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Western dietary patterns have been unfavorably linked with mental health. However,
the long-term effects of habitual fried food consumption on anxiety and depres-
sion and underlying mechanisms remain unclear. Our population-based study with
140,728 people revealed that frequent fried food consumption, especially fried potato
consumption, is strongly associated with 12% and 7% higher risk of anxiety and
depression, respectively. The associations were more pronounced among male and
younger consumers. Consistently, long-term exposure to acrylamide, a representative
food processing contaminant in fried products, exacerbates scototaxis and thigmot-
axis, and further impairs exploration ability and sociality of adult zebrafish, showing
anxiety- and depressive-like behaviors. Moreover, treatment with acrylamide signif-
icantly down-regulates the gene expression of zjp2a related to the permeability of
blood-brain barrier. Multiomics analysis showed that chronic exposure to acrylamide
induces cerebral lipid metabolism disturbance and neuroinflammation. PPAR signa-
ling pathway mediates acrylamide-induced lipid metabolism disorder in the brain of
zebrafish. Especially, chronic exposure to acrylamide dysregulates sphingolipid and
phospholipid metabolism, which plays important roles in the development of anxi-
ety and depression symptoms. In addition, acrylamide promotes lipid peroxidation
and oxidation stress, which participate in cerebral neuroinflammation. Acrylamide
dramatically increases the markers of lipid peroxidation, including (+)5-HETE,
11(S)-HETE, 5-0xoETE, and up-regulates the expression of proinflammatory lipid
mediators such as (+)12-HETE and 14(S)-HDHA, indicating elevated cerebral
inflammatory status after chronic exposure to acrylamide. Together, these results
both epidemiologically and mechanistically provide strong evidence to unravel the
mechanism of acrylamide-triggered anxiety and depression, and highlight the sig-
nificance of reducing fried food consumption for mental health.

fried foods | anxiety and depression | acrylamide | lipid metabolism disturbance
neuroinflammation

Depression and anxiety are the two most prevalent mental disorders, while anxiety often
goes hand-in-hand with depression. The worldwide prevalence of depression and anxiety
is climbing with an increase of 27.6% and 25.6%, respectively, due to the COVID-19
pandemic in 2020, and becomes a major cause of the overall global burden of disease (1,
2). Globally, it is estimated that more than 5% of adults suffer from depression (3), which
are common but often neglected, influencing the quality of life. Depressive symptoms
feature low mood, a loss of enjoyment or interest in activities, slow thinking, or cognitive
impairment (4). A combination of genetic, biological, environmental, and psychological
factors may be related to the development of depression though the precise etiology still
remains unknown (4). Diet has recently been linked with the risk of developing depression
and anxiety (5). A Western diet of fried or processed foods, refined grains, sugary products,
and beer is associated with a higher risk of depression and anxiety (6). Typically, fried
foods are major part of the Western diet, and the consumption of fried foods increases
worldwide, especially during the COVID-19 Outbreak (7). A recent longitudinal obser-
vational study demonstrated that computer usage time and fried food consumption were
lifestyle-related risk factors for mental health problems in Chinese male college students
(8), which supported our study regarding the association of fried food consumption with
a higher risk of depression and anxiety among the general population.

Frying as a popular cooking method is widely used in fast-food restaurants and
home-made meals. Despite the fascinating flavor and texture, the frying process may
change the nutrient composition and produce hazardous chemicals. Acrylamide, a major
hazardous contaminant of fried foods, is generated from the Maillard reaction especially
in carbohydrate-rich foods such as fried potatoes (9). A wide range of populations world-
wide from infants to the elderly are exposed to acrylamide from fried foods in their daily
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Significance

To address a crucial knowledge
deficiency concerning the
correlation between fried food
consumption and the risk of
anxiety and depression, here

we revealed that frequent fried
food consumption is strongly
associated with a higher risk of
anxiety and depression. Notably,
acrylamide is a representative
contaminant in fried foods,
thereby further elucidating its
toxicological mode of action.

We demonstrated that long-term
exposure to acrylamide induces
anxiety- and depressive-like
behaviors via oxidative stress-
mediated neuroinflammation, and
unravel the underlying
mechanism that PPAR signaling
pathway mediates acrylamide-
induced lipid metabolism disorder
in brain. These outcomes are
expected to both
epidemiologically and
mechanistically open an avenue
in the significance of reducing
fried food consumption for mental
health and provide evidence to
understand acrylamide-triggered
anxiety and depression.
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lives (10). The means of dietary exposure to acrylamide were 1
and 4 pg/kg-bw/d in general populations and high consumers,
respectively, concluding that acrylamide has continuously been a
human health concern (11). Acrylamide intake from dietary
sources has been identified as a widely concerned risk factor for
neurological disorders, obesity, metabolic syndrome, cardiovascu-
lar disease (CVD), and depression symptom from epidemiological
studies (12-16). In addition, it has been found that acrylamide
has multiple toxicities, including neurotoxicity, reproductive tox-
icity, developmental toxicity, and carcinogenicity from in vivo and
in vitro studies (10). Recent cross-sectional study showed that the
hemoglobin adduct of acrylamide was associated with increased
prevalence of depression among US adults (16), which drives the
motivation to address acrylamide and fried foods related risk factors
of psychiatric disorders. Despite the extensive public health concern,
unfortunately few studies have investigated the potential causation
of acrylamide-triggered anxiety and depression.

The neurotoxicity caused by acrylamide has been well recognized
(17, 18). Acute exposure to acrylamide may lead to ataxia, skeletal
muscle weakness, and numbness of the extremities in both humans
and animals (18). Despite acrylamide-induced neurotoxicity in
relation to central-peripheral distal axonopathy (19), the molecular
initiating event is the disruption of the presynaptic vesicle (17).
Notably, the decrease in mood is related to the decrease of mono-
amine neurotransmitters in the brain, while monoamine depletion
is believed to result in anxiety and depression (20). However, how
acrylamide exposure is linked to anxiety and depression still remains
obscure. To further understand in-depth neurological damage, evi-
dence supported that chronic exposure to acrylamide results in the
accumulation of misfolded proteins, neuroinflammation, and neu-
ronal apoptosis, leading to progressive neurodegeneration (21, 22).
Moreover, a 2-wk exposure to acrylamide induces acute inflamma-
tory death with hyperlipidemia using human macrophages, dermal
cells, and zebrafish models (23). Collectively, we hypothesized that
high fried food consumption and related chronic exposure to
acrylamide may impact anxiety and depressive-like symptoms via
dyslipidemia and inflammation.

To address the above hypothesis, we aimed to unravel the
long-term relationship and causation between fried food con-
sumption and the future development of anxiety and depression
symptoms. Herein, we reported that i) fried food consumption is
associated with a higher risk of anxiety and depression symptoms
in humans; ii) chronic exposure to acrylamide exacerbates behav-
ioral scototaxis and thigmotaxis in zebrafish; iii) chronic exposure
to acrylamide induces anxiety and depression symptoms by cere-
bral lipid metabolism disturbance and immune response; and iv)
chronic exposure to acrylamide impairs blood-brain barrier and
induces neuroinflammation.

Results

Fried Food Consumption Is Associated with the Occurrence of
Anxiety and Depression Symptoms. To assess the associations of
fried food consumption with anxiety and depression symptoms, we
finally enrolled a total of 140,728 people from the UK Biobank
study after excluding the participants who lacked information on
diet records, anxiety state, depression state, and/or other mental
health conditions (Fig. 14 and SI Appendix, Fig. S1). The baseline
characteristics of participants according to fried food consumption
are shown in Fig. 1Band S Appendix, Table S1. A total of 8,294 and
12,735 cases of anxiety and depression symptoms were identified
during an average of 11.3 y of follow-up, respectively. Compared
with the nonconsumers, those participants consuming more than one
serving/d of fried foods were more likely to be male, younger, and
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active smokers. Besides, they had a higher body mass index, lower
household income and education level, lower vitamin supplement
use, and higher energy intake. Similar baseline characteristics
of participants according to fried white meat and fried potato
consumption are shown in ST Appendix, Tables S2 and S3, respectively.

Cox proportional hazards regression analyses revealed that fried
food consumption was significantly associated with a higher risk of
anxiety symptom after adjustment for age and sex. The positive
association remained robust after further adjustment for demo-
graphic and behavioral covariates (model 2). Finally, fried food
consumption was related to a 12% higher risk of anxiety symptom
[hazard ratio (HR): 1.12; 95% CI: 1.06 to 1.18; P < 0.001 for
trend] after multivariable adjustment (model 3). Consistently, both
fried white meat and fried potato consumption were significantly
associated with a 4% higher risk of anxiety symptom after full
adjustment (P = 0.003 and P = 0.006 for trend, respectively)
(SI Appendix, Table S4). As expected, we observed similar results for
the positive association of fried food consumption with the risk of
depression symptom. Compared with nonconsumers, the multivar-
iable HR of depression risk in the highest category was 1.07 (95%
CI:1.02 to 1.12) for fried foods (P < 0.001 for trend). Furthermore,
fried potato consumption was marginally related to a 2% higher
risk of depression symptom after multivariable adjustment
(P=0.031 for trend). Fried white meat consumption was related
to a higher risk of depression after adjustment for age and sex, but
the association became nonsignificant after adjustment for further
covariates (SI Appendix, Table S4). In subgroup analyses, we
observed a significant interaction of the fried food consumption
with anxiety and depression symptoms between male and female
(P =0.003 and P = 0.025 for interaction, respectively) (SI Appendix,
Table S5). Both fried food and fried potato consumption were sig-
nificantly associated with a 7% higher risk of anxiety symptom
among male (P = 0.002 and P = 0.025, respectively). Similarly, fried
food and fried potato consumption was also related to a 5% higher
risk of depression symptom among male (2 = 0.007 and P = 0.043,
respectively) (SI Appendix, Table S5). Moreover, a significant inter-
action of the fried food consumption with anxiety and depression
symptoms among age was also found (2 = 0.002 and P = 0.032 for
interaction, respectively) (SI Appendix, Table S6). The associations
between fried food consumption with the risk of anxiety and depres-
sion symptoms were significant among participants younger than
60y (SI Appendix, Table S6). In sensitivity analyses, both associa-
tions between fried food consumption and anxiety or depression
symptom did not change materially after further adjustment for
other diseases, including T2D, CVD, or cancer, vitamin and mineral
supplementation, aspirin and lipid-lowering medication use, or
various food consumption. In addition, these relationships remained
significant after further exclusion of participants with incident
depression within 2y or missing covariate data at the baseline
(81 Appendix, Tables S7 and S8). Taken together, frequent consump-
tion of fried foods is more likely to be associated with anxiety and
depression symptoms among general population, and more pro-
nounced among male and younger consumers.

Long-Term Exposure to Acrylamide Induces Anxiety-Like Behavior
by Exacerbating both Scototaxis and Thigmotaxis of Zebrafish. In
our human study, the causation and mechanism of action linking
dietary exposure to acrylamide, a typical processing contaminant in
fried foods, with anxiety and depression symptoms remain unclear.
We then established a zebrafish model (AB strain) chronically exposed
to acrylamide to investigate how acrylamide induces anxiety and
depression (Fig. 24). Chronic exposure to acrylamide (0.5 mM) for
180 d caused significant decreases in body mass and body length of
male zebrafish, respectively (all P < 0.05; Fig. 2 B and C). Notably,

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221097120#supplementary-materials

Downloaded from https://www.pnas.org by COLUMBIA UNIV LIB SAS-ELECTRONIC MATERIALS on May 4, 2023 from | P address 128.59.222.107.

BT 502,619 participants in UK Biobank cohort

UK biobank cohort of
~500,000 individuals
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A total of 140,728 participants were enrolled for the present analysis

A total of 8294 and 12735 cases of anxiety and depression symptoms were identified
during an average of 11.3 years of follow-up

Cox proportional hazards regression analyses were used to reveal the associations
between fried-food, fried-potato consumption and anxiety/depression risk
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Fried food consumption, servings/d

0 0-1 21
N 58,572 41,196 40,960
Male (%) 465 475 55.6
Age (years) 56.9 (7.9) 56.6 (7.9) 55.2 (8.3)
BMI (kg/m2) 26.8 (4.5) 26.7 (4.4) 27.5 (4.6)
Household income (%)
< £ 18,000 14.2 12.0 14.0
£ 18,000 to £ 30,999 21.8 21.3 21.9
£ 31,000 to £ 51,999 24.4 25.7 257
£ 52,000 to £ 100,000 211 23.3 21.4
> £ 100,000 6.4 7.6 5.8
Education (%)
College or University degree 413 44.6 34.8
Vocational qualifications 11.0 10.3 11.5
Optional national exams at ages 17-18 years 124 13.2 12,5
National exams at age 16 years 247 23.8 29.1
Oth?rs 9.9 a4 16 Fig. 1. Study design and basic characteristics of the
Smoking (%) study participants. (4) Study design and the associations
Neverfoccasionally 58.1 59.0 55.1 between fried food and fried potato consumption and the
FEED 34.2 4.7 35.3 risk of anxiety and depression. (B) Baseline characteristics
Current 73 6.1 9.3 of participants across fried food consumption in UK
Vitamin supplementation (%) 32.6 30.8 30.0 biobank (n=140,728). Data are expressed as mean + SD
Energy intake (kJ) 8180.8 (2703.6) 8742.9 (2218.6) 9918.5 (3063.2)

or numbers with percentages.

chronic exposure to acrylamide within low concentration levels
(0.125, 0.25, and 0.5 mM) remarkably forced the scototaxis of adult
zebrafish by observing their swimming trajectories and hence induced
anxiety-like behavior in light/dark preference test (Fig. 2D), showing
that spending more time in the dark zone indicates a higher anxiety
level of zebrafish (24). We further evaluated the dark dwelling, an
index of anxiety-like behavior, and its significance levels, wherein the
parameters of distance, duration, latency, and traversing times were
closely related to the dark dwelling in the dark zone. Representative
radar maps and visualized heatmaps showed significant changes
in swimming trajectories of zebrafish in the high-exposure group
(0.5 mM acrylamide) compared with those in the control group (Fig. 2
Eand F). For detailed parameters of behavioral trajectories, long-term
exposure to 0.5 mM acrylamide significantly elevated both swimming
time and distance ratios in the dark zone while suppressed those in
the light zone (Fig. 2 G and H). Furthermore, we found the freezing
time duration of zebrafish in the dark zone exhibited a dose-dependent
increasing trend in acrylamide exposure groups; however, the trend in
the light zone did not seem significant (Fig. 2). To further determine
the anxiety state of zebrafish, we counted traversing times between
light and dark zones in all the groups. The histogram results showed
that a 180-d aquatic exposure to acrylamide at moderate and high
concentrations (0.25 and 0.5 mM) significantly elevated traversing
times of zebrafish (Fig. 2/). We recorded the light/dark preference
test to visualize the behavioral alteration between the control and each
acrylamide-treated group (Movie S1). The movie shows that zebrafish
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with acrylamide treatment spent more time in the dark zone and
traveled more times between light and dark zones, indicating a higher
anxiety level, compared with those in the control group. To assemble
individual findings from the test, hierarchical clustering analysis
concluded that long-term treatment with acrylamide significantly
increased the scototaxis of zebrafish (Fig. 2K).

Similarly, the novel tank diving test was alternatively used to
assess anxiety-like behaviors in zebrafish, which prefer to stay near
the bottom of the tank when feeling anxious (25). In the current
diving test, representative radar maps and visualized heatmaps
exhibited dose-dependent changes of diving for the bottom in
swimming trajectories of zebrafish in the exposure groups compared
to those in the control group, indicating that chronic exposure to
acrylamide notably exacerbates the thigmotaxis by decreasing the
swimming time spent in the top partand increasing the time in the
bottom part (ST Appendix, Fig. S2 A-C). Besides, the parameters
of distance, duration, latency, and traversing times were more
inclined to the thigmotaxis in the bottom zone in all the acrylamide
treatment groups (S/ Appendix, Fig. S2 D-G), the results of which
were also supported by hierarchical clustering analysis (S Appendix,
Fig. S2H) and recorded through videotapes (Movie S2). The movie
displays that zebrafish in the acrylamide exposure groups preferred
to stay near the bottom of the tank, indicating that acrylamide
exposure exacerbates thigmotaxis and thus increases the risk of
anxiety-like symptom in zebrafish. Collectively, findings from light/
dark preference and novel tank diving tests indicated that long-term
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Fig. 2. Behavioral profiles of zebrafish by the long-term exposure to acrylamide (AA) in the light/dark preference test. (A) Schematic of the zebrafish study
by the long-term exposure to acrylamide. (B and C) Effects of long-term exposure to acrylamide for 180 d on body mass and length of zebrafish, respectively.
(D) Representative swimming trajectories of zebrafish in the control group and three acrylamide exposure groups (0 mM wide type, 0.125 mM, 0.25 mM, and
0.5 mM). The left side is the light chamber, and the right side is the dark chamber. (E) Radar chart of 12 behavioral parameters of zebrafish in different groups
(0 mM wide type, 0.125 mM, 0.25 mM, and 0.5 mM). a, duration; b, distance; ¢, average velocity (cm/s); d, accelerated speed; e, average entry time duration (s); f,
turning angle (°); g, turning angle (°)/time; h, activity; i, rapid move ratio; j, normal move ratio; k, freezing time ratio (s); |, freezing time duration (s). (F) Heatmap
visualization of zebrafish trajectories in the light/dark preference test. (G) Duration time spent in the light or dark zone of total time (%). (H) Distance traveled in the
light or dark zone of total distance (%). (/) Freezing duration time (s) in the light or dark zone. (/) Traversing times between the light and dark zones. (K) Hierarchical
clustering of zebrafish in the light/dark preference test. All the histograms were present with mean + SEM, while all behavioral parameter data were analyzed
by the two-way ANOVA followed by multiple comparisons. The level of significance was defined as *P < 0.05, **P < 0.01, ****P < 0.0001; *P < 0.05, *P < 0.01,

#p < 0,001, ## P < 0.0001 (* indicates significance between different groups and # indicates significance between different regions within the same group).

exposure to acrylamide alters the cognitive development by exac-
erbating both scototaxis and thigmotaxis and thus increases the risk
of anxiety-like symptom in zebrafish.

Long-Term Exposure to Acrylamide Induces Anxiety- and
Depressive-Like Behaviors by Reducing Exploration Ability and
Impairing Sociality of Zebrafish. When zebrafish are relocated to a
new environment, they seek protection by diving and staying at the
safety home, until they feel safe enough to explore the unfamiliar
environment (26). The swimming trajectories showed that zebrafish
in the control group can swiftly explore and adapt to the novel
environment, but chronic exposure to acrylamide reduces the
ability to adapt to the unfamiliar environment (Fig. 34). Visualized
heatmaps showed significant changes in swimming trajectories of
zebrafish in the acrylamide exposure groups compared with those in
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the control group (Fig. 3B). Furthermore, we found the swimming
time and distance ratios in Zone 1 exhibited a dose-dependent
decreasing trend in acrylamide exposure groups. Chronic exposure
to acrylamide (0.5 mM) significantly decreased both swimming
time and distance in Zone 1 and increased those in Zone 2 (Fig. 3
Cand D). We recorded the novel object exploration test to visualize
the behavioral alteration between the control and each acrylamide-
treated group (Movie S3). The movie displays that zebrafish in
the control group could swiftly explore and adapt to the novel
environment, but chronic exposure to acrylamide reduced the
ability to adapt to the unfamiliar environment, which indicated
that acrylamide induces anxiety- and depressive-like behaviors by
reducing exploration ability of zebrafish.

Moreover, the social preference test was used to assess sociality of
zebrafish. Since the zebrafish are a group preference species, they
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frequently swim by forming a school and swim closely to one another
(27). In the current social preference test, representative radar maps
and visualized heatmaps exhibited significant changes of preference
in swimming trajectories of zebrafish in acrylamide exposure groups
compared to those in the control group, indicating that chronic expo-
sure to acrylamide remarkably impairs the sociality of zebrafish
(Fig. 3 E-G). For detailed parameters of behavioral trajectories,
chronic exposure to acrylamide (0.5 mM) significantly increased both
swimming time and distance ratios in the left zone and decreased
those in the right zone (Fig. 3 A and /). Notably, chronic exposure
to acrylamide (0.5 mM) significantly elevated traversing times and
number of crossing the middle line (Fig. 3 / and X). Besides, the
above outcomes were supported by hierarchical clustering analysis
(Fig. 3L) and recorded videos (Movie S4). The movie shows that
zebrafish in the acrylamide exposure groups could be hardly to swim
closely to the fish school, while zebrafish in the control group fre-
quently swam closely, indicating that chronic exposure to acrylamide
remarkably impairs the sociality and thus increases the risk of anxiety-
and depressive-like symptoms in zebrafish. Taken together, findings
from novel object exploration test and social preference test indicated
that chronic exposure to acrylamide for 180 d reduces exploration
ability and impairs sociality of zebrafish and thus increases the risk
of anxiety- and depressive-like symptoms in zebrafish.
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Fig. 3. Behavioral profiles of zebrafish by the long-
term exposure to acrylamide in the novel object
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Representative swimming trajectories of zebrafish
in the control group and three acrylamide exposure
groups (0 mM wide type, 0.125 mM, 0.25 mM, and
0.5 mM). A novel object for zebrafish was placed in
the left part (Zone 1) and the right part was Zone 2.
(B) Heatmap visualization of zebrafish trajectories in
the novel object exploration test. (C) Duration time
spentin Zone 1 or Zone 2 of total time (%). (D) Distance
traveled in Zone 1 or Zone 2 of total distance (%). (E)
05mm Representative swimming trajectories of zebrafish
et e in different groups (0 mM wide type, 0.125 mM,
0.25 mM, and 0.5 mM). (F) Radar chart of 12 behavioral
parameters of zebrafish in different groups (0 mM
wide type, 0.125 mM, 0.25 mM, and 0.5 mM). a,
duration; b, distance; ¢, average velocity (cm/s); d,
accelerated speed; e, average entry time duration
(s); f, turning angle (°); g, turning angle (°)/time; h,
activity; i, rapid move ratio; j, normal move ratio; k,
freezing time ratio (s); |, freezing time duration (s).
(G) Heatmap visualization of zebrafish trajectories in
the social preference test. (H) Duration time spent in
the left or right chamber of total time (%). (/) Distance
traveled in the left or right chamber of total distance
(%). (/) Traversing times between the left and right
chambers. (K) Numbers of crossing the middle line.
(L) Hierarchical clustering of zebrafish in the social
preference test. All the histograms were present
with mean + SEM, while all behavioral parameter data
were analyzed by the two-way ANOVA followed by
multiple comparisons or the one-way ANOVA followed
by the Turkey post hoc test. The level of significance
was defined as *P < 0.05, **P < 0.01, ***P < 0.001,
*Ekkp < 0,0001; *P < 0.05, *P < 0.01, #*P < 0.001,
####p < 0,0001 (* indicates significance between
different groups and # indicates significance between
different regions within the same group).

70 20 30 80
Zone 1 Zone 2

0.1256 mM
—left —right

ChronicExposuretoAcrylamideInduces Cerebral Lipid Metabolism
Disturbance and Immune Response. To elucidate the underlying
mechanism of acrylamide-induced abnormal behavior and growth
retardation, we next conducted a transcriptomic analysis in brain
of zebrafish after chronic exposure to acrylamide. The statistics for
transcriptome information from the six RNA-seq libraries are shown
in S7 Appendix, Table S9. The principal component analysis (PCA)
indicated that the six samples were significantly distinguished into
two groups (Fig. 44). There were 466 differentially expressed genes
(DEGs) in the acrylamide (0.5 mM) treatment group compared
with the control group, including 173 up-regulated and 293 down-
regulated genes (Fig. 4B). Furthermore, the heatmaps of hierarchical
cluster analysis of DEGs and Pearson’s correlation between samples
showed a similar relationship among all the six samples sequenced
(SI Appendix, Fig. S3 A and B). Based on these DEGs, we then
investigated gene ontology (GO) database to explore the association
of these DEGs with biology process (BP), and finally filtered 10 GO
terms enriched in BP (Fig. 4C). The results indicated that the most
terms in BP were immune response, immune system process, antigen
processing and presentation, multicellular organismal process, and
response to lipid. Furthermore, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis was used for the enrichment
analysis of metabolic pathways, and the results indicated that six
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KEGG pathways were significantly enriched by chronic exposure to
acrylamide (Fig. 4D and SI Appendix, Table $10), which involved in
arachidonic acid metabolism, biosynthesis of amino acids, cytokine—
cytokine receptor interaction, JAK-STAT signaling pathway, linoleic
acid metabolism, and PPAR signaling pathway. Subsequently, in the
protein—protein network, the interactions between the products of
gene expression related to immune response and lipid metabolism
were most obvious (Fig. 4E). We also found cytokine—cytokine
receptor interactions, PPAR signaling, and JAK-STAT signaling
pathway-related gene expression product interactions (Fig. 4F). The
changes in upregulation and downregulation of gene expression
are shown in histograms and heatmaps (Fig. 4G and SI Appendix,
Table S11). Moreover, we performed pathway enrichment analysis
by employing gene set enrichment analysis (GSEA) algorithm
to identify biological pathways affected by chronic exposure to
acrylamide. In this study, GSEA revealed significant inhibition of
many pathways associated with lipid biosynthetic and immune
system process (S/ Appendix, Fig. S3 C-F), and significant activation
of DNA replication and repair-related pathways (S/ Appendix, Fig. S3
G-L). Notably, a significant enrichment of pathway associated
with response to lipid was inhibited (Fig. 4H). Collectively, these
findings suggested chronic exposure to acrylamide induce cerebral
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due to acrylamide exposure. (E) Interaction
network of differentially expressed proteins in
major pathways with significant changes due to
acrylamide exposure. (F) Relationship between
DEGs and KEGG pathways. (G) Visual analysis
of DEGs in major pathways. A horizontal bar
graph of gene expression (Left) and a heat map

ES =-0.4544
NES = 14288
pValue<0.05 |
FDR=03115 |

|01

Control group

*| Acrylamide exposure

S of gene expression (Right). (H) GSEA results

showing response to lipid-related pathways
with significant changes in the brain of zebrafish
after exposure to acrylamide for 180 d.

lipid metabolism disturbance mediated by PPAR signaling pathway,

and elicit immune response.

Cerebral Lipid Metabolism Disturbance Links to Acrylamide-
Induced Anxiety and Depression Symptoms. To further link the
disturbance of lipid metabolism to acrylamide-induced anxiety and
depression, we conducted a widely targeted quantitative lipidomics
analysis of brain samples of zebrafish in the acrylamide exposure group
compared with those in the control group using LC-ESI-MS/MS.
To validate the reliability of the current lipidomics analysis, we tested
the robustness of instrumentation and data variability. The R-value
of quality control samples using Pearson’s correlation analysis was
nearly 1, indicating good operating condition of instrumental facility
(SI Appendix, Fig. S4A). The PCA model was built to evaluate the
analytical ability of lipid datasets, and the results of PCA score plots
exhibited the unambiguous separation between acrylamide exposure
(0.5 mM) group and the control group (S Appendix, Fig. S4B). A
total of 1,980 lipid substances were identified based on accurately
matching masses and molecular structures against a self-compiled
database (Metware database, Wuhan, China). They were classified
into six lipid categories, including 1,041 glycerophospholipids (GPs),
267 sphingolipids (SPs), 545 glycerolipids (GLs), 22 sterol lipids
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(STs), 104 fatty acyls (FAs), and 1 prenol lipid (PL). Furthermore,
all lipids were grouped into 29 lipid subclasses, including 66
phosphatidic acids (PAs), 333 phosphatidylethanolamines (PEs),
65 hexosylceramides (HexCers), 4 lyso-phosphatidylinositols
(LPIs), 85 phosphatidylinositols (PIs), 3 phosphatidyl methanols
(PMeOHs), 5 sphingols (SPHs), 8 lyso-phosphatidic acids
(LPAs), 8 lyso-phosphatidylserines (LPSs), 16 eicosanoids, 42
carnitines (CARs), 6 bis-methyl phosphatidy Iserines (BMPs), 384
triglycerides (TGs), 35 lyso-phosphatidylethanolamines (LPEs), 28
monoglycerides (MGs), 133 diglycerides (DGs), 46 free fatty acids
(FFAs), 18 cholesterol esters (CEs), 61 lyso-phosphatidylcholines
(LPCs), 5 lyso-phosphatidylglycerols (LPGs), 3 bile acids (BAs),
1 cholesterol (Cho), 37 sphingomyelins (SMs), 18 N-acyl-lyso-
phosphatidylethanolamines (LNAPEs), 160 ceramides (Cers),
117 phosphatidylserines (PSs), 105 phosphatidylglycerols (PGs),
1 coenzyme Q (CoQ), and 187 phosphatidylcholines (PCs)
(SI Appendix, Fig. S4 Cand D). Furthermore, the orthogonal partial
least squares discrimination analysis (OPLS-DA) score plots revealed
a clear separation of lipid profiles between the acrylamide treatment
(0.5 mM) group and the control group (S Appendix, Fig. S5A).
Also, the resulting R*X, RY, and Q* of 200 random permutations
test model validation were 0.508, 0.937, and 0.708, respectively,
indicating that the OPLS-DA model was not overfitting and was
reliable to screen differential lipids (S/ Appendix, Fig. S4E). Variable
importance in the projection (VIP) and fold change (FC) values for
each lipid were calculated, and the higher the VIP value, the more the
contribution of the lipid to the OPLS-DA model construction. To
screen and identify differential metabolites, the criteria for selecting
significant lipids were VIP > 1, P< 0.05, and |log, FC| > 1, compared
with the control group. We found that 406 lipids were significantly
up-regulated, and 11 lipids were significantly down-regulated in
the acrylamide-treated group (S Appendix, Fig. S5B). Over half of
the differential lipids were GLs, including 368 TGs, 2 DGs, and
3 MGs. The GPs containing 2 BMPs, 1 LNAPE, 3 LPCs, 1 LPI,
1 LPS, 4 PEs, 1 PI, and 5 PSs were also found. Furthermore, the
FFAs were identified and composed of 1 eicosanoid and 4 FFAs. In
addition, the SPs with 14 Cers, 3 HexCer, and 1 SM, and STs with
3 CEs were screened. The finding of these differential lipids revealed
that chronic exposure to acrylamide remarkably disturbs internal
relationship of conversion between different lipid substances, we
then formulated a correlation matrix using Pearson’s correlation
coeflicients for these six categories and 29 subclasses, and revealed
overall strong correlations (87 Appendix, Fig. S4 F-I). Correlation
analyses revealed that a strong positive correlation between LPC and
PC, indicating that acrylamide induces an inflammatory storm in
brain of zebrafish. LPC is mainly derived from the turnover of PC
in the circulation by phospholipase A, (PLA,) (28). LPC increases
the production of proinflammatory cytokines, induces oxidative
stress, and promotes apoptosis, which can aggregate inflammation
and promote the development of neurodegenerative diseases (29).
Low levels of PE and high levels of LPE result in accelerating the
progression of Alzheimer's disease (AD) related to inflammatory
response (30). A strong inverse correlation between LPE and PE
suggested that acrylamide exposure may induce inflammatory
response and cognitive impairment. Also, a positive correlation
between SM and Cer indicated that both lipids may be at play
during brain injury and neurological diseases, since the accumulation
of sphingomyelin increases membrane fluidity and impairs neural
differentiation (31). Therefore, the mutual transformation among
GPs and SPs may be associated with anxiety and depression
symptoms of zebrafish. Importantly, we found significant changes
of TG in both categories and subclasses based on random forest
analysis (ST Appendix, Fig. S5 C and D). We then subsequently
explored the correlation between TG and other categories and
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subclasses, respectively. GL exhibited a positive correlation with
FA, ST, PL, and SP (87 Appendix, Fig. S4G), while TG showed a
positive correlation with DG but a significantly inverse correlation
with PI (87 Appendix, Fig. S41). Furthermore, we summarized the
top 20 significantly changed lipids, while TG (18:2_18:2_22:1)
was the most significantly changed when specific to lipid molecules
in TGs (81 Appendix, Fig. S5D). The amount accumulation and
the profile alteration for TGs were connected with disturbance of
lipid metabolism. To determine the pathways by which acrylamide
disturbs cerebral lipid metabolism, the KEGG database was used to
analyze the metabolic pathway with the 417 significantly changed
lipids. As a result, we enriched eight significant metabolic pathways,
including insulin resistance, lipid and atherosclerosis, cholesterol
metabolism, regulation of lipolysis in adipocytes, vitamin digestion
and absorption, thermogenesis, fat digestion and absorption, and
glycerolipid metabolism (all P < 0.05; ST Appendix, Fig. SSE). The
heatmap of hierarchical cluster analysis showed that lipid molecules
in TGs were up-regulated in the acrylamide-treated group compared
to the control group (SI Appendix, Fig. S5F), which was consistent
with previous results (S7 Appendix, Fig. S5D). The findings were
also in agreement with the quantified results of selected lipids in the
TGs, including TG (18:2_18:2_22:1), TG (18:0_17:1_18:1), TG
(19:0_18:1_22:6), TG (18:1_24:1_18:2), TG (12:0_18:2_18:3),
and TG (17:1_18:1_22:2) (SI Appendix, Fig. S5G). Combined with
the selected significantly changed lipids and metabolic pathways, we
focused on the cholesterol metabolism since the increase in TGs was
closely related to cholesterol metabolism. Consistently, the cerebral
histopathological examinations showed no signs of lipid deposition
in the control group but increased lipid droplets infiltrating into
brain cells in the acrylamide exposure group (S/ Appendix, Fig. S5H).
Given that the disorder of lipid metabolism is related to anxiety and
depression emotions (32), these findings outlined that acrylamide-
induced anxiety and depression symptoms may be ascribed to the
disorders of cerebral lipid metabolism.

Chronic Exposure to Acrylamide Dysregulates Sphingolipid and
Phospholipid Metabolism. To further characterize the changes
in metabolic pathways of lipids, we found that the sphingolipid
and phospholipid metabolism was significantly dysregulated
in acrylamide-treated group compared with the control group
(SI Appendix, Fig. S6A). Specifically, the lipid signature molecules
in this metabolic pathway, PS (18:0_16:1), PS (16:0_20:5), PI
(16:1_22:3), LPI (16:0/0:0), and LNAPE (22:6/N-20:1), were
significantly down-regulated; while Cer (d18:1/15:0), HexCer
(d16:1/22:1), and SM (d18:1/20:1) were significantly up-
regulated (all < 0.05, ST Appendix, Fig. S6 A and B). Notably, PS
(18:0_16:1) was the most decreased lipid among these signature
lipid molecules (SI Appendix, Fig. S5D), suggesting chronic
exposure to acrylamide perturbs the central nervous system (CNS)
since PS is involved in the multiple cerebral functions, such as
antiinflammation, neurotransmission, and synaptic refinement
(33). Meanwhile, chronic exposure to acrylamide significantly
up-regulated the levels of ceramides, which advance mitochondrial
membrane permeability and facilitate the release of apoptogenic
factors. These factors subsequently trigger the caspase cascade that
constitutes the intrinsic pathway of apoptosis (34). In addition, the
accumulation of SM (d18:1/20:1) may promote cell proliferation
and neurogenesis in order to compensate for neuronal cell
death in brain (35). In brief, perturbations in sphingolipid and
phospholipid metabolism may play important roles in acrylamide-
induced CNS damage and the anxiety and depression symptoms.

We next highlighted differential lipids interactions and iden-
tified strong interactions between TG (12:0_14:0_18:2),
2-arachidonylglycerol, and 5-KETE (5-0xoETE) (S Appendix,
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Fig. S6C). In accordance with results from quantitative lipid-
omics, the level of TG (12:0_14:0_18:2) significantly increased
in the acrylamide-treated group compared with the control
group (P < 0.001); long-term exposure to acrylamide signifi-
cantly reduced the level of 2-arachidonylglycerol, which involves
in arachidonic acid metabolism (P = 0.016); while the level of
5-KETE (5-0xoETE), one of lipid preoxidation products, was
marginally enhanced by the chronic exposure to acrylamide
(P = 0.096) (SI Appendix, Fig. S6D). Briefly, the results unveiled
that chronic exposure to acrylamide disorders cholesterol metab-
olism and arachidonic acid metabolism, and elevates lipid per-
oxidation levels.

Chronic Exposure to Acrylamide Impairs Blood-Brain Barrier
and Induces Neuroinflammation. We next evaluated the gene
expression alternations of tight junctions (TJs) and adherens junc-
tions (AJs) to understand how acrylamide impairs the blood—
brain barrier (BBB) function for disturbing lipid metabolism.
Here, acrylamide exposure down-regulated gene expression of
both TJs and AJs. However, only #jp2a was significantly down-reg-
ulated (P < 0.01) (ST Appendix, Fig. S7A), suggesting acrylamide
may impair TJs, which are present between the cerebral endothe-
lial cells and form a diffusion barrier selectively preventing most
blood-borne substances from entering the brain (36). The down-
regulation of AJs did not seem significant (S Appendix, Fig. S7A),
although AJs are a prerequisite for the assembly of TTs that allow
epithelial cells to establish polarity with different proteins and
lipids in the apical and basal plasma membranes (37). These al-
terations are associated with increased permeability of the BBB,
but the leaky BBB due to exposure to acrylamide may facilitate
neuroinflammation and contribute to the development of anx-
iety and depression symptoms. Given the impaired integrity of
BBB, we further observed that acrylamide induced the damage
of brain tissue by progressively aggravating the infiltration of
inflammatory cells with the increase in exposure to acrylamide
from 0.125 mM to 0.5 mM (81 Appendix, Fig. S7B). Taken both
disturbance of lipid metabolism and neuroinflammation into con-
sideration, we next focused on the changes in lipid mediators
especially proinflammatory mediators involved in the oxidative
stress by the exposure to acrylamide. As shown in SI Appendix,
Fig. S7C, 16 different oxylipins belonging to arachidonic, linoleic
acid, docosahexaenoic acid, and eicosapentaenoic acid pathways
were detected and quantified in brain of zebrafish, while most of
oxylipins were up-regulated in the acrylamide-treated group com-
pared with the control group. Particularly, 5-oxo-cicosatetracnoic
acid (5-0xoETE), 5-hydroxyeicosatetraenoic acid [(+)5-HETE],
and 11-hydroxyeicosatetraenoic acid [11(S)-HETE] as markers of
lipid peroxidation (38) were dramatically elevated (SI Appendix,
Fig. S7D). In addition, we also observed the upregulation of
two proinflammatory lipid mediators, 12-hydroxyeicosatetrae-
noic acid [(¢)12-HETE] and 14-hydroxydocosahexaenoic acid
[14(S)-HDHA] (39), indicating elevated cerebral inflammatory
response in the acrylamide-treated group compared with the con-
trol group (81 Appendix, Fig. S7D). Moreover, exposure to acryla-
mide promoted both leukotoxin [9,10-epoxy-12Z-octadecenoate
(9,10-EpOME)] and isoleukotoxin [12,13-epoxy-9Z-octadeceno-
icacid (12,13-EpOME)] (81 Appendix, Fig. S7D), supporting the
evidence of acrylamide-induced proinflammatory effect and ox-
idation stress. In general, 9,10-EpOME and 12,13-EpOME can
influence physiological functions via targeting PPARY receptors
(40), and the diols in particular exhibit cytotoxic, immunological,
and prooxidative effects (41). Collectively, chronic exposure to
acrylamide promotes inflammation and oxidation stress, which
participate cerebral neuroinflammation.
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To further investigate the role of neurotransmitters, we found
the concentrations of y-aminobutyric acid (GABA) and glutamine
(Gln) significantly increased in the acrylamide-treated group com-
pared with the control group (all P < 0.01; ST Appendix, Fig. STE),
suggesting that typical neurotransmitter metabolism be disrupted
in brain of acrylamide-exposed zebrafish. Disturbance of the GABA
system and glutamatergic system is implicated in the pathophysi-
ology of many neuropsychiatric disorders, including anxiety and
depression (42, 43). We speculated that brain shifts in neurotrans-
mitter metabolism may facilitate anxiety and depression symptoms
in acrylamide-exposed zebrafish. Furthermore, GSEA verified a
significant enrichment of biological GO terms associated with
immune response after exposure to 0.5 mM acrylamide (S Appendix,
Fig. S7F), which supported the findings of acrylamide-induced
oxidative stress and neuroinflammation, and thus elicited cerebral
immune response. Together, chronic exposure to acrylamide induces
BBB damage by down-regulating TJs and AJs exacerbates oxidative
stress and neuroinflammation due to elevated oxylipins, and disturbs
GABA and glutamatergic system.

Chronic Exposure to Acrylamide Induces Anxiety and Depression
Symptoms via Disturbing Lipid Metabolism and Inflammatory
Response. We further investigated the underlying mechanism of
lipid metabolism dysfunction caused by acrylamide exposure in
brain of zebrafish. The integration of lipidomics and transcriptomics
enhances the comprehension of underlying biological processes
and allows grasping the mechanism of action for exposure to toxic
substances at a system level (44). Currently, pathway-based omics
data integration using lipidomics and transcriptomics benefits for
the discovery of gene-metabolite relationship at the branch points
in the network defined by KEGG database. Here, we evaluated
and identified the datasets of statistically significant affected genes
and lipid metabolites, indicating close interactions between these
significant genes and lipids (Fig. 5A4). Meanwhile, the enriched
KEGG pathways from transcriptomic profiles showed the exposure
to acrylamide perturbs the PPAR signaling pathway, JAK-STAT
signaling pathway, lipid transport, biosynthesis of amino acids, and
linoleic acid and arachidonic acid metabolism. To verify these findings
from transcriptomic profiles, we applied gRT-PCR to examine the
relative gene expressions along the target pathways (S Appendix,
Fig. S8 and Table S13). Furthermore, we conducted the pathway-
based lipidomics-transcriptomics integration analysis to examine
the effect of acrylamide exposure on the PPAR signaling pathway
and lipid metabolism (Fig. 5B). The enriched KEGG pathway from
transcriptomic profiles showed acrylamide exposure perturbed the
PPAR signaling pathway (Fig. 4D), in which unsaturated fatty acid,
eicosanoid, and other ligands are transported into the cell, activating
the transcription factor expression, including downregulating
peroxisome proliferator-activated receptor gamma (PPARy) and
up-regulating RXR gene expression. The transcription factor of
PPARY is a ligand-activated receptor that regulates lipid metabolism
and suppresses neuronal inflammation (45, 46). PPARy plays an
important role in mediating lipid metabolism disorder by regulating
the gene expression related to cholesterol metabolism, lipogenesis, fatty
acid oxidation, fatty acid transport, and lipid transport. Meanwhile,
we recognized significant changes in the relative expressions of target
genes related to fatty acid oxidation, lipid transport, lipogenesis,
cholesterol metabolism, and fatty acid transport. Importantly, the
perturbation of PPAR signaling pathway mediates the disorder of
downstream lipid metabolism, including cholesterol metabolism
and arachidonic acid metabolism. Cerebral cholesterol homeostasis
plays an important role in neurological disorders (47). In detail, the
upregulation of ApoC-I inhibits the interconversion of TG and CE,
while the down-regulation of LCAT improves the conversion from
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Fig.5. Chronic exposure to acrylamide disturbed cholesterol metabolism and arachidonic acid metabolism via the PPAR signaling pathway. (A) Network of the
DEGs and lipid metabolites in zebrafish with exposure to acrylamide. Squares represent lipid metabolites and circles represent genes. (B) Key pathways (PPAR
signaling pathway, cholesterol metabolism, arachidonic acid metabolism, lipid peroxidation, fatty acid degradation, sphingolipid metabolism, and linoleic acid
metabolism) in the integration of transcriptomics and lipidomics. The bars are shown as mean + SD. Statistical differences were determined using an unpaired
Student's t test. AA, the acrylamide-treated (0.5 mM) group; CTL, the control group.

PL to CE, and the downregulation of LPL and HL genes promotes
the conversion from TG to fatty acids. Acrylamide exposure disrupts
cholesterol homeostasis and promotes fatty acid oxidation, which is
correlated with the enhancement of oxidative stress in brain. On the
other hand, the downregulation of arachidonate in arachidonic acid
metabolism plays a key role in inflammation, while arachidonic acid is
oxygenated and further transformed into a variety of products which
mediate or modulate inflammatory reactions (48). The arachidonic
acid metabolism is closely related to linoleic acid metabolism and
lipid peroxidation. Lipid peroxidation products induce oxidative

PNAS 2023 Vol.120 No.18 2221097120

stress and cause proinflammatory effects, therefore, partly explain
acrylamide-induced anxiety- and depressive-like behaviors. Notably,
we found elevated level of ceramide and reduced level of sulfatide
by the exposure to acrylamide. Along with its metabolic precursor
galactosylceramide, sulfatide and galactosylceramide constitute the
predominant lipid components that ensure the normal structural
and functional attributes of myelin sheath (49). We speculated that
chronic exposure to acrylamide may damage the normal structural and
functional attributes of myelin sheath in brain, which is considered
as a contributing factor to anxiety and depression symptoms. In
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addition, the products of TCA cycle participate in regulating the
levels of phosphatidic acid, 1,2-diacylglycerol, and hexadecanoic acid,
indicating that energy metabolism in brain may also be perturbed by
the exposure to acrylamide. In addition, energy metabolism is closely
related to mitochondria, the cell organelles, which use energy sources
to generate ATP (50). Mitochondria possess a plethora of cellular
functions, such as regulating lipid metabolism, ion homeostasis, and
neurotransmitter levels (51). Thus, alterations in energy metabolism
could also affect lipid metabolism. In summary, lipid metabolism
and inflammatory response play a causal role in the anxiety- and
depressive-symptoms induced by chronic exposure to acrylamide.
Disrupted lipid metabolism is intertwined with lipid peroxidation
and oxidative stress, and ultimately damages myelin sheath and BBB.

Discussion

‘There is mounting evidence demonstrating the importance of dietary
factors in the development and progression of metal disorders such
as anxiety and depression (52, 53). Previous studies have revealed
high-fat diet, inadequate tryptophan and dietary protein, high intake
of sugar and refined carbohydrates, and “unhealthy” dietary patterns
were associated with higher levels of anxiety (52). Fried foods as a
favorite component of daily diet worldwide is a major risk factor for
the progression of various chronic diseases and health problems,
including overweight/obesity, hypertension, T2D, and CVD
(54, 55). Additionally, several contributions supported the occur-
rence of anxiety and depression have been linked to these metabolic
disorders (56, 57). Unfortunately, the relationship between fried food
consumption and anxiety and depression symptoms and underlying
mechanisms have been unclear prior to the current study. Here, we
revealed that frequent fried food consumption especially fried potato
consumption is strongly associated with a higher risk of anxiety and
depression symptoms among general population while males are the
susceptible group (Fig. 1 and S/ Appendix, Tables S4-S6). Previous
research showed that females tend to suffer more from mental health
problems than males (58, 59). This study emphasized frequent con-
sumption of fried foods is more likely to be associated with anxiety
and depression symptoms among male consumers. Our result is
consistent with a recent longitudinal observational study, which
demonstrated that computer usage time and fried food consumption
were lifestyle-related risk factors for mental health problems in male
college students (8). This sex-dependent effects may be related to
differences in lifestyle behaviors and gonadal hormones with mental
health status between males and females (59, 60). The causal rela-
tionship may be ascribed to the harmful effect of chemical contam-
inants in fried foods (61), while acrylamide as a typical hazardous
Maillard reaction product is widely present in heat-processed carbo-
hydrate-rich food, especially in fried potatoes (9). Recently, a popu-
lation-based cross-sectional study revealed that acrylamide exposure
is associated with an increased risk of depressive symptoms (16).
Consistently, our study found chronic acrylamide exposure also
induces anxiety and depression symptoms in zebrafish model within
a 180-d exposure period because 180 dpf is the human-like prime
of life for zebrafish (62-64). Furthermore, acrylamide exposure could
induce cognitive and social behavioral deficits.

We found that chronic acrylamide exposure remarkably disturbs
the behavioral profiles of zebrafish, alters the preference for light/
dark, reduces the exploration ability of zebrafish in the novel tank
and novel object exploration tests, and affects the group preference
of zebrafish (Figs. 2 and 3 and S/ Appendix, Fig. S2). The behavioral
phenomics alterations indicated that life-cycle exposure to acrylamide
can inactivate the neurobehavior of zebrafish, and increase the risk
of anxiety, reduce the ability to adapt to the unfamiliar environment,
and alter the instinctual behavior of zebrafish preference for the
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group. To unravel intrinsic mechanism, acrylamide may lead to neu-
rotoxic effects in zebrafish, like the dysregulation of genes related to
microtubules and presynaptic vesicle alteration (65). Although pre-
vious study evidenced acrylamide-treated zebrafish exhibited
“depressive-like” phenotype comorbid with anxiety behavior due to
acute neurotoxicity (18), we first showed that chronic acrylamide
exposure exhibits anxiety symptoms and social disability, and weak-
ens adaptability to the new environment. As shown in S7 Appendix,
Fig. S7E, chronic exposure to acrylamide interferes with the endog-
enous level of monoamine neurotransmitters in zebrafish brain.
Monoamine neurotransmitters play a key role in regulating neurobe-
havioral function (66—68). Consistent with the current results, the
excessive Gln concentration and the dysfunction of the GABA sig-
naling system in the brain can lead to depression (69, 70). Here, we
showed that chronic acrylamide exposure significantly elevates the
cerebral levels of GABA and Gln in brain and aggravates the neu-
robehavioral dysfunction in zebrafish.

To further understand the molecular mechanism underlying
chronic acrylamide-induced abnormal behavioral profiles, our GO
and KEGG analyses at the transcriptomic level indicated that
chronic acrylamide exposure may lead to gene expression changes
in PPAR signaling pathway, lipid metabolism, and immune
response (Fig. 4D). PPARs are a family of ligand-regulated nuclear
receptors, including PPAR-a, PPAR-B, and PPAR-y. Moreover,
the PPAR signaling pathway is mainly involved in lipid metabolism.
Membrane-associated proteins such as fatty translocase (FAT/
CD36) and fatty acid transport protein (FATP) facilitate the trans-
membrane transfer of fatty acids (FAs), which are subsequently
bound by cellular fatty acid-binding proteins (FABPs). After that,
FAs complete the lipid metabolic process by mediating signal trans-
duction and nuclear transcription by PPARs (71). The upregulation
of FATCD36 (cd36) and downregulation of FATP (slc27a4)
expression indicated that acrylamide disturbs the transmembrane
transport of FAs in zebrafish brain (Fig. 5B). The influenced PPAR
signaling pathway may participate in the acrylamide-induced lipid
metabolism perturbations and behavior defects.

The integration of transcriptomics and lipidomics indicated that
the influenced PPAR signaling pathway may mediate downstream
lipid metabolism, including cholesterol metabolism, arachidonic
acid metabolism, and sphingolipid metabolism (Fig. 5B). Lipid
metabolism ensures the operation of normal physiological functions,
which is of great significance to everyday life activities (72). Previous
studies have also shown that acrylamide perturbs lipoprotein metab-
olism to result in the exacerbation of atherosclerosis (23). In addi-
tion, cholesterol homeostasis is vital for brain function, while
cholesterol metabolism dysfunction is tightly associated with anxiety
and depression behaviors (73). In the current study, we observed
acrylamide induces cholesterol metabolism perturbation, suggesting
that metabolic disorders may contribute to the occurrence of anxiety
and depression behaviors. Alternatively, chronic exposure to acryla-
mide also interferes with arachidonic acid metabolism by signifi-
cantly reducing the level of 2-arachidonoylglycerol compared with
that in the control group (SI Appendix, Fig. S6D). Metabolites
derived from arachidonic acid metabolism have been implicated in
immune surveillance, inflammatory response, glucose metabolism,
and lipid metabolism (74). Changes in behavior and brain integrity
may be associated with disturbed neurotransmission and arachidonic
acid metabolism (75), while cerebral metabolic disorder of arachi-
donic acid metabolism contributes to depressive- and anxiety-like
behaviors (76). In concordance with some previous findings, expo-
sure to acrylamide up-regulates ceramide, a toxic metabolite in
sphingolipid metabolism, while depression and anxiety symptoms
positively associate for ceramide concentrations (77, 78). Therefore,
we provide an avenue to understand the cause of anxiety- and
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depressive-like behaviors from a long-term acrylamide exposure by
inhibiting phosphatidylinositol lipid signaling and inducing choles-
terol metabolism and arachidonic acid metabolism disorders.

Numerous studies demonstrated that acrylamide induces oxida-
tive stress and lipid peroxidation via reactive oxygen species (ROS)
production (79, 80). Free radicals, which are produced from the
peroxidation of polyunsaturated fatty acids, damage cellular com-
ponents notably cell membranes and induce protein oxidation (81).
Based on quantified lipidomics and metabolic pathway analysis, we
found that acrylamide-treated zebrafish display a higher level of
lipid peroxidation in the brain than the nontreated control group.
Excessive lipid oxidation alters the physical properties of cellular
membranes and leads to neuronal damage and neuronal cell death
via the covalent modification of proteins and nucleic acids (82).
Moreover, lipid peroxidation products may be potential biomarkers
for oxidative stress status in vivo (83). Thus, oxidative stress induces
many downstream biological events, such as the activation of JAK/
STAT pathway, and mediates the inflammatory response. Previous
reports indicated that acrylamide exposure potentially increases the
risk of inflammation, for example, by increasing levels of proin-
flammatory cytokines such as TNF-a, IL-1pB, and iNOS (84).
Furthermore, oxidative stress and inflammation are also the major
influencing factors for metabolic disorders (85, 86). Therefore,
we infer that ROS is also one of the major contributors for
acrylamide-induced chronic damage to nervous system. In addition,
the BBB is a complex active and passive structure surrounding
cerebral microvessels and protects the brain against harmful endog-
enous and exogenous substances (87). Previous studies demon-
strated that acrylamide crosses and disturbs the BBB, and exerts its
neurotoxic effect in the CNS (88). Meanwhile, BBB dysfunction
depends on ROS-mediated disruption of AJ and T] proteins in
zebrafish. TTs, major components of the barrier, tie the endothelial
cells that line the walls of these capillaries together around their
borders (37). In our study, the gene expressions of AJs and T]s vary
degrees of reduction, indicating that chronic of acrylamide exposure
induce bad permeability of BBB due to T] breakage (SI Appendix,
Fig. S7A). Altogether, these results suggest that excessive lipid
oxidation-mediated oxidative stress and inflammation by the acti-
vation of JAK/STAT pathway may promote brain metabolic dis-
orders and impact the permeability of BBB due to T] breakage in
zebrafish with acrylamide exposure.

Taken together, we reveal that fried food consumption is a dietary
risk factor for increasing the risk of anxiety and depression in
humans especially males, which is mainly ascribed to the generation
of acrylamide during frying process. The current study further
demonstrates that long-term exposure to acrylamide induces oxi-
dative stress and inflammation that may promote cerebral metabolic
disorders and cause anxiety and depression behaviors of zebrafish.
Chronic acrylamide exposure disorders sphingolipid and phospho-
lipid metabolism, cholesterol metabolism, and arachidonic acid
metabolism, and elevates lipid peroxidation levels. The signaling
pathways of JAK/STAT and PPAR mediate acrylamide-induced
changes in lipid metabolism in the brain of zebrafish. Our findings
propose an understanding that long-term exposure to acrylamide
impairs blood-brain barrier and exacerbates neuroinflammation and
thus disturbs behavioral profiles of adult zebrafish. Among the
study, our findings highlight the key role of phosphatidylinositol
lipid signaling, cholesterol metabolism, and arachidonic acid

1. F.Charlson et al., New WHO prevalence estimates of mental disorders in conflict settings: A
systematic review and meta-analysis. Lancet 394, 240-248 (2019).

2. D.F Santomauro et al., Global prevalence and burden of depressive and anxiety disorders in 204
countries and territories in 2020 due to the COVID-19 pandemic. Lancet 398, 1700-1712 (2021).

3. World Health Organization, Fact Sheets: Depression (World Health Organization, 2021).

PNAS 2023 Vol.120 No.18 2221097120

metabolism in acrylamide-induced anxiety- and depressive-like
behavior, and unravel an in-depth understanding of the causative
link and underlying mechanisms of the detrimental role of fried
food consumption on anxiety and depression symptoms. In this
sense, we provide insights into the adverse effects of fried foods and
acrylamide as a typical food processing contaminant on mental
health from humans to zebrafish.

Our study has some limitations that should be addressed in the
future research. Although a large sample size from UK Biobank
was used in the current human study, further multiple
population-based studies including different ethnic groups with
various classes of ages would be more representative. Additionally,
longitudinal and longer term follow-up studies would be necessary
to better understand the strength and verify our conclusions.
Finally, despite the zebrafish models have widely been used to
observe anxiety- and depressive-like behaviors in the aquatic envi-
ronment, they cannot be directly compared to human anxiety and
depression evaluation and brain morphology. Future studies are
also needed to evaluate the adverse effects of fried foods on anxiety
and depression symptoms in a population-based intervention trial.

Materials and Methods

Atotal of 140,728 participants from the UK Biobank were eligible and included in
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