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Abstract: Artificial night light (ALAN) could lead to circadian rhythm disorders and disrupt normal
lipid metabolism, while time-restricted feeding (TRF) could maintain metabolic homeostasis. In
mammals, TRF has been demonstrated to have extraordinary effects on the metabolic regulation
caused by circadian rhythm disorders, but studies in lower vertebrates such as fish are still scarce. In
this study, the impacts of ALAN on the body composition and lipid metabolism of juvenile rainbow
trout were investigated by continuous light (LL) exposure as well as whether TRF could alleviate the
negative effects of LL. The results showed that LL upregulated the expression of lipid synthesis (fas
and srebp-1c) genes and suppressed the expression of lipid lipolysis (pparβ, cpt-1a, and lpl) genes in the
liver, finally promoting lipid accumulation in juvenile rainbow trout. However, LL downregulated
the expression of genes (∆6-fad, ∆9-fad, elovl2, and elovl5) related to long-chain polyunsaturated fatty
acid (LC-PUFA) synthesis, resulting in a significant decrease in the proportion of LC-PUFA in the
dorsal muscle. In serum, LL led to a decrease in glucose (Glu) levels and an increase in triglyceride
(TG) and high-density lipoprotein cholesterol (H-DLC) levels. On the other hand, TRF (mid-dark
stage feeding (D)) and mid-light stage feeding (L)) upregulated the expression of both the lipid
synthesis (srebp-1c and pparγ), lipolysis (pparα, pparβ, and cpt-1a), and lipid transport (cd36/fat and
fatp-1) genes, finally increasing the whole-body lipid, liver protein, and lipid content. Meanwhile,
TRF (D and L groups) increased the proportion of polyunsaturated fatty acid (PUFA) and LC-PUFA in
serum. In contrast, random feeding (R group) increased the serum Glu levels and decreased TG, total
cholesterol (T-CHO), and H-DLC levels, suggesting stress and poor nutritional status. In conclusion,
ALAN led to lipid accumulation and a significant decrease in muscle LC-PUFA proportion, and TRF
failed to rescue these negative effects.

Keywords: artificial night light; feeding regime; lipid metabolism; serum metabolites; rainbow trout

1. Introduction

Light is an essential environmental factor that affects the various life activities of
organisms on Earth. With the advent and large-scale application of artificial light sources,
artificial light at night (ALAN) has been recognized as one of the fastest-growing factors
altering the natural environment and is considered as a pollutant called light pollution [1].
Light pollution has been shown to negatively affect human society and natural ecology [1–3].
For living organisms, the light–dark cycle (photoperiod) is the dominant zeitgeber that
guides and synchronizes circadian rhythms [4]. Circadian rhythms play an important
role in maintaining energy homeostasis, and many genes and enzymes related to nutrient
metabolism exhibit strong circadian rhythms [5]. ALAN breaks the normal photoperiod
and disrupts the circadian rhythm of the organism. In animal models and human studies,
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nocturnal light exposure has been associated with metabolic disorders, leading to an
increased risk of metabolic diseases such as obesity [6] and type 2 diabetes [7]. In addition
to directly affecting metabolic processes through biological clock rhythms, nocturnal light
exposure also affects metabolic function by suppressing melatonin, altering glucocorticoids,
and changing sleep architecture [8,9]. Metabolic disruptions caused by light pollution are
of increasing concern, not only with regard to human health concerns, but also for the
growth, survival, and welfare of farmed animals.

Lipids are crucial nutrients that can provide energy, essential fatty acids, phospho-
lipids, sterols, and other substances for the life activities of organisms [10,11]. For car-
nivorous fish, lipids are preferred energy providers due to the limited ability to utilize
carbohydrates [12,13]. Maintaining normal lipid metabolic processes is the basis for the
growth and development of carnivorous fish. Briefly, lipid metabolism is the process of
lipid uptake and transport, synthesis, and catabolism, in which various transcription factors
and enzymes are involved [14,15]. The de novo synthesis of fatty acids begins with the
synthesis of acetyl coenzyme A into palmitic acid (C16:0) and stearic acid (C18:0) in the
presence of fatty acid synthase (FAS), followed by the further synthesis of polyunsaturated
fatty acids (PUFA) in the presence of desaturases (e.g., ∆6-fatty acid desaturase (∆6-fad) and
∆9-fatty acid desaturase (∆9-fad)) and elongases (e.g., elongation of very long-chain fatty
acid protein 2 (elovl2) and elongation of very long-chain fatty acid protein 5 (elovl5)) [15].
The fas gene expression is regulated by the upstream transcription factor sterol regulatory
element binding protein 1c (SREBP-1c) [16,17]. The process of lipid oxidative catabolism
begins with the hydrolysis of triglycerides to fatty acids and monoacylglycerols by the
action of lipoprotein lipase (LPL) [18,19]. Further oxidation of fatty acids for energy supply
involves the transport of long-chain fatty acids in mitochondria, and in the liver, carnitine
palmitoyltransferase 1a (cpt-1a) is the key rate-limiting enzyme [15,20]. During lipid uptake
and transport, cluster of differentiation 36/fatty acid translocase (CD36/FAT) [21] and
fatty acid transport protein 1 (FATP-1) [22] play essential roles. In addition, peroxisome
proliferator-activated receptors (PPARs, e.g., PPARα, PPARβ, PPARγ) play a crucial role in
regulating lipid metabolic processes [23,24].

Feeding/meal time can directly activate nutrient-sensing pathways to regulate metabolic
processes in organisms and is independent of photoperiod [25,26]. Time-restricted feeding
(TRF) is thought to prevent and treat metabolic diseases by maintaining optimal nutrient
utilization [25]. In rodents, TRF was found to reduce the total cholesterol, triglyceride,
glucose, and insulin levels and improve glucose control and insulin sensitivity [27]. Further-
more, in some metabolic disorder animal models and populations suffering from metabolic
diseases such as in mice fed high-fat diets, TRF reduced the body fat accumulation, im-
proved glucose tolerance, and stabilized the circadian rhythm of the central biological clock
compared to ad libitum feeding [28–30]. In a biological clock-deficient mouse model, TRF
prevented the development of obesity and metabolic syndrome [31]; TRF restored muscle
function in a Drosophila model of obesity and rhythm disorders [32]. In overweight pa-
tients with type 2 diabetes, TRF improved glucose and insulin sensitivity [33]. In addition,
in mice, TRF repaired the attenuation of biological clock rhythms in peripheral tissues
(liver and white adipose tissue) due to continuous light (LL) [34]. In recent years, several
review publications have summarized the positive role of TRF in regulating metabolic
homeostasis [26,35,36].

Although TRF has shown extraordinary effects on metabolic regulation in humans
and some model organisms, studies in lower vertebrates such as fish are still scarce [37].
Aquaculture is currently the fastest-growing form of food production globally, providing
more than 82 million tons of high-quality protein for humans in 2018 [38]. Although
there have been several reports focusing on the impact of light pollution on aquatic organ-
isms [39–41], the negative impacts of light pollution on aquatic animals have not received
much attention compared to terrestrial animals [42]. In fish, light pollution research has
focused on behavior [43–45], community structure [46], physiology [47,48], and fitness [49],
with very limited information on metabolism [50,51]. The vast majority of studies have
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reported that fish melatonin levels were suppressed by ALAN [42,48,52]. Melatonin is
an important mediator of the conversion of exogenous temporal signals into endogenous
biological rhythms [53], and the disruption of melatonin rhythms in fish by ALAN can also
have an impact on lipid metabolism. Previous studies have reported that LL exposure led
to an increased lipid content in some fish such as Atlantic salmon (Salmo salar) [54,55] and
gibel carp (Carassius auratus) [50], which may be attributed to disturbed lipid metabolism
under LL.

Rainbow trout (Oncorhynchus mykiss) is an economically important cold-water fish.
As an important representative species of salmonids, it occupies an essential position in
aquaculture production, with global aquaculture production reaching 848,051 tons and
a value of 3.88 billion USD in 2018 [56]. Rainbow trout is also an important model fish,
and there have been several studies on the effects of photoperiod and restricted feeding on
metabolism [57,58]. As a representative species of teleost fish, it is necessary to determine
the impact of light pollution on its lipid metabolism, and whether TRF can mitigate this
state. Thus, this study investigated (1) the effects of ALAN on the body composition and
lipid metabolism of juvenile rainbow trout by simulating light pollution with continuous
light (LL) and (2) whether TRF could mitigate the negative effects of light pollution through
three feeding regimes.

2. Materials and Methods
2.1. Fish

This study was approved by the Animal Care and Use Committee of Ningbo University
and carried out in the recirculating aquaculture system (RAS) (HISHING, Qingdao, China)
at the School of Marine Sciences pilot plant, Ningbo University from July to November 2020.
The juvenile rainbow trout were purchased from a commercial nursery (Shandong, China).
Fish were acclimatized for one month in the RAS and randomly fed with a commercial
diet (about 2% body weight, Tech-Bank, Ningbo, China, Supplementary Table S1). The
feeding schedule was provided by random number generator software (RAND function of
Microsoft Excel) according to Nisembaum et al. (2012) [59]. The environmental conditions
were maintained as follows: the photoperiod was 12L:12D (lights-on at 6:00, the light intensity
on the water surface is 100–200 lx), the water temperature at 16.5 °C ± 1 ◦C, the dissolved
oxygen was higher than 9 mg/L, and the ammonia nitrogen was lower than 0.05 mg/L.

2.2. Experiment Design

After the acclimation, 840 healthy fish (18.98 ± 1.69 g/fish) were weighed and ran-
domly assigned to 42 culture tanks (volume 600 L, Supplementary Figure S1), with 20 fish
in each tank. The experiment included two photoperiods: 24L:0D (LL, constant light with
100–200 lx light intensity on the water surface) and 12L:12D (LD, lights-on at 6:00, light-off
at 18:00, the light intensity on the water surface is 100–200 lx); three feeding regimes:
random feeding (R), mid-dark stage feeding (D), and mid-light stage feeding (L). In this
study, automatic feeding machines (YF-9258, Fish Baby, Sichuan, China) were used, and the
feeding time and quantity were set in advance. A total of six experimental treatments were
combined: R-LL, D-LL, L-LL, R-LD, D-LD, and L-LD, and each treatment included seven
culture tanks (each treatment included seven replicates). The growth experiment lasted
three months, and the cultural management and environmental conditions were consistent
with the acclimation.

2.3. Sample Collection

At the end of the three-month growth experiment, all fish were deprived of food for
24 h. To reduce the effect of food anticipatory activity (FAA) on the blood metabolite levels,
sampling was started 4 h after the feeding point. That is, all fish were starved for 28 h. MS-
222 was used to anesthetize the fish, and 12 fish were randomly selected from each tank for
sample collection. Two fish were randomly selected and frozen at −20 ◦C to determine the
body composition. The blood was immediately collected from the remaining 10 fish by the
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tail vein method. The blood was stored in a 1.5 mL EP tube, left at 4 ◦C overnight, and then
centrifuged at 2500 rpm at 4 ◦C for 10 min. The supernatant (serum) was stored at −80 ◦C
until analysis of the hematological parameters. The fish was immediately dissected after
the blood was taken; the liver, intestine, and dorsal muscle were separated and quick-frozen
in liquid nitrogen, then stored at −80 ◦C until analysis.

2.4. Biochemical Analysis

The biochemical composition of the whole fish, dorsal muscle, and liver was deter-
mined according to AOAC (1995) [60]. First, the sample was dried to constant weight by a
freeze dryer (LL1500, Thermo Scientific, Waltham, MA, USA), and the reduced mass was
the moisture; then, the crude protein content in the sample was determined by a Kjeldahl
analyzer (K355/K437, Buchi, Flawil, Switzerland) and the crude lipid in the sample was
determined by a Soxhlet extractor (E816, Buchi, Flawil, Switzerland). The ash content of the
whole fish was determined by a muffle furnace at 550 ◦C for 12 h. Total protein (TP), glucose
(Glu), triglyceride (TG), lactic acid (LA), total cholesterol (T-CHO), high-density lipoprotein
cholesterol (H-DLC), and low-density lipoprotein cholesterol (L-DLC) in serum and glyco-
gen in the muscle and liver were all measured using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the instructions. Fatty acids in
the liver, dorsal muscle, and serum were determined by gas chromatography (GC7890B,
Agilent Technologies, Santa Clara, CA, USA) as described in Liu et al. (2021) [61].

2.5. Gene Expression

The total RNA of the liver was extracted with a commercial kit RNA isolator (R401-01,
Vazyme, Nanjing, China). The quality of total RNA was checked by an ultramicro-
spectrophotometer (Nanodrop 2000, Thermo Scientific, Waltham, MA, USA) and 1% gel
electrophoresis. The RNA was reverse transcribed into cDNA using a HiFiScript cDNA
Synthesis Kit (CW2569M, CWBIO, Beijing, China).

Real-time PCR was used to analyze the relative expression of the lipid metabolism-
related genes (fatty acid synthase (fas), ∆6-fatty acid desaturase (∆6-fad), ∆9-fatty acid
desaturase (∆9-fad), elongation of very long-chain fatty acid protein 2 (elovl2), elongation
of very long-chain fatty acid protein 5 (elovl5), sterol regulatory element binding protein 1c
(srebp1c), peroxisome proliferators-activated receptor α (pparα), peroxisome proliferators-
activated receptor β (pparβ), peroxisome proliferators-activated receptor γ (pparγ), carnitine
palmitoyl transferase 1a (cpt1a), lipoprotein lipase (lpl), cluster of differentiation 36/fatty
acid translocase (cd36/fat), and fatty acid transport protein 1 (fatp1)) in the liver. The total
reaction volume was 20 µL including 10 µL of 2 × MagicSYBR Mixture (CW3008H, CWBIO,
Beijing, China), 2 µL of cDNA, 0.4 µL of each primer (10 µM), and 7.2 µL of ddH2O. A
Real-Time PCR System (QuantStudio™ 6 Flex, Life Technologies, Carlsbad, CA, USA) was
used with the program as follows: 95 ◦C for 30 s; 45 cycles at 95 ◦C for 5 s, 60 ◦C for 30 s; and
95 ◦C for 15 s. The specific primers used in this study are shown in Supplementary Table S2
and were synthesized by a commercial company (Youkang Biological Technology Co.,
Ltd., Hangzhou, China). The relative expression level of the target genes was normalized
by β-actin and elongation factor-1α (ef1α) and calculated by the comparative CT method
(2−∆∆CT method) [62].

2.6. Statistical Analysis

All statistical analyses were performed on SPSS 22.0 and R 4.1.2 software. First, all
data were checked for homogeneity and normal distribution through Levene’s test and the
Kolmogorov–Smirnov test, respectively. Then, a two-way ANOVA was performed with the
photoperiod and feeding regime. Meanwhile, t-tests were performed for the photoperiod,
and one-way ANOVA followed by Duncan’s multiple range test were performed for
the feeding regime. p < 0.05 and p < 0.01 were considered as significant differences and
extremely significant differences, respectively. In addition, the principal component analysis
(PCA) was used to analyze the liver, dorsal muscle, and serum fatty acid profile. Finally,
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the structural equation model (SEM), based on partial least squares path modeling (PLS-
PM) [63], demonstrates the relationships between the photoperiod, feeding regime, lipid
metabolism genes, serum metabolites, and body composition. Data related to growth
performance and feed utilization of juvenile rainbow trout were also obtained in this study
and have been presented in a separate unpublished paper.

3. Results
3.1. Body Composition

The juvenile rainbow trout whole-body composition was influenced by the photope-
riod and feeding regime (Figure 1a and Supplementary Table S3). The LL environment
significantly increased whole-body lipid content and decreased whole-body ash content
(p < 0.05). The whole-body moisture content in the R group was significantly higher than
that in the L and D groups, and the whole-body lipid content in the D group was signifi-
cantly higher than that in the R and L groups (p < 0.05). There was no interaction between
the photoperiod and feeding regime on the whole-body composition (p > 0.05).

Metabolites 2022, 12, x FOR PEER REVIEW 5 of 20 
 

 

2.6. Statistical Analysis 

All statistical analyses were performed on SPSS 22.0 and R 4.1.2 software. First, all 

data were checked for homogeneity and normal distribution through Levene’s test and 

the Kolmogorov–Smirnov test, respectively. Then, a two-way ANOVA was performed 

with the photoperiod and feeding regime. Meanwhile, t-tests were performed for the pho-

toperiod, and one-way ANOVA followed by Duncan’s multiple range test were per-

formed for the feeding regime. p < 0.05 and p < 0.01 were considered as significant differ-

ences and extremely significant differences, respectively. In addition, the principal com-

ponent analysis (PCA) was used to analyze the liver, dorsal muscle, and serum fatty acid 

profile. Finally, the structural equation model (SEM), based on partial least squares path 

modeling (PLS-PM) [63], demonstrates the relationships between the photoperiod, feed-

ing regime, lipid metabolism genes, serum metabolites, and body composition. Data re-

lated to growth performance and feed utilization of juvenile rainbow trout were also ob-

tained in this study and have been presented in a separate unpublished paper. 

3. Results 

3.1. Body Composition 

The juvenile rainbow trout whole-body composition was influenced by the photo-

period and feeding regime (Figure 1a and Supplementary Table S3). The LL environment 

significantly increased whole-body lipid content and decreased whole-body ash content 

(p < 0.05). The whole-body moisture content in the R group was significantly higher than 

that in the L and D groups, and the whole-body lipid content in the D group was signifi-

cantly higher than that in the R and L groups (p < 0.05). There was no interaction between 

the photoperiod and feeding regime on the whole-body composition (p > 0.05). 

 

Figure 1. The body composition of juvenile Oncorhynchus mykiss under different experimental treat-

ment. (a) Whole fish. (b) Liver. (c) Dorsal muscle. 

The juvenile rainbow trout liver composition was influenced by the photoperiod and 

feeding regime (Figure 1b and Supplementary Table S3). The LL environment signifi-

cantly reduced the liver moisture content and increased the liver lipid content (p < 0.05). 

The liver protein content in the R group was significantly lower than those in the L and D 

groups (p < 0.05). The liver glycogen content showed R > D > L (p < 0.05) (Figure 4h and 

Supplementary Table S3). Photoperiod and feeding regime had an interactive effect on the 

liver glycogen content (p < 0.05). In the LL environment, the R group liver glycogen con-

tent was significantly higher than the D and L groups (p < 0.05). In the LD environment, 

the L group liver glycogen content was significantly lower than the R and D groups (p < 

0.05). Under the D treatment, the liver glycogen content of the LD group was significantly 

higher than that of the LL group. 

Figure 1. The body composition of juvenile Oncorhynchus mykiss under different experimental
treatment. (a) Whole fish. (b) Liver. (c) Dorsal muscle.

The juvenile rainbow trout liver composition was influenced by the photoperiod and
feeding regime (Figure 1b and Supplementary Table S3). The LL environment significantly
reduced the liver moisture content and increased the liver lipid content (p < 0.05). The
liver protein content in the R group was significantly lower than those in the L and D
groups (p < 0.05). The liver glycogen content showed R > D > L (p < 0.05) (Figure 4h and
Supplementary Table S3). Photoperiod and feeding regime had an interactive effect on the
liver glycogen content (p < 0.05). In the LL environment, the R group liver glycogen content
was significantly higher than the D and L groups (p < 0.05). In the LD environment, the L
group liver glycogen content was significantly lower than the R and D groups (p < 0.05).
Under the D treatment, the liver glycogen content of the LD group was significantly higher
than that of the LL group.

The juvenile rainbow trout dorsal muscle composition was influenced by the photope-
riod (Figure 1c and Supplementary Table S3). The LL environment significantly reduced
the dorsal muscle moisture content and elevated the dorsal muscle lipid content (p < 0.05)
and the dorsal muscle glycogen was significantly higher in the L group than in the R and
D groups; in the D treatment, the dorsal muscle glycogen was markedly lower in the LL
group than in the LD group (p < 0.05) (Figure 4i and Supplementary Table S3). There was no
interaction between the photoperiod and feeding regime on the dorsal muscle composition
(p > 0.05).

The liver fatty acid profile was influenced by the photoperiod and feeding regime
(Figure 2a and Supplementary Table S4). The LL environment significantly reduced the
saturated fatty acid (SFA) proportion; the D group significantly increased the monounsatu-
rated fatty acid (MUFA) proportion and significantly reduced the polyunsaturated fatty
acid (PUFA) and long-chain polyunsaturated fatty acid (LC-PUFA) proportions compared
to the R and L groups (p < 0.05). Photoperiod and feeding regime had an interactive effect
on the liver SFA and PUFA proportions (p < 0.05). The results of the principal component
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analysis (PCA) revealed that the liver fatty acid profile in group D (D-LL and D-LD) was
distinguished from the other groups (Figure 2b,c).
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liver fatty acids. (d) Proportion of serum fatty acids; (e) PCA score plot of serum fatty acids; (f) PCA
loading plot of serum fatty acids. (g) Proportion of dorsal muscle fatty acids; (h) PCA score plot of
dorsal muscle fatty acids; (i) PCA loading plot of dorsal muscle fatty acids.

The serum fatty acids profile was mainly influenced by the feeding regime (Figure 2d
and Supplementary Table S5). In the R group, the SFA proportion was significantly higher
than that in the D group, the MUFA proportion was significantly lower than that in the D
group, and the PUFA and LC-PUFA proportions were markedly lower than those in the D
and L groups (p < 0.05). The PCA results revealed that the serum fatty acid profiles of the
different treatments were not significantly separated (Figure 2e,f).

The dorsal muscle fatty acid profile was mainly influenced by the photoperiod
(Figure 2g and Supplementary Table S6). The LL environment significantly increased the
SFA and MUFA proportions and decreased the PUFA and LC-PUFA proportions (p < 0.05).
The PCA results revealed that different photoperiods (LL vs. LD) were able to separate the
fatty acid profiles of the dorsal muscle (Figure 2h,i).

3.2. Lipid Metabolism Genes

In the present study, lipid metabolism-related genes were influenced by the photope-
riod and feeding regime (Figure 3 and Supplementary Table S7). Lipid metabolism genes
were simply classified into three major classes according to their functions: lipid synthesis
and deposition, lipolysis and oxidation, and lipid transport.
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Figure 3. Gene expression of juvenile Oncorhynchus mykiss under different experimental treatments.
fas: Fatty acid synthase, ∆6-fad: ∆6-fatty acid desaturase, ∆9-fad: ∆9-fatty acid desaturase, elovl2: Elon-
gation of very long-chain fatty acid protein 2, elovl5: Elongation of very long-chain fatty acid protein
5, srebp-1c: Sterol regulatory element binding protein 1c, pparα: Peroxisome proliferators-activated
receptor α, pparβ: Peroxisome proliferators-activated receptor β, pparγ: Peroxisome proliferators-
activated receptor γ, cpt-1a: Carnitine palmitoyl transferase 1a, lpl: Lipoprotein lipase, cd36/fat:
Cluster of differentiation 36/Fatty acid translocase, fatp-1: Fatty acid transport protein 1.

For lipid synthesis and deposition, the fas, ∆9-fad, elovl2, elovl5, srebp-1c, and pparγ
genes’ expression were affected by the photoperiod (Figure 3 and Supplementary Table S7).
The LL environment resulted in the upregulation of fas and srebp-1c gene expression and
the downregulation of the expression of the ∆9-fad, elovl2, elovl5, and pparγ genes. The
feeding regime affected the expression of the fas, ∆6-fad, ∆9-fad, srebp-1c, and pparγ genes.
The L group upregulated ∆6-fad and ∆9-fad gene expression, the D group upregulated
srebp-1c gene expression, and the R group upregulated pparγ gene expression. There was
an interactive effect of photoperiod and feeding strategy on fas, ∆6-fad, ∆9-fad, and elovl2
gene expression.

For lipolysis and oxidation, pparβ, cpt-1a, and lpl gene expression was affected by the
photoperiod (Figure 3 and Supplementary Table S7). The LL environment downregulated the
expression of these three genes. The feeding regime affected the expression of the pparα, pparβ,
and cpt-1a genes. The R group downregulated pparα gene expression, the L group upregulated
pparβ gene expression, and the R group downregulated cpt-1a gene expression. There was an
interactive effect of photoperiod and feeding regime on cpt-1a and lpl gene expression.

For lipid transport, cd36/fat and fatp-1 gene expression was influenced by the photope-
riod (Figure 3 and Supplementary Table S7). The LL environment upregulated cd36/fat
gene expression and downregulated fatp-1 gene expression. The feeding regime affected
the expression of the cd36/fat and fatp-1 genes. The expression of the cd36/fat gene was
upregulated in group D. The trend of fatp-1 gene expression can be shown as R < D < L.
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3.3. Serum Metabolites

Serum glucose (Glu), triglyceride (TG), total cholesterol (T-CHO), lactic acid (LA), and
high-density lipoprotein cholesterol (H-DLC) were affected by the photoperiod and feeding
regime (Figure 4a–e and Supplementary Table S3). The LL environment significantly reduced
the LA levels (p < 0.05). The R group had a significantly higher Glu than the D and L groups,
and the R group had significantly lower TG, LA, and H-DLC than the D group (p < 0.05).
Individually, under the LD environment, TG was significantly lower in the R group than in
the D and L groups. Under the LL environment, T-CHO showed R < D < L while under the
L treatment, the LL environment significantly increased the H-DLC levels (p < 0.05).
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Figure 4. Serum metabolites and glycogen of juvenile Oncorhynchus mykiss under different exper-
imental treatments (mean ± SD, n = 6). (a) Glucose; (b) triglyceride; (c) total cholesterol (d) lactic
acid; (e) high-density lipoprotein cholesterol; (f) low-density lipoprotein cholesterol; (g) total protein;
(h) hepatic glycogen; (i) muscle glycogen. Different lowercase letters and capital letters indicate a
significant difference among the different feeding strategy at the LL (constant light) and LD (12L:
12D, lights-on at 6:00), respectively (p < 0.05). Asterisks denote significant differences between
photoperiods at the same feeding strategy (* p < 0.05; ** p < 0.01).

3.4. Structural Equation Model

The structural equation model (SEM) based on partial least squares path modeling
(PLS-PM) demonstrates the relationships between the photoperiod, feeding regime, lipid
metabolism genes, serum metabolites, and body composition (Figure 5). The observed
variables in this study were classified into the above five latent variables, and those with a
loading value < 0.7 were excluded (Supplementary Figure S2) [63]. Photoperiod was signif-
icantly negatively correlated with lipid metabolism genes (path coefficients (PC) = −0.6027,
p < 0.01) and serum metabolites (PC = −0.3925, p < 0.05), and was positively correlated
with body composition (PC = 0.9750, p < 0.01). Feeding regime was significantly positively
correlated with lipid metabolism genes (PC = 0.7363, p < 0.01) and serum metabolites
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(PC = 1.7234, p < 0.01), and negatively correlated with body composition (PC = −0.7069,
p = 0.215). Lipid metabolism genes were significantly negatively correlated with serum
metabolites (PC = −1.2794, p < 0.01) and lipid metabolism genes (PC = 0.5055, p = 0.294) and
serum metabolites (PC = 0.6361, p < 0.05) were positively correlated with body composition.
The goodness of fit (GOF) of the model was 0.8368.
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Figure 5. The structural equation model (SEM) based on partial least squares path modeling (PLS-PM)
demonstrates the relationships between the photoperiod, feeding regime, digestive enzyme, lipid
metabolism genes, serum hormones, serum metabolites, and body composition. Numbers on arrows
are path coefficients. * means p < 0.05, ** means p < 0.01. Arrow widths show the strength of the causal
relationship. Red arrows indicate positive correlation, blue arrows indicate negative correlation.

4. Discussion

In the present study, LL decreased the moisture content in the liver and dorsal muscle
and increased the lipid content in the whole-body, liver, and dorsal muscle. Similarly,
LL increased the whole-body lipid content of Atlantic salmon (Salmo salar) [55]. In gibel
carp (Carassius auratus), the lipid content in the whole-body, liver, and muscle gradually
increased with prolonged light exposure [50]. An interesting phenomenon was observed
that LL led to a decrease in the ash content of the whole-body. Some studies in Atlantic
salmon have found that LL decreases the bone mineral content [64], affects mineralization,
and delays osteoid incorporation [65], and even causes vertebrae malformations [66].
Similarly, LL caused a higher lower jaw malformation in European sea bass (Dicentrarchus
labrax) [67]. In gilthead seabream (Sparus aurata), Mhalhel et al. (2020) [68] found that
exogenous melatonin supplementation affected normal skeletogenesis and caused bone
deformities by regulating the expression of genes related to bone formation. Fish receive
external light signals and convert environmental time cues into endogenous biological
signals through melatonin secretion [53]. Therefore, the increased bone deformity caused by
LL may be related to the loss of coordination between the skeletal muscle and bone function
caused by the disturbance of the circadian clock [68]. Although no bone deformities were
observed in juvenile rainbow trout in the LL group, the significantly low whole-body ash
and higher lipid deposition may be a warning sign of concern in the metabolic disturbance.

Aside from light, the feeding regime also affected the rainbow trout’s body composi-
tion. The R group fish had a higher whole-body moisture, lower whole-body lipid, and
lower liver protein, which may reflect the poor nutritional status and feed utilization. This
result is not surprising because random feeding could not induce food anticipatory activ-
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ity (FAA) [69–71], thus failing to increase locomotor activity and optimize digestive and
metabolic processes before feeding [72–74]. In addition, the serum Glu level in the R group
was significantly higher than in the TRF group. Similar results have also been reported
in gilthead seabream [74,75]. Sánchez et al. (2009) [75] concluded that random feeding
stressed the fish, increasing the plasma Glu levels. The animal can store excess glucose in
the form of glycogen in the liver and muscle [76]. In fish, hepatic glycogen synthesis is one
of the metabolic pathways of blood glucose, and elevated blood glucose levels often cause a
simultaneous increase in hepatic glycogen content [77]. Similarly, significantly higher liver
glycogen was also observed in the R group. High hepatic glycogen levels reflect the passive
adaptation of juvenile rainbow trout to high blood glucose. However, as a carnivorous
fish, rainbow trout have a minimal ability to utilize glucose, so high glycogen levels may
become a metabolic burden. On the other hand, random feeding may encourage fish to
store more glycogen in response to possible food deficiencies.

However, contrary to expectations, TRF did not alleviate the whole-body, liver, and
muscle lipid deposition caused by the LL. Fish body lipid content results from the balance
between lipid synthesis and catabolism. Previous studies have attributed the elevated
body lipid content to the following four conditions: (1) stable lipolysis and increased
lipogenesis; (2) decreased lipolysis and increased lipogenesis; (3) decreased lipolysis and
stable lipogenesis; and (4) slightly increased lipolysis and vastly increased lipogenesis [78].
The liver is the central organ of lipid metabolism, and the expression of lipid metabolism-
related genes in the liver reflects the lipid metabolism of juvenile rainbow trout. In the
present study, LL upregulated the expression of fas and srebp-1c genes and downregulated
the expression of pparα, pparβ, cpt-1a, and lpl genes. Based on the above results, the rise in
the lipid content of juvenile rainbow trout caused by LL may be due to (2) or (3). In addition,
cd36/fat gene expression was significantly upregulated, and fatp-1 gene expression was
significantly downregulated in the LL group. Studies in mice have found that CD36/FAT
protein promotes the intestinal absorption of fatty acids [21], and the upregulation of
cd36/fat expression in the liver is associated with hepatic TG accumulation, elevated serum
TG, and obesity [79]. In this study, the serum TG and H-DLC levels were also increased by
LL. The fatp-1 gene is involved in the uptake and oxidation of long-chain fatty acids [22]
and its expression is upregulated in the liver by the upstream gene pparα [80]. The present
study also observed the same expression trend of the pparα and fatp-1 genes.

Notably, under the LL environment, TRF (especially in the L group) downregulated
the mRNA abundance of fas and srebp-1c genes and upregulated the mRNA abundance
of the pparα, pparβ, cpt-1a, lpl, and fatp-1 genes. Similarly in mice livers, TRF was found
to downregulate the expression of srebp-1c genes and upregulate the expression of cpt-1a
genes [81]. Theoretically, lipid synthesis was inhibited in the TRF group, while oxidative
catabolism was enhanced, which should lead to a decrease in lipid content. However, TRF
also induced FAA (unpublished data), which led to an enhanced ability of rainbow trout to
obtain lipids from the diet. In serum, the TG, T-CHO, and H-DLC levels in the TRF group
were higher than those in the R group, reflecting a more active lipid metabolism and better
nutritional status [82], thus supporting that the increased lipid absorption and transport level
contributed to the body lipid deposition. Thus, in the RTF group, the uptake and utilization of
exogenous lipids were probably prioritized over the synthesis and catabolism of endogenous
lipids, which ultimately did not alleviate the lipid deposition caused by LL. On the other
hand, although TRF corrected the attenuation of peripheral biological clock oscillations
caused by LL [34] and alleviated the development of metabolic disease in a biological clock
defect/metabolic disorder model in mammals [30,31], the relationship between the central
and peripheral biological clocks in fish is more complex, and there does not seem to be a
strict hierarchy between the central and peripheral biological clocks [83], which may be one
of the reasons why TRF failed to alter the lipid deposition in the present study.

Though TRF did not alter the lipid deposition caused by LL, the resting period feeding
still had a significantly different effect on the fish. The whole-body and the liver lipids
were significantly higher in the D group than in the R and L groups in the LD photope-
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riod. In the wild, food is not continuously available, and fish exhibit different feeding
rhythms to balance food availability and the occurrence of predators [84]. Fish metabolism
is regulated by central and peripheral biological clocks (synchronized by light and food, re-
spectively) [85]. Rainbow trout are diurnal feeders [86–88], and midnight feeding decouples
the synchronization of the central and peripheral biological clocks, disrupts the metabolic
process, and leads to lipid deposition and obesity [89]. Interestingly, it is noteworthy that
the midnight feeding did not have the same effect in LL. This result suggests that the
light–dark cycle may be a prerequisite for resting period feeding to induce lipid deposition,
or that strict active and resting periods may not exist when light zeitgeber is absent. In the
present study, compared with the L group, the D group had a higher expression of the fas,
srebp-1c, and cd36/fat genes and a lower expression of the pparα, pparβ, and cpt-1a genes.
These results suggest that lipid accumulation in the D group may be attributable to the
upregulation of lipid synthesis and uptake. On the other hand, the upregulation of lipid
oxidative catabolism in the L group may be associated with higher energy requirements
for more frequent activity. The enhanced locomotor activity by TRF has also been widely
reported in fishes [90,91]. In addition, higher muscle glycogen was observed in the L group.
Rainbow trout muscles have been shown to have the ability to synthesize glycogen in
situ [92], so high muscle glycogen may be an adaptation to the high energy demand of
frequent locomotion in the L group. Muscle glycogen is not directly catabolized for energy
but needs to be catabolized into LA and transported through the blood circulation to the
liver for metabolism. A high serum LA level was detected in the L group.

Furthermore, this study also analyzed the fatty acid composition in the liver, serum,
and muscle of juvenile rainbow trout. As the central organ of lipid metabolism, the liver
reflects the metabolic process of fatty acid synthesis and decomposition. Fatty acids are
the favored source of metabolic energy in fish [93]. Tocher (2003) [94] concluded that
the priority of fatty acid oxidation for energy supply in most fish was SFA > MUFA >
PUFA > LC-PUFA. In this study, the liver’s SFA (mainly C16:0) proportion was lower in
the LL group than in the LD group, indicating an enhanced energy metabolism due to
ALAN [95], as C16:0 is preferentially used for energy consumption when subjected to
LL stress [96,97]. Furthermore, interestingly, the MUFA proportion in the LL group was
higher than that in the LD group, but the PUFA and LC-PUFA proportions did not differ
between the two photoperiods, suggesting that the excess MUFA in the LL group did not
further synthesize PUFA and LC-PUFA. MUFA can be further synthesized into PUFA and
LC-PUFA by elongase and desaturase [93]. The relative expression levels of the ∆6-fad,
∆9-fad, elovl2, and elovl5 genes in the LL group were lower than those in the LD group.
These results imply that LL may hinder the synthesis of PUFA and LC-PUFA by inhibiting
the expression of elongase and desaturase genes. In Atlantic salmon, Nemova (2021) [54]
found that LL increased the LC-PUFA (EPA and DHA) levels and 16:0/18:1n9 ratio, which
was considered as preparation for smoltification. However, this phenomenon was not
observed in the present study, probably because rainbow trout are landlocked salmonids.

Regarding the feeding regime, the TRF groups had higher MUFA and lower PUFA
and LC-PUFA (especially in the D group) compared with the R group. The gene expression
analysis of the PUFA-related synthases showed that the expression levels of the ∆6-fad and
∆9-fad genes in the TRF groups were higher than in the R group. In contrast, the feeding
regime did not affect the relative expression of the elovl2 and elovl5 genes, implying that the
expression patterns of the desaturase and elongase genes were different in rainbow trout.
Furthermore, an interaction between the feeding regime and photoperiod on the fatty acid
profile of rainbow trout liver was observed. Under the LD photoperiod, the proportion of
PUFA was significantly lower in the D group than in the R and L groups. However, there
was no statistical difference in the proportion of PUFA under the LL, and the proportion
of PUFA in the D-LD group was also significantly lower than that in the D-LL group.
First, compared with the L group, the expression levels of the ∆6-fad, ∆9-fad, elovl2, and
elovl5 genes were lower in the D group, indicating that mismatched feeding may inhibit
the synthesis of PUFA in rainbow trout. Similarly, mismatched feeding resulted in the
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downregulation of the expression of the PUFA synthesis gene (elovl6) in darkbarbel catfish
(Pelteobagrus vachellii) [98]. In addition, the cd36/fat gene expression was significantly
higher in the D-LL group than in the D-LD group, indicating that LL promoted fatty acid
uptake in the D-LL group. These phenomena eventually led to a significantly lower PUFA
proportion observed only in the D-LD group. The results of liver fatty acid PCA analysis
also clearly distinguished the D-LD group from the other groups.

The fatty acid profile in serum reflects the transport of fatty acids, and unsurprisingly,
feeding regime caused extensive changes, with little contribution from the photoperiod.
Briefly, the TRF groups had lower SFA and relatively higher MUFA, PUFA, and LC-PUFA
than the R group. Additionally, a higher expression of the fatp1 gene was detected in
the TRF group. Compared with SFA, PUFA and LC-PUFA play a more important role in
fish [93]. The present study results suggest that TRF facilitated the absorption and transport
of these critical fatty acids and that FAA induced by TRF may play an important role in
this process. In contrast to the serum, the fatty acid composition in muscle was mainly
affected by the photoperiod and was almost independent of the feeding regime. Compared
to the LD group, the LL group had a higher SFA, MUFA, and lower PUFA. A previous
study suggested that highly unsaturated fatty acids (HUFA) (mainly EPA and DHA) have
anti-stress effects in fish [99]. In the present study, LL exposure may have caused stress
in rainbow trout [97], leading to a decrease in the proportion of HUFA in muscle. On
the other hand, it was found that rainbow trout [100] and Mesopotamian catfish (Silurus
triostegus) [101] had a higher MUFA and lower PUFA in summer (long daylight) than
in winter (short daylight). Xie et al. (2013) [99] suggested that seasons affect fatty acids
mainly related to changes in the photoperiod and temperature. The differential effects of
photoperiod and feeding regime on the fatty acid profiles of different tissues reflect the
functional variability between tissues. It has also been shown that the target tissues of light
and food (as zeitgeber) are different in fish [90]. Further studies are needed to elucidate the
molecular mechanisms underlying the differential effects of light and food on the fatty acid
profiles of different tissues.

5. Conclusions

The present study investigated (1) the effects of ALAN on the body composition and
lipid metabolism of juvenile rainbow trout (Oncorhynchus mykiss) through a LL environment
and (2) whether the negative effects could be alleviated through TRF. The results showed
that ALAN strongly impacted the lipid metabolism in juvenile rainbow trout, increased
lipid synthesis, and decreased lipid oxidative catabolism, leading to lipid accumulation
and a significant decrease in LC-PUFA proportion in the muscle. Unexpectedly, TRF could
not alleviate rainbow trout lipid deposition caused by ALAN. Even subjective nocturnal
feeding (D-LL) tended to exacerbate lipid deposition. Unlike the strict subordination in
mammals, the independent relationship between the central and peripheral biological
clocks in fish could be an important reason as to why TRF does not work. Further studies
are needed to elucidate the mechanism behind this.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo12100904/s1, Figure S1: Schematic diagram of the culture tank,
the left side is the side view, and the right side is the top view with the top cover removed (1. Feeding
port, 2. LED full-spectrum light, 3. Shading cloth, 4. Top cover, 5. Water outlet, 6. water outlet pipe, 7.
water inlet pipe, 8. water inlet, 9. blue tank wall, 10. beam for fixing LED full spectrum light); Figure S2:
Correlation between latent and observed variables. Numbers on arrows are loading values (The loading
value < 0.7 are excluded). fatp-1: Fatty acid transport protein 1, cpt-1a: Carnitine palmitoyl transferase 1a,
pparβ: Peroxisome proliferators-activated receptor β, pparα: Peroxisome proliferators-activated receptor
α, pparγ: Peroxisome proliferators-activated receptor γ, elovl2: Elongation of very long-chain fatty
acid protein 2, ∆9-fad: ∆9-fatty acid desaturase, ∆6-fad: ∆6-fatty acid desaturase, TP: Total protein, L-
DLC: Low-density lipoprotein cholesterol, H-DLC: High-density lipoprotein cholesterol, T-CHO: Total
cholesterol, TG: Triglyceride, Glu: Glucose, M-LCPUFA: Dorsal muscle long-chain polyunsaturated fatty
acid, M-PUFA: Dorsal muscle polyunsaturated fatty acid, M-MUFA: Dorsal muscle monounsaturated
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fatty acid, M-Lipid: Dorsal muscle lipid, M-Moisture: Dorsal muscle moisture, L-Lipid, Liver lipid.
Table S1: The main nutrients of the commercial diet used in this experiment; Table S2: The specific
primers used for real-time PCR in this study; Table S3: Proximate composition of juvenile Oncorhynchus
mykiss under different experimental treatment; Table S4: Liver fatty acids composition of juvenile
Oncorhynchus mykiss under different experimental treatment; Table S5: Serum fatty acids composition
of juvenile Oncorhynchus mykiss under different experimental treatment; Table S6: Dorsal muscle
fatty acids composition of juvenile Oncorhynchus mykiss under different experimental treatment;
Table S7: Gene expression of juvenile Oncorhynchus mykiss under different experimental treatment.
References [102–109] cited in the supplementary materials.
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