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Background: Obesity is a growing global problem that causes various complications such as diabetes, cognitive dysfunction,
cardiovascular diseases, and hepatobiliary disease. Alpha-linolenic acid (ALA) has been reported to exhibit multiple pharmaceutical
effects. This study aimed to explore the effects of ALA on obesity-induced adipose tissue accumulation, cognitive impairment,
inflammation, and colonic mucosal barrier integrity.

Methods: Mice were fed with high-fat diet (HFD) and were treated with ALA (60 or 100 mg/kg). Body weight, adipose tissue, serum
glucose and lipid levels, glucose resistance, and insulin resistance were measured. Cognitive ability was analyzed using the behavior
tests. PTP1B and IRS/p-AKT/p-GSK3p/p-Tau signaling were examined to evaluate inflammation and synaptogenesis. Colon mucosal
barrier integrity was examined by Alcian blue staining and expression of the tight junction proteins. The production of pro-
inflammatory cytokines and liver damages were evaluated. 3T3-L1 cells were used for in vitro experiments. Cell viability, migration
and invasion were detected. The levels of ROS, iron, and ferrous ions were measured to assess ferroptosis. Metabolomic analysis of
adipose tissues was performed.

Results: ALA treatment prevented HFD-induced adipose tissue accumulation, improved glucose and lipid homeostasis and metabo-
lism. Administration of ALA repressed the HFD-induced increase in insulin levels and insulin resistance index. Serum and colon
levels of pro-inflammatory cytokines were decreased after ALA treatment. ALA elevated mitochondrial content in brown adipose
tissues. ALA ameliorated obesity-induced cognitive impairment and hippocampal inflammation, enhanced colon mucosa integrity.
ALA treatment ameliorated HFD-induced liver damage and lipid accumulation and inhibited differentiation of preadipocyte 3T3-L1
cells into mature adipocytes and induces ferroptosis. Metabolomic analysis suggested that ALA may target the glycerolipid
metabolism pathway to ameliorate obesity. Knockdown of AGPAT2 abolished the protective effects of ALA.

Conclusion: ALA treatment suppressed adipose accumulation in adipocytes, improved cognitive ability and colon integrity, and
alleviated liver damage by modulating the 1-acylglycerol-3-phosphate O-acyltransferase 2 (AGPAT?2).
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Introduction

Obesity has become a growing global problem and is regularly correlated with a wide spectrum of complications,
including metabolic disorders, diabetes, cognitive dysfunction, cardiovascular diseases, hepatobiliary disease, and colon
mucosal barrier impairment.' Obesity can cause grave financial, individual, and societal burdens in modern and future
societies given its universal complications.® According to the World Health Organization (WHO), individuals with
a body mass index (BMI) of > 30 kg/m2 are defined as obese. In recent decades, the number of overweight and obese
populations has rapidly increased owing to high caloric intake, environmental factors, and unhealthy lifestyle.*
Abnormal accumulation and dysfunction of adipose tissue is a universal phenomenon in obese individuals that leads
to abnormal production of cytokines and hormones by adipocytes and consequently affects the functions of the liver,
bone, colon, muscle, and nervous system.6’7 Therefore, obesity is an urgent issue worldwide. Currently, the primary
choice for tackling obesity is to strengthen physical activity and decrease energy intake, which are difficult for most
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people to maintain. Hence, it is necessary to explore pivotal regulatory mechanisms and identify effective therapies to
alleviate obesity.

Alpha-linolenic acid (ALA) is a plant-based omega-3 fatty acid that is one of the two essential fatty acids found in
humans.® The only source of ALA in the human body is ingestion of food, followed by its conversion to docosahex-
aenoic acid and eicosapentaenoic acid.’ This process is limited and regulated by various factors including disease and
sex.'!" Accumulating evidence has suggested pharmacological implications of ALA, such as anti-inflammatory, anti-
cancer, anti-metabolic, neuroprotective, and anti—obesity.lo*l2 In this study, we investigated the effects of ALA on
obesity-induced complications including glucose and lipid metabolism, cognitive impairment, disrupted colon mucosa
barrier integrity, and liver damage. We performed a metabolomic analysis of adipose tissues to determine the potential
target genes of ALA and identified 1-acylglycerol-3-phosphate O-acyltransferase 2 (AGPAT2) as a regulatory target for
ALA-alleviated obesity.

Materials and Methods

Animal Experiment

Four-week-old male C57BL/6] mice that aged 4-weeks old were bought from Huafukang (Beijing) and housed in
a standard environment with a standard diet (namely the low-fat diet) for one week for acclimatization. Mice were
divided into low-fat diet (LFD, 10% calories from fat) and high-fat diet (HFD, 60% calories from fat) groups for
modeling. The mice in the model group were fed a HFD for 6 weeks and then grouped for treatment: HFD + ALA group
continued to receive HFD and orally administered alpha-linolenic acid (ALA; 20 mg/kg body weight as low, 60 mg/kg
body weight as middle, 100 mg/kg body weight as high) every 3 days; shAGPAT2 (2 pumol/kg body weight) was injected
through the tail vein every 3 days for knockdown of AGPAT2. Body weight was measured weekly. After six weeks of
treatment, the behavior of the mice was analyzed. Subsequently, the mice were sacrificed via cervical dislocation, and
adipose tissues, blood samples, brain (hippocampus section), liver, and colon tissues were collected for subsequent
experiments. All experiments were performed in accordance with the guidelines for Animal Care and Use. The protocol
was approved by the Committee on the Ethics of Animal Experiments of the Hebei Agricultural University.

Behavioral Analysis

Brain function was analyzed using object location, novel object recognition, and nesting tests. All tests were performed
as previous reported.'*!'* For object location test and novel object recognition test, the exploration time with novel place
object was recorded. For the nesting behavior test, the Deacon nest score and the untore nestlet weight were determine
spontaneous rodent behavior. Each evaluation was performed 5 times and the average data were quantified.

Histological Analysis

Adipose, colon, and liver tissues were rinsed in PBS and fixed with 4% paraformaldehyde (PFA) for 2 days, followed by
embedding in paraffin. The tissues were then cut into 5-um thickness slices. Colon mucosa integrity was measured using
the Alcian blue reagent (Beyotime, China). The morphology of the adipocytes and liver damage were tested using
hematoxylin and eosin (HE). All procedures were performed according to the manufacturer’s instructions. Lipid
accumulation in adipocytes was measured using Oil Red O staining. Tissues were deparaffinized, fixed with 10%
formalin, and washed with 60% isopropanol. The tissues and cells were then incubated with Oil Red O reagent
(SolarBio) for 60 min and washed with distilled water. Images were obtained using a microscope (Carl Zeiss).

Immunohistochemistry (IHC) Analysis

Paraffin-embedded adipose tissue was deparaffinized and rehydrated in a series of ethanol solutions. Antigen retrieval
was performed by boiling in sodium citrate solution for 10 min. The tissues were then blocked with 3% H202 for 10 min
and goat serum for 30 min, followed by incubation with the primary antibody at 4°C overnight. The next day, the samples
were probed with horseradish peroxidase (HRP)-conjugated secondary antibodies and stained with DAB solution
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(SolarBio, China). Primary antibodies against adiponectin and Argl were purchased from Abcam and were diluted 1:150
in PBS. Images were captured using a microscope (Carl Zeiss).

Blood Biochemical Analysis

Blood samples were collected from mice, coagulated for 3 h at room temperature, and centrifuged at 2000 rpm for 10
min. Total cholesterol (TG), triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) levels
were measured using commercial kits (Beyotime, China) according to the manufacturer’s protocol. The serum levels of
pro-inflammatory cytokines, including TNF-a, IL-1p, and IL-6, were measured by Enzyme linked immunosorbent assay
(ELISA) using commercial kits (Abcam, USA) according to the manufacturer’s instructions.

Glucose Tolerance Test (GTT)

To examine glucose tolerance, mice were fasted for 16 h, followed by an intraperitoneal injection of glucose (1.5 g/kg
body weight; Sigma, USA). After injection for 0, 15, 30, 60, 90, and 120 min, blood samples were collected, and serum
glucose levels were measured using a blood glucose meter.

Insulin Tolerance Test (ITT)
After modeling and treatment, the mice were starved for 6 h and insulin (1 IU/kg body weight) was intraperitoneally
injected. Serum insulin concentrations were measured 15, 30, 45, and 60 min after insulin injection.

Cell Culture and Induction

The pre-adipocyte 3T3-L1 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA) and maintained in DMEM supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and
1% penicillin and streptomycin at 37°C. To induce mature adipocytes, 3T3-L1 cells were incubated in an adipogenic
induction medium (MDI; MesGen, China) for 7 days. Lipid droplets in mature adipocytes were observed using Oil Red
O staining. Cell transfection was performed using Lipofectamine 2000 reagent (Invitrogen, USA), according to the
manufacturer’s protocol.

Western Blotting

Adipose tissues, hippocampus, colon tissues, and 3T3-L1 cells were lysed using RIPA lysis buffer (Thermo Fisher
Scientific) supplemented with phosphatase and protease inhibitor cocktail (Thermo Fisher Scientific). Total protein was
collected and quantified with BCA kit (Beyotime, China). A total of 35 pg of protein was separated using 6—-12% SDS-
PAGE and transferred to NC membranes. After blocking in 5% non-fat milk for 2 h, proteins were probed with primary
antibodies against PTP1B (#5311s, CST, USA), p-IRS (#2381s, CST), p-AKT (#9271, CST), p-GSK3B (#5558, CST),
p-tau (#12885, CST), Synapsin-1 (SYN; #53059, CST), PSG95 (#3450, CST), ZO-1 (#13663, CST), occludin (#91131,
CST), GPX4 (#52455, CST), SLC7A11 (#98051, CST), and GAPDH (#2118, CST) overnight at 4°C. The next day,
membranes were incubated with HRP-conjugated goat anti-rabbit (ab6721, Abcam, USA) or goat anti-mouse (ab6728,
Abcam) secondary IgG antibodies for 1 h. The gray scale of the protein bands was quantified and calculated using
Imagel software.

qPCR Experiment
Total RNAs was extracted from tissues or cells after incubation with TRIzol reagent. cDNA was obtained by reverse
transcription using the PrimeScript RT Master Mix (Takara, Japan). qPCR was conducted using the SYBR Green Master Mix

(Takara, Japan). GAPDH was used as an endogenous control and gene expression was calculated using the 2 **“T method.

Cell Counting Kit 8 (CCK-8)

Cell viability was determined using the cell counting kit-8 (Beyotime, China). Cells were seeded in 96-well plates and
treated with ALA (5 pM) for 48 hours. CCK-8 reagent was then added to each well for 2-hour incubation at 37°C.
Optical density at 450 nm was measured using a microplate detector (Tanon, USA).
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Cell Migration and Invasion

To measure cell migration, cells were seeded into 6-well plates and incubated overnight to form a monolayer. Wounds
were made by scratching each well using a sterile 200 pL pipette. The cells were then washed with PBS to remove cell
debris. Fresh medium without FBS was added for the incubation. Images of wounds were captured using a digital camera
(Olympus).

Lipid ROS Detection

The reactive oxygen species (ROS) levels were detected using a 2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
probe (Beyotime, China) following the manufacturer’s protocol. Briefly, 3T3-L1 cells were incubated with the probe at
10 uM for 30 min at 37°C. The absorbance values were measured at excitation and excitation/emission of 488/525 nm.

Iron Detection
The accumulation of total iron and ferrous ions in 3T3-L1 cells was measured using an iron assay kit (Abcam, USA) in
accordance with the manufacturer’s instructions.

Metabolomic Analysis

The adipose of mice were collected for metabolomic analysis. In short, the tissues were grinded and centrifuged. The
metabolites were detected by LC-MS. Data were processed with MSDIAL platform and referred to MSBank and KEGG
database.

Statistics

Statistical analysis was conducted using SPSS software (version 20.0) and GraphPad Prism 7.0. Comparisons between
two groups were performed using the unpaired Student’s #-test and comparisons among multiple groups were analyzed
with one-way analysis of variance followed by the post hoc test. Data are presented as mean + standard deviation (SD) of
three independent experiments. p < 0.05 was considered as statistically significant.

Results
ALA Alleviates the HFD-Induced Obesity

To elucidate the effects of ALA on obesity and complications such as high glucose and fatty liver, we established a high-
fat diet (HFD)-induced mouse model. After feeding for 6 weeks, HFD mice showed notably increased body weight
compared with control low-fat diet (LFD) mice (Figure 1A). HFD mice were then treated with saline or ALA at low,
medium, or high doses for another 6 weeks. The body weights of mice in the ALA treatment groups were similar to those
in the LFD group (Figure 1A). In addition, treatment with ALA significantly decreased the weight of epididymal white
adipose tissue (EP), inguinal white adipose tissue (SUB), and brown adipose tissue (BAT) in a dose-dependent manner
and reduced their ratio to body weight (Figure 1B and C). The weights of the major organs, except for liver, were not
altered by HFD or ALA treatment (Figure 1D). The weight of liver in HFD group is elevated compared with the LFD
group, and treatment with ALA reduced this elevation (Figure 1D). These data indicated that ALA treatment could
prevent HFD-induced adipose accumulation.

ALA Modulates the Metabolism of Glucose and Lipid

Next, we performed a glucose tolerance test (GTT) and insulin tolerance test (ITT). The HFD group exhibited an
increased glucose tolerance and insulin sensitivity (Figure 1E and F). Even though the area under the curve (AUC) of the
ITT and GTT did not show obvious changes between LFD and HFD. AUC was notably lower in the ALA treatment
groups than in the HFD group (Figure 1E and 1F). Glucose levels (Figure 1G), total cholesterol (TG), triglyceride (TG),
high-density lipoprotein (HDL), and low-density lipoprotein (LDL) levels were suppressed by ALA (Figure 1H). These
findings demonstrate that ALA improves the homeostasis and metabolism of glucose and lipids. We selected the middle
dose of ALA for subsequent experiments. Administration of ALA repressed the HFD-induced increase in insulin levels
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Figure | Treatment with ALA alleviates the HFD-induced obesity. (A) Body weight. (B) Mass of adipose tissue. EP: epididymal white adipose tissue; SUB: subcutaneous
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and insulin resistance index (Figure 2A and 2B). In addition, the serum levels of the pro-inflammatory cytokines leptin,
resistin, plasminogen activator inhibitor-1 (PAI-1), and plasma glucose-dependent insulinotropic polypeptide (GIP) were
notably elevated in the HFD group, whereas ALA treatment abolished these effects (Figure 2C-F).

ALA Alleviates Adipose Tissue Inflammation and Increases Mitochondrial Function

Adipocyte hypertrophy, inflammation, and impaired lipolysis contribute to obesity. The results of HE staining of
adipocytes in subcutaneous (SAT) and mesenteric adipose tissue (MAT) showed that ALA treatment notably
elevated the size of small adipocytes and decreased the size of large adipocytes (Figure 2G and Figure S1),
suggesting reduced fat storage ability. Consistent with this, fatty acid transport protein 4 (Fatp4), which facilitates
the uptake of fatty acids, was upregulated by HFD and was significantly downregulated by ALA (Figure 2H).
Conversely, the levels of genes associated with fatty acid mobilization and lipolysis, including adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (Hsl), perilipin 1 (Plinl), and stearoyl-coenzyme A desaturase 1 (Scdl),
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were elevated in SAT from the ALA treatment group compared with the HFD group (Figure 2H). Furthermore, the
elevated expression of pro-inflammatory genes Tnfo, Mcp-1, and macrophage infiltration markers Cd68, Cdllb,
Lbp, and Cd163 in SAT (Figure 2I) and brown adipose tissues (BAT) (Figure 2J) of HFD mice was markedly
reduced by ALA. In addition, the levels of profibrotic genes encoding collagens and matrix metalloproteinases were
maintained at normal levels following ALA administration (Figure 2K). Inflammation and the conversion of BAT to
white adipose tissue (WAT) are correlated with mitochondrial dysfunction. We found that specific BAT markers,
including uncoupling protein (Ucpl), Dio2, and Prdm16, and the mitochondrial biogenesis marker Pgcla, were
increased after ALA treatment. The elevated levels of Mt-Col, Cox8b, and Cox7al induced by the HFD demon-
strated enhanced mitochondrial respiration, which was further stimulated by ALA (Figure 2L). We further detected
citrate synthase activity to determine metabolic changes. ALA elevated citrate synthase compared to that in the HFD
group, suggesting increased mitochondrial content in BAT (Figure 2M). Consistent with these results, the mass of
epididymal WAT (eWAT) and inguinal WAT (iWAT) was reduced by ALA administration (Figure 2N), along with
increased expression of the anti-inflammatory factors adiponectin and arginase 1 (Argl) and lipolysis-related
proteins ATGL, PPARy, and C/EBPa (Figure 20).

ALA Ameliorates Obesity-Induced Cognitive Impairment and Hippocampus

Inflammation

Subsequently, we analyzed recognition ability and living ability by performing the object location test (Figure 3A),
novel object recognition test (Figure 3B), and nesting test (Figure 3C). We observed that ALA remarkably improved
the ability to remember locations (Figure 3A, Figure S2A and B) and to recognize novel objects (Figure 3B, Figure
S2C and D). In the nesting test, the ALA group showed a lower nesting score and higher amount of untore-nesting
material than did the HFD group (Figure 3C, Figure S2E and F). Moreover, the expression of the activated
microglial biomarker, Ibal, was upregulated by HFD and notably suppressed by ALA treatment (Figure 3D).
ALA treatment also significantly suppressed the upregulation of inflammatory cytokines, such as TNF-a, IL-6,
and IL-1f, in the hippocampus (Figure 3E). PTP1B and IRS/p-AKT/p-GSK3p/p-Tau signaling play critical roles in
inflammation and synaptogenesis. Here, we found that PTP1B protein levels were notably decreased in the
hippocampus of the ALA group compared with the HFD group. ALA significantly downregulated HFD-induced
elevation of phosphorylation on serine 307 of IRS-1, which consequently upregulated the levels of p-Akt and
p-GSK3p (Figure 3F). In addition, HFD induced elevation of p-Tau and decrease in SYN and PSD95 in the
hippocampus, whereas ALA administration reversed these effects (Figure 3F).

ALA Improves Intestinal Barrier Integrity

Next, we examined the effect of ALA on the colonic mucosal barrier. Alcian blue staining of the colon mucosa indicated
that ALA enhanced the thickness of the colon mucosa compared to that in the HFD group (Figure 3G and Figure S2G).
ALA treatment restored the expression of Reg3y, an antimicrobial peptide (Figure 3H), suggesting that ALA may
enhance the protective ability of the mucosa against bacterial infection. Furthermore, ALA upregulated the levels of the
tight junction proteins zonula occludens-1 (ZO-1) and occludin in the colon compared to those in the HFD group
(Figure 31). Next, the length of the colon was shortened by HFD and notably recovered by ALA treatment (Figure 3J and
Figure S2H). A shortened colon length is correlated with inflammation. Therefore, we examined the levels of inflam-
matory cytokines. The results of qPCR analysis and ELISA indicated that ALA repressed the production and secretion of
TNF-a, IL-1pB, and IL-6 (Figure 3K and L).

ALA Ameliorates HFD-Induced Hepatic Steatosis

Subsequently, we evaluated liver function and damage to analyze the effects of ALA on HFD-induced hepatic steatosis.
The results from HE and Oil Red O analyses showed injuries and lipid accumulation in liver tissue, which were
alleviated by ALA administration (Figure 4A and Figure S3). The levels of total cholesterol (TG) and triglycerides (TG)
in the liver were elevated in HFD mice compared to those in the control group, whereas ALA treatment abolished this
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Figure 3 ALA ameliorates cognitive impairment and improves intestinal barrier integrity. (A) Track plots of mice from LFD, HFD, and ALA treatment group in the object
location test. Blue cube/red circle: objects for location. (B) Track plots of mice from LFD, HFD, and ALA treatment group in novel object recognition test. Green circle: old
object, Red cube: novel object. (C) Representative images of nests in nesting test. (D) Protein expression of Ibal in hippocampus. (E) The RNA levels of inflammatory
cytokines TNF-q, IL-1B and IL-6 in hippocampus. (F) The protein expression of PTPIB and IRS/pAKTpGSK3p/pTau signaling in hippocampus. (G) Alcian blue staining of
colon mucosa. Scale bar=50 ym. (H) RNA level of Reg3 in colon mucosa. (I) Protein expression of ZO-1 and occluding in colon. (J) Images of colons. (K) RNA level and (L)
secretion of TNF-g, IL-1B and IL-6 in serum. N=6 mice in each group. *p < 0.05, *p < 0.01 vs LFD; p < 0.05, *p < 0.01 vs HFD.

Abbreviations: LFD, low fat diet; HFD, high fat diet.

elevation (Figure 4B and C). In addition, elevated serum levels of alanine transaminase (ALT) and aspartate amino-
transferase (AST) suggested liver damage induced by HFD, which was repressed by ALA (Figure 4D and E). The
expression of proteins involved in fatty acid transport, such as Fatpl, Fabpl, Fasn, and Acca, was significantly elevated
in the HFD group, whereas ALA notably suppressed this expression (Figure 4F).

ALA Inhibits Differentiation of Pre-Adipocyte 3T3-LI into Mature Adipocytes

3T3-L1 cells treated with ALA showed decreased lipid accumulation (Figure 5A and Figure S4) and triacylgly-
cerol (TAQG) storage (Figure 5B) compared to control cells. Results from qPCR and Western blot assays showed
decreased levels of adipogenic differentiation markers, including proliferator-activated receptor gamma (PPARY),
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Figure 4 ALA ameliorates HFD-induced hepatic steatosis. (A) HE and Oil red O analysis of liver tissues. Scale bar=20 ym. (B and C) Production of TG and TC in liver
tissues. (D and E) Serum levels of ALT and AST. (F) Relative RNA levels of Fatpl, Fabp|, Fasn, and Acca were measured by qPCR assay. N=6 mice in each group. *p < 0.05,
#p < 0.01 vs LFD; #p < 0.05, *p < 0.01 vs HFD.

Abbreviations: LFD, low fat diet; HFD, high fat diet.

CCAAT-enhancer-binding protein alpha (C/EBPa), and fatty acid-binding protein 4 (FABP4) in ALA-treated cells
(Figure 5C and D). ALA also downregulated other markers of adipogenic differentiation, including CD36,
lipoprotein lipase (LPL), glycerol-3-phosphate dehydrogenase (GPDH), and fatty acid synthase (FAS)
(Figure 5E). Furthermore, ALA treatment increased the accumulation of lipid ROS, total iron, and ferrous ions
(Fe2+) (Figure 5F) in 3T3-L1 cells and suppressed the protein levels of GPX4 and SLC7Al1l (Figure 5Q),
suggesting that ferroptosis is induced by ALA.

ALA Represses the Mature of Adipocytes via Targeting the Glycerolipid Metabolism
To explore the mechanisms underlying ALA-regulated obesity, we performed a metabolomic analysis of adipose
tissues from the LFD, HFD, and ALA groups. Among the enriched metabolic pathways, the glycerolipid metabolism
pathway was notably altered in the HFD with LFD and ALA groups (Figure S5). Several metabolites such as
glyceric acid, pimelic acid, cysteic acid, guanosine, and rubiadin were notably changed (Figure S6). AGPATs
(1-acylglycerol-3-phosphate O-acyltransferases) catalyze a key step in the synthesis of triacylglycerols and phos-
pholipids. Here, we observed that the expression of AGPAT2 was significantly suppressed in MDI-induced mature
adipocytes, and that ALA recovered this suppression (Figure 6A). We then performed knockdown of AGPAT2 to
analyze its effects on the adipocyte phenotype. Oil Red O analysis indicated that ALA decreased lipid accumulation
in MDI-induced 3T3-L1 cells, whereas shAGPAT?2 increased lipid accumulation (Figure 6B and Figure S7A). ALA
treatment repressed the viability (Figure 6C), invasion (Figure 6D and Figure S7B), and migration (Figure 6E and
Figure S7C) of MDI-treated 3T3-L1 cells, whereas AGPAT2 knockdown reversed these effects. Additionally, ALA
induced ferroptosis of differentiated 3T3-L1 cells, as evidenced by elevated accumulation of ROS, total iron and Fe2
+, as well as decreased expression of ferroptosis repressor GPX4 and SLC7A11. And these effects were abolished
by shAGPAT?2 treatment (Figure 6F and G).
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Figure 5 ALA inhibits differentiation of pre-adipocyte 3T3-LI| into mature adipocytes. (A) Oil red O staining of 3T3-LI cells. Scale bar=20 um. (B) Triacylglycerol (TAG)
storage in 3T3-L| cells. (C and D) RNA and protein levels of PPARy, C/EBPa and FABP4. (E) RNA levels of LPL, FAS, GPDH and CD36 in 3T3-LI cells. (F) Accumulation of
ROS, iron and Fe2+ in cells. (G) Protein levels of GPX4 and SLC7AI . *p < 0.05, **p < 0.01 vs control (Cont).

AGPAT?2 Mediates ALA-Improved Lipid Metabolism, Cognitive Recognition, and Liver

Function

Next, we depleted AGPAT?2 in the HFD model to confirm its role in obesity-induced complications. Analysis of serum
samples and adipose tissue showed that knockdown of AGPAT2 notably elevated glucose (Figure 7A) and lipid levels
except for TG (Figure 7B) in the serum, along with increased adipose mass (Figure 7C), compared with the ALA
treatment group. Moreover, increased adipocyte size and upregulated levels of adiponectin and Argl in eWAT and iWAT
were observed under AGPAT2 depletion compared to those in the ALA group (Figure 7D, Figure S8A and B). We also
evaluated the cognitive ability of HFD mice following AGPAT2 knockdown. Compared to ALA-treated HFD mice,
shAGPAT?2 notably impaired the memory of location (Figure 8A, Figure S9A and B), recognition of novel objects
(Figure 8B, Figure S9C and D), and nesting ability of mice (Figure 8C, Figure S9E and F). The colon length of HFD
mice was markedly shortened (Figure 8D and Figure S9G), the production of pro-inflammatory cytokines was stimulated
(Figure 8E and F), and the expression of tight junction proteins ZO-1 and occludin was suppressed in colon tissues upon
depletion of AGPAT2, which abolished the protective effects of ALA on colon integrity (Figure 8G). Consistently, the
protective effects of ALA on the liver against HFD were also abolished by AGPAT2 depletion, as manifested by
increased lipid accumulation (Figure 9A), elevated liver TG and TC content (Figure 9B and C), increased serum ALT and
AST levels (Figure 9D and E), and upregulated expression of Fatpl, Fabpl, Fasn, and Acca in liver tissues (Figure 9F).
These data suggested that AGPAT2 mediates the therapeutic effects of ALA in HFD-induced obesity.
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Figure 6 ALA represses the mature of adipocytes via targeting the glycerolipid metabolism. 3T3-L1 cells were induced by MDI (adipogenic induction medium), treated with
ALA and depleted of AGPAT2. (A) Protein level of AGPAT2. (B) Oil red O staining of accumulated lipid. (C) Cell viability was measured by CCK-8 assay. (D) Transwell assay
to measure cell invasion. (E) Wound healing experiment to detect cell migration. (F) Accumulation of ROS, iron and Fe2+ in cells. (G) Protein levels of GPX4 and SLC7AI 1.
#p < 0.01 vs Cont; #p < 0.05, p < 0.01 vs MDI; Ap < 0.05, Mp < 0.01 vs MDI+ALA.

Discussion

In this study, we demonstrated the potential protective effects of ALA against obesity-related complications, including
impaired cognitive function, liver and colon damage, and glucose tolerance in an HFD mouse model. Specifically, ALA
reduced the body weight and accumulation of adipose tissues of obesity mice and recovered the glucose and insulin
tolerance. ALA protected the colon barrier integrity and alleviated intestinal inflammation. We provided evidence that
ALA improved the recognition of novel objects, memory of objects, and nesting ability of HFD mice, along with the
activation of IRS/p-AKT/p-GSK3p/p-Tau signaling. Previous studies have indicated that ALA exhibits neuroprotective
effects against in vivo brain damage induced by kainic acid and nerve agents.'> ALA also promotes synaptic plasticity
and exhibits antidepressant activity in vivo.*'® In neurodegenerative diseases such as Alzheimer’s disease, accumulation
of amyloid beta in C6 glial cells causes abnormal production of nitric oxide and pro-inflammatory cytokines, including
IL-6 and TNF-q, leading to cell death, whereas ALA treatment attenuates inflammation and improved cell viability.'”
Consistent with these previous studies, we observed that ALA repressed the expression of Ibal in the hippocampus,
suggesting inactivation of microglia, which highlighted its potential neuron protection effects.

The inflammatory response in the hippocampus stimulates the transcription of PTP1B,'® impedes the insulin signaling
pIRS/pAKT/pGSK-3p transduction and synaptogenesis,'® ' and stimulates the phosphorylation of Tau, which conse-
quently disrupts the formation and maintenance of synapses.”? Consistent with these reports, we observed elevated
PTP1B expression and repressed AKT/GSK-3f phosphorylation upon HFD induction, which was reversed by ALA
administration. SYN and PSD95 are critical for synaptogenesis and synaptic plasticity,”> and their reduction has been
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Abbreviations: LFD, low fat diet; HFD, high fat diet.

implicated in the hippocampal tissues of patients with Alzheimer disease and cognitive impairment.**** Here, our data
demonstrated elevation of SYN and PSD95 protein levels in HFD mice treated with ALA, suggesting improved
synaptogenesis.

Our findings from an in vitro 3T3-L1 cell model indicated that ALA induced ferroptosis in mature adipocytes, as
evidenced by the increased accumulation of ROS, iron, and ferrous jons. 2?7 Increasing evidence indicates that
ferroptosis is a significant vulnerability induced by the incorporation of polyunsaturated fatty acids (PUFA) into cellular
membranes.?® Studies have reported that PUFA biosynthesis plays a pivotal role in ferroptosis induction, as PUFAs can
be oxidized by lipoxygenases, leading to lipid peroxidation and cell death.?® Interestingly, ALA is a polyunsaturated fatty
acid, which may explain the induction of ferroptosis by ALA treatment.

Further investigation on potential molecular mechanisms underlying ALA treatment using metabolomic analysis. The
results showed notably changed metabolites such as glyceric acid, pimelic acid, cysteic acid, guanosine, and rubiadin. As
the enzyme that catalyze a key step in the synthesis of triacylglycerols and phospholipids, AGPAT2 was selected for
subsequent investigation. We observed that the expression of AGPAT2 was significantly suppressed in MDI-induced
mature adipocytes, and that ALA recovered this suppression. AGPAT2 is a member of the enzyme family that catalyzes
sn-2 acylation of the glycerol-3-phosphate backbone, which converts lysophosphatidic acid to phosphatidic acid.*®
AGPAT?2 is reported to be essential for adipogenic differentiation, and deficiency of AGPAT2 leads to an altered ability
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Figure 8 Knockdown of AGPAT?2 disrupts colon integrity in HFD mice. (A) Track plots of mice in the object location test. (B) Track plots of mice in novel object recognition test.
(C) Representative images of nesting test. (D) Images of colons. (E) The RNA levels of inflammatory cytokines TNF-a, IL-1 and IL-6 in colon tissues. (F) Serum levels of TNF-q, IL-
18 and IL-6. (G) Protein expression of ZO-I and occludin in colon. N=6 mice in each group. *p < 0.01 vs Cont; *p < 0.01 vs MDI; Ap < 0.05, Mp < 0.01 vs MDI+ALA.
Abbreviations: LFD, low fat diet; HFD, high fat diet.
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Figure 9 Knockdown of AGPAT2 induces liver damage in HFD mice. (A) HE and Oil red O analysis of liver tissues. (B and C) Levels of TG and TC in liver tissues. (D and E)
Serum levels of ALT and AST. (F) Relative RNA levels of Fatp|, Fabp|, Fasn, and Acca were measured by qPCR assay. N=6 mice in each group. **p < 0.0 vs LFD; ##p < 0.01
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Abbreviations: LFD, low fat diet; HFD, high fat diet.
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of adipocytes to adapt to massive lipids.*' Victor et al reported that AGPAT? is essential for the differentiation of brown
adipose tissue, and its absence leads to a decreased proportion of adipocytes loading lipids, altered morphology, and
decreased number of mitochondria.>* Here, we observed that the depletion of AGPAT2 repressed the protective effects of
ALA in HFD mice. Nevertheless, whether AGPAT2 modulates IRS/p-AKT/p-GSK3pB/p-Tau signaling requires further
investigation.
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