression Inhibits the FMO1-Induced
Upregulation of Lipid Accumulation and Ferroptosis
in Hepatocytes

The subsequent step involved conducting rescue ex-
periments to explore how FMO1 triggers lipid accumula-
tion and ferroptosis via PPARα. In order to analyze the im-
pact of FMO1 overexpression and/or PPARα overexpres-
sion on hepatocytes (Fig. 5A,B), the cells were categorized
into four distinct groups: Control, FMO1, PPARα, and
FMO1 + PPARα groups. The levels of TG and cholesterol
were found to increase in the FMO1 group (Fig. 5C,D, p
< 0.001) but decrease in the PPARα group (Fig. 5C,D, p
< 0.01). Additionally, the TG and cholesterol levels in the
FMO1 + PPARα group were considerably lower than those

in the FMO1 group, but significantly higher than those in
the PPARα group (Fig. 5C,D). These observations suggest
that FMO1 facilitates lipid accumulation in hepatocytes by
means of PPARα.

Furthermore, we investigated the effects of FMO1
overexpression and/or PPARα overexpression on ferrop-
tosis in hepatocytes. Compared to Control, the levels of
GPX4 transcription and activity were significantly reduced
in the FMO1 group but increased in the PPARα group. In
the FMO1 + PPARα group, the levels of GPX4 were higher
than those in the FMO1 group (Fig. 6A,B, p < 0.01) but
lower than those in the PPARα group (Fig. 6A,B, p< 0.01).
Additionally, the GSH levels were higher in the FMO1 +
PPARα group compared to the FMO1 group (Fig. 6C, p <
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0.01) but lower than those in the PPARα group (Fig. 6C, p<
0.01). The Fe2+ levels in the FMO1 + PPARα group were
lower than those in the FMO1 group but higher than those
in the PPARα group (Fig. 6D, p < 0.01). Furthermore, the
cell viability was decreased in the FMO1 group (p < 0.01;
Fig. 6E). However, the cell viability in the FMO1 + PPARα
group was higher than that in the Control group (p < 0.01;
Fig. 6E).

Ferroptosis Induction in the in Vitro NAFLD Model
Mitigates the Alleviating Effects of PPARα
Overexpression on Lipid Accumulation

To further clarify the effects of PPARα and ferroptosis
on NAFLD downstream of FMO1, pharmacological agents
were used to induce PPARα activation and/or ferroptosis
in the FFA-induced NAFLD model. Comparison between
the FFA group and the FFA + GW7647 group showed a
downregulation of Fe2+ levels and an upregulation of GSH
levels (Fig. 7A,B, p < 0.01). Moreover, compared to the
FFA group, the FFA + RSL3 group exhibited an upregu-
lation of Fe2+ levels and a downregulation of GSH lev-
els (Fig. 7A,B, p < 0.01). The Fe2+ levels in the FFA
+ GW7647 + RSL3 group were higher than in the FFA +
GW7647 group but lower than in the FFA + RSL3 group.
The GSH levels in the FFA + GW7647 + RSL3 group were
lower than in the FFA + GW7647 group but higher than in
the FFA + RSL3 group (Fig. 7A,B, p < 0.01).

Furthermore, the FFA + GW7647 group exhibited
a significantly higher cell viability rate compared to the
FFA group (p < 0.01; Fig. 7C), suggesting that PPARα
plays a role in regulating ferroptosis in NAFLD. Simi-
larly, the cell viability rate in the FFA + RSL3 group was
found to be higher than that in the FFA group (p < 0.01;
Fig. 7C). The administration of RSL3 worsened abnor-
mal lipid metabolism and hindered the beneficial effects of
PPARα overexpression on alleviating NAFLD (Fig. 7D–F,
p < 0.01). Meanwhile, treatment with GW7647 mitigated
FFA-induced lipid accumulation and upregulation of TG,
cholesterol, and ferroptosis (Fig. 7D–F, p < 0.01). These
findings suggest that FMO1 alleviates fat accumulation in
NAFLD through PPARα by suppressing ferroptosis.

Discussion

NAFLD is characterized by the excessive buildup of
lipids in liver cells [23,24]. Among patients diagnosed with
NAFLD, 10%–20% of cases rapidly progress to nonalco-
holic steatohepatitis [25]. These patients have a 25% risk
of developing liver cirrhosis within 10 years and a high risk
of cancer, which is a major health threat to patients [26,27].
Therefore, the mechanisms of NAFLD must be elucidated
to identify therapeutic targets.

The expression of PPARα, a nuclear receptor, is age-
dependent and regulated by brown adipose tissue differ-
entiation, stress, insulin, and leptin and was involved in

NAFLD [28,29]. PPARα promotes the entry of fatty acids
into the mitochondria for metabolism by inducing the tran-
scription of carnitine palmitoyltransferase 1 (CPT1) [30].
High intake of lipids inhibits the expression of PPARα,
leading to lipid accumulation [31]. Therefore, PPARα acti-
vation is a potential therapeutic strategy for NAFLD, which
has been examined in clinical trials [32,33]. However, the
mechanisms underlying the regulatory effects of PPARα
on hepatocyte lipid accumulation have not been fully elu-
cidated. Additionally, the mechanisms that regulate the ex-
pression of PPARα are unclear. FMO1, an oxygenase, cat-
alyzes the N-oxidation of secondary and tertiary amines and
is involved in oxidative metabolism [34].

Sequencing analysis found that FMO1 levels are up-
regulated in NAFLD tissue [18]. FMO1 is reported to
regulate energy homeostasis by modulating fat metabolism
[35,36]. This initial study observed an increase in the ex-
pression of FMO1 in an in vitro NAFLD model. Res-
cue experiments were conducted to assess the impact of
FMO1 knockdown on NAFLD induced by FFA in vitro.
The results showed that FMO1 knockdown successfully re-
duced the lipid accumulation in hepatocytes caused by FFA.
Additionally, FMO1 knockdown upregulated the expres-
sion level of PPARα and effectively mitigated the FFA-
induced downregulation of PPARα. Conversely, FMO1
overexpression promoted aberrant lipid metabolism, which
was alleviated upon PPARα overexpression. This suggests
that FMO1 promotes NAFLD through PPARα. Consis-
tently, previous studies have suggested that FMO1 regu-
lates PPARα. For example, FMO1 promotes renal devel-
opment and function by regulating PPARα [37]. Addition-
ally, FMO1 mediates the hepatic metabolism of some drugs
through PPARα [19]. FMO2 and FMO5, which are related
to the FMO1 family, regulate glucose or lipid metabolism
in hepatocytes by upregulating PPARα expression [38,39].
The findings of this study and previous studies suggest that
FMO1 promotes fat accumulation in NAFLD by inhibiting
PPARα. To further analyze the mechanism through which
FMO1 promotes NAFLD via PPARα, this study investi-
gated the regulatory effects of FMO1 on ferroptosis.

Recent studies have indicated that iron overload
and associated oxidative stress are the primary causes of
NAFLD [40–42]. However, the mechanisms underlying
the regulation of ferroptosis in NAFLD and its correlation
with fat accumulation are unclear. The ferroptosis levels
were significantly upregulated in the in vitroNAFLDmodel
examined in this study. Furthermore, FMO1 knockdown
upregulated PPARα expression and mitigated the FFA-
induced upregulation of ferroptosis. PPARα overexpres-
sion suppressed the FMO1 overexpression-induced hepato-
cyte ferroptosis. Additionally, the induction of ferroptosis
in NAFLD inhibited the alleviating effects of PPARα on
fat accumulation. Xing et al. [16] reported that PPARα al-
leviates ferroptosis and maintains the liver metabolism bal-
ance by directly promotingGPX4 expression. Furthermore,
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the inhibition of ferroptosis is reported to prevent some de-
generative diseases [15]. Gong et al. [43] demonstrated
that the homeostasis of PPARα-related ferroptosis medi-
ates disease progression in aldosterone-producing adeno-
mas. These findings suggest that FMO1/PPARα regulates
lipid metabolism by modulating ferroptosis.

This study has some limitations. The correlation be-
tween FMO1, PPARα, and ferroptosis in NAFLD was not
confirmed in clinical samples and animal models. Addi-
tionally, the molecular mechanism through which FMO1
promotes PPARα expression and regulates ferroptosis was
not elucidated.

Conclusions

FMO1 plays a crucial role in the development of
NAFLD by regulating PPARα and ferroptosis. In partic-
ular, FMO1 promotes ferroptosis by inhibiting PPARα ex-
pression and consequently dysregulates lipid metabolism.
Thus, FMO1, PPARα, and ferroptosis are potential thera-
peutic targets for NAFLD. FMO1 and ferroptosis must be
considered when PPARα is targeted for the clinical treat-
ment of NAFLD.
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