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Multigenerational mistimed
feeding drives circadian
reprogramming with an impaired
unfolded protein response

Kai Huang1†, Tao Zhang1†, Wenjun Zhang1, Yue Gu1, Pan Yu1,
Lanqing Sun2, Zhiwei Liu1, Tao Wang1* and Ying Xu1*

1Jiangsu Key Laboratory of Neuropsychiatric Diseases and Cambridge-Su Genomic Resource Center,
Medical School of Soochow University, Suzhou, Jiangsu, China, 2Department of Laboratory Medicine,
Affiliated Hospital of Jiangnan University, Wuxi, Jiangsu, China
Mistimed food intake in relation to the day/night cycle disrupts the synchrony of

circadian rhythms in peripheral tissues and increases the risk of metabolic

diseases. However, the health effects over generations have seldom been

explored. Here, we established a 10-generation mouse model that was

continuously fed with daytime-restricted feeding (DRF). We performed RNA-

seq analysis of mouse liver samples obtained every 4 h over a 24 h period from

F2, F5 and F10 generations exposed to DRF. Multigenerational DRF programs the

diurnal rhythmic transcriptome through a gain or loss of diurnal rhythmicity over

generations. Gene ontology (GO) analysis of the differential rhythmic

transcriptome revealed that adaptation to persistent DRF is accompanied by

impaired endoplasmic reticulum (ER) stress. Consistently, a substantially higher

level of folding-deficient proinsulin was observed in F10 liver tissues than in F2

and F5 liver tissues following tail vein injection. Subsequently, tunicamycin

induced more hepatocyte death in F10 samples than in F2 and F5 samples.

These data demonstrate that mistimed food intake could produce cumulative

effects over generations on ER stress sensitivity in mice.

KEYWORDS

mistimed feeding, multigenerational effect, rhythm reprogramming, unfolded protein
response, ER stress
Abbreviations:DRF, daytime-restricted feeding; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum-

associated degradation; GO, gene ontology; HRP, horseradish peroxidase; RER, respiratory exchange ratio;

RNA-seq, RNA sequencing; RT, room temperature; SCN, suprachiasmatic nucleus; SD, standard deviation;

TBST, Tris-buffered saline-tween; TM, tunicamycin; TUNEL, terminal transferase-mediated dUTP nick-end

labeling; UPR, unfolded protein response; VAT, visceral adipose tissue; VCO2, carbon dioxide production;

VO2, oxygen consumption; WAT, white adipose tissue.
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Introduction

Lifestyle has become more irregular in industrialized nations,

including night shift work, which negatively affects our overall

health and wellbeing. Irregular food intake itself may drive

downstream dysregulation of circadian rhythms in peripheral

tissues such as the liver and is believed to contribute to the

development of numerous diseases (1). Furthermore, skipping

breakfast or postponing dinner can lead to an increased risk of

obesity (2–4). Most animals consume their food during their active

phase of a daily cycle, which is the light phase for diurnal species

and the dark phase for nocturnal species. Daytime-restricted

feeding (DRF) programs glucose intolerance and impairs insulin

secretion in nocturnal rat offspring (5). Metabolic organs receive

food at the wrong time with subsequent temporal disruption of

anabolic and catabolic processes. These findings indicate that

individuals who eat at the wrong time may have progeny with

hepatic stress and dysfunction.

The circadian system is a hierarchically organized multi-

oscillator network consisting of a central clock located in the

suprachiasmatic nucleus (SCN) and oscillators in peripheral

organs (6, 7). The SCN coordinates peripheral oscillators to align

local clocks with geophysical time (8). These clocks are responsive

to environmental cues (e.g., light, food, temperature) to

accommodate daily recurring environmental changes by altering

clock gene expression or protein levels (9–11). Although the master

clock SCN is sensitive to light, feeding and fasting are the dominant

environmental cues for many other tissues, such as the liver (12).

Short-term studies of DRF in mice showed a 12 h phase shift of the

expression of liver and white adipose tissue (WAT) clock genes

(13). In liver and visceral adipose tissue (VAT), 61% and 80.5%

rhythmic genes reach the antiphase state after a 7-day DRF, which

are enriched in fatty acid metabolism, complex carbohydrates

metabolism, transport of lipids, and glucose metabolism (14).

Although changes in rhythmic gene expression caused by out-of-

phase feeding are well described in mice, it is not known whether

inverted meal timing induces a cumulative impact on rhythmic

gene expression over generations.

Endoplasmic reticulum (ER) is an important organelle that

serves many functions, particularly in protein synthesis, folding,

and transport. ER stress signaling and the unfolded protein

response (UPR) are triggered to restore cellular homeostasis, but

a prolonged ER stress response can activate apoptotic signals,

leading to damage to the target cells. External influences, such as

nutrient supply, can disrupt the function and homeostasis of the ER,

contributing to the progression of metabolic diseases (15).

However, food intake with an improper dietary time and nutrient

deprivation also disrupts ER homeostasis, representing an

additional source of ER stress. Indeed, historical nutrition

challenges influence the health and disease risk of offspring (16).

Therefore, the question remains whether ER stress dysfunction in

response to inverted meal timing could show an incremental impact

on further generations.

In this study, we identified two clusters of rhythmic liver RNA

expression that display a tendency to gain or lose rhythmicity from
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F2 to F10 in response to multigenerational DRF. We focused on the

ER stress pathway, including the rhythmic changes in ER stress-

associated genes and unfolded protein-mediated apoptotic

cell death.

Materials and methods

Animals

All C57BL/6 mice were housed in a specific pathogen-free

animal facility and maintained on a 12 h light:12 h dark cycle

(lights on at 8 a.m.). F1 mice were derived from ad libitum-fed (Ad)

mice and assigned to DRF from weaning. Mice of the following

generations were under DRF for life until they were euthanized for

experiments. DRF mice had access to food for 6 h from ZT2 to ZT8

(ZT = Zeitgeber time, ZT0 is light onset, ZT12 is light off).
Body weight, food intake, metabolic
rhythm measurement, and sperm count

Body weights were measured at birth and every 5 days from

weaning until 2 months of age. Then, mice were placed into

individual cages to record daily food intake. Consecutive mouse

activity, food consumption and respiratory exchange ratio (RER)

were measured by a comprehensive animal monitoring system

(Oxymax; Columbus Instruments). Sperm was collected from

epididymis as previously reported and calculated by MAKLER

COUNTING CHAMBER (17).
Triglyceride measurements

Blood was collected from the orbital sinus into sterile 1.5 ml

tubes containing citrate sodium (3 M). Then, blood cells were

removed by centrifugation at 2,000 g for 20 min at 4°C, the

supernatant was immediately aliquoted and stored at -80°C.

Plasma was prepared for TG analysis with 7100 automatic

biochemical analyzer (Hitachi). Hepatic TG was performed

according to the protocol of the TG assay kit (Nanjing Jiancheng

Bioengineering Institute, A110-1-1)
Tunicamycin administration

For the ER stress model, mice were intraperitoneally injected

with tunicamycin (APExBIO) dissolved in dimethyl sulfoxide

(DMSO) and diluted in sterile 150 mM dextrose at a dose of 0.5

mg/g body mass at ZT8, and tissues were sampled 24 h later.
Hydrodynamic injection

Mice were anesthetized, and then, plasmid DNA suspended in

sterile PBS in a volume equal to 10% of the body weight was injected
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in 5 to 7 s via the tail vein of mice. The amount of injected plasmid

was 6 mg flag-tagged folding-deficient mutant proinsulin, and tissue

samples were collected 20 h after injection.
RNA sequencing

Liver samples were collected at 4 h intervals from ZT0 to ZT20

and immediately stored at -80°C. Total RNA was then extracted by

the TRIzol procedure (Thermo Fisher). RNA purity and

concentration were assessed by RNA electrophoresis, NanoDrop,

and Agilent 2200 TapeStation analysis. RNA-seq was performed on

an Illumina MiSeq platform with PE 150 bp reads at the BGI

Genome Center, Shenzhen, China.

Raw sequence files were subjected to quality control analysis

using FastQC. Reads were mapped to the mouse reference genome

GRCm38/mm10 using bowtie (v1.1.2), and expression quantification

was performed using RSEM (v1.2.8). The expression values were

normalized by FPKM.
Rhythmicity assessment and functional
enrichment analysis

To assess rhythmicity in gene expression, we used the meta2d

algorithm, a function of the MetaCycle R package (v1.2.0) (18).

P<0.05 was considered significant. Functional enrichment analysis

of circadian reprogramming genes was performed via

Metascape (19).
Quantitative real-time PCR

Total RNA from liver tissues was extracted using TRIzol reagent

according to the manufacturer’s instructions. RNA (1 mg) was

reverse transcribed using a PrimeScript RT Reagent Kit (TaKaRa).

Quantitative real-time PCR was performed with SYBR Green

detection reagent (TaKaRa). Measured values from specific genes

were analyzed by the DCt method normalized to Actin as an

endogenous control. Primer sequences for quantitative real-time

PCR are listed in Table S1.
Western blotting

Protein lysates from isolated tissues were extracted using RIPA

buffer with protease inhibitors. The protein concentration was

measured with a BCA assay, and an equal amount of protein was

separated by SDS PAGE electrophoresis and transferred to PVDF

membranes. Membranes were blocked with 5% milk powder in

Tris-buffered saline-tween 20 (TBST) for 1 h and then incubated

with specific primary antibody (in blocking solution) at 4°C

overnight. Next, the membranes were incubated with horseradish

peroxidase (HRP)-conjugated secondary antibodies for 1 h at RT.

After several washes with TBST, the membrane was incubated with

Omni ECL reagent (EpiZyme) and imaged by a ChemiScope 6200
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system (CLINX). The following primary antibodies were used for

the experiments. Antibodies against b-actin (1:5,000, A5441; Sigma-

Aldrich), b-Tubulin (1:5,000, #5346; Cell Signaling), CHOP

(1:1,000, #2895; Cell Signaling), Procaspase-3 (1:1,000, #9662; Cell

Signaling), Cleaved Caspase-3 (1:1,000, #9664; Cell Signaling), BAX

(1:1,000, #2772; Cell Signaling), and BCL2 (1:1,000, #3498; Cell

Signaling) were used.
Immunofluorescence assay

Fresh liver tissues were rapidly frozen in liquid nitrogen and

mounted in OCT compound. Then, thin sections (6 mm) were cut,

mounted onto poly-L-lysine-coated glass slides, fixed in 4%

paraformaldehyde in PBS for 20 min at RT, and washed in PBS.

Terminal transferase-mediated dUTP nick-end labeling (TUNEL)

staining was performed according to the protocol of the (TUNEL)

BrightRed Apoptosis Detection Kit (Vazyme, A113-01).
Quantification and statistical analysis

All data are shown as the mean ± standard deviation (SD)

unless otherwise specified. The results were evaluated using

unpaired (two-tailed) Student’s t test and one- or two-way

analysis of variance (ANOVA). P<0.05 was considered statistically

significant (*P<0.05, **P<0.01, and ***P<0.001). All statistical

analysis were performed using GraphPad Prism 9 (GraphPad

Software, Inc., San Diego, CA, USA).
Results

Altered traits of mice with
multigenerational DRF

To illustrate the contribution of multigenerational DRF to

physiology and rhythmic gene expression, we provided a normal

chow diet to mice only in the inactive period (ZT2 to ZT8; ZT =

Zeitgeber time, ZT0 is light onset, ZT12 is light off) (Figure 1A). F0

mice were derived from ad libitum mice and assigned to DRF after

weaning. The offspring were fed from ZT2 to ZT8 until they were

euthanized for the experiments (Figure 1B). To characterize the

generational effect of DRF on physiology and behaviors, we

analyzed three generations (F2, F5 and F10) of DRF mice and ad

libitum mice. We found that birth weight, litter size and sperm

counts were similar among ad libitum and DRF groups (Figure 1C).

Body weight gain in both the DRF and ad libitum groups gradually

increased from 1 to 2 months of postnatal age (Figure 1D). The

mice fed with DRF weighed less than the mice fed ad libitum, but

there was no difference among the DRF groups (Figure 1D). The

DRF groups ate less food than the ad libitum group, but there was

no significant difference among generations (Figure 1E). Plasma

and hepatic triglyceride (TG) levels were comparable among ad

libitum and DRF groups (Figure S1A). Then, to determine whether

DRF altered the diurnal rhythms of feeding and other behavior or
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physiological outputs, we recorded foraging behavior and energy

expenditure parameters of the DRF and ad libitum-fed mice using

the Comprehensive Lab Animal Monitoring System (CLAMS, IC).

The mice with imposed DRF shifted their feeding behavior to match
Frontiers in Endocrinology 04
the external food accessibility with an enhanced feeding peak in the

antiphase to the ad libitum-fed mice (Figure 1F). The activity

pattern was disrupted by DRF, which induced additional activity

during food accessibility time (Figure 1G). Consistent with the
frontiersin.or
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FIGURE 1

Basic behavior and metabolic measurements. (A) Schematic showing the DRF schedules. Day and night are indicated above with white and gray
bars. The solid red box and the clock pattern indicate the timing of food access. (B) Schematic diagram of the multigenerational DRF mouse model.
The sampling time points are indicated by black arrows. (C) Body weight of neonatal mice (n = 8-9), litter size (n = 8-14) and sperm number of adult
mice (n = 5). (D) Body weight recorded at 5-day intervals from 31 days to 61 days (n= 5-10) and P value from statistical hypothesis test. (E) Daily food
intake (n = 5). (F, G) Activity and food consumption recorded at 20 min intervals for 3 days; red bars indicate the timing of food access (Ad group
were fed ad libitum). Histograms show the daily percentage of activity and food consumption; day and night are indicated with gray and black bars
(n = 4). Significance was calculated by unpaired two-tailed Student’s t test, or two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001 were considered
significant; n.s., not significant. Error bars represent the mean ± SD.
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results of feeding behavior, metabolic parameters, including heat

production, oxygen consumption (VO2), carbon dioxide

production (VCO2) and respiratory exchange ratio (RER),

exhibited diurnal fluctuation induced by DRF, which was

antiphase to those of the ad libitum-fed mice (Figures S1B–S1E).

Taken together, these results demonstrate that multigenerational

exposure to an inverted feeding regime causes low weight with

behavior and metabolic adaptation to DRF. However, the absence of

a significant difference among generations indicated that these

changes are driven by external feeding time.
Reprogramming of the rhythmic liver
transcriptome in multigenerational DRF

To study the reprogramming of rhythmic gene transcription by

DRF over generations, we collected the liver tissues of DRF mice in

three generations (F2, F5 and F10) every 4 h for 24 h, and the whole

liver transcriptome based on RNA-seq was analyzed, followed by

the detection of rhythmic transcripts using the meta2d algorithm.

We detected robust rhythmic expression in 3,116 liver transcripts in

F2, of which 49.5% ceased to be oscillatory in F5 (Figure 2A).

Similarly, only 1,406 rhythmic genes were shared between F5 and

F10 (Figure 2A). Next, Sankey diagrams were used to illustrate the

dynamics of liver rhythmicity across generations (Figure 2B). Of all

detected genes, 1,005 maintained rhythmicity in three generations

with comparable phase and amplitude (Figures 2B; S2A-S2D).

Notably, the flow diagram showed that 4,720 genes changed their
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oscillatory statuses by DRF in at least one generation, while 3,133

(66.4%) genes displayed reversed rhythmicity between F2 and F10

(Figure 2B). These genes were grouped into two categories (loss and

gain of rhythmicity) based on their meta2d_P values from the

meta2d algorithm, which determines the extent of rhythmicity

(Figure 2B). Furthermore, we found that the diurnal oscillation of

677 genes was dampened, and 815 genes were gained over

generations (Figure 2C). Collectively, our data indicated that the

oscillatory liver transcriptome was dramatically reprogrammed via

multigenerational DRF. Generational gain or loss of rhythmicity

occurred in more than 30% of reprogrammed genes.
Clock gene expression is less
affected by DRF

Then, we further detected the response of the liver clock to

multigenerational DRF. The expression of different core clock genes

(Arntl, Dbp, Nr1d1, Per1, Per2, Cry1) was analyzed by the meta2d

algorithm to detect their rhythmicity and estimate their phases and

relative amplitude (Figure S3A). Except for Per1 in F10, the

expression of liver clock genes was approximately 8 h phase-

shifted toward the feeding time by DRF, and the shifted

expression pattern was maintained from F2 to F10 (Figures S3A,

S3B). Loss of circadian rhythmicity in Per1 was observed in F10

(Figure S3A). Interestingly, DRF gradually decreased the amplitude

of the circadian output gene Dbp generation by generation (Figure

S3A). Moreover, the phases and amplitude of core clock genes were
B

C

A

FIGURE 2

Liver diurnal rhythms are reprogrammed via multigenerational DRF. (A) Venn diagram displaying the total number of rhythmic genes in the liver from
ad libitum, F2, F5 and F10, including common genes. (B) Changes in gene expression rhythms from F2 to F10. Vertical red bars represent rhythmic
genes(rhy), while green bars represent arrhythmic genes(ar). Horizontal red bands represent changes in rhythmic genes, while green bands represent
changes in arrhythmic genes in F2. (C) Left: heatmaps display generational rhythm-loss genes satisfying the following condition: meta2d_P<0.05 in
F2, meta2d_P>0.05 in F10, and meta2d_P in F5 is between meta2d_P in F2 and F10. Right: heatmaps display generationally rhythm-gain genes
satisfying the following condition: meta2d_P>0.05 in F2, meta2d_P<0.05 in F10, and meta2d_P in F5 is between meta2d_P in F2 and F10.
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perturbed upon DRF, and the altered expression pattern was

maintained over generations.
Functional enrichment analysis of genes
with generational changes in rhythmicity

To archive the functional consequences of this reprogramming

of rhythmicity in the liver transcriptome, we performed gene

ontology (GO) analysis. We observed a significant enrichment for

genes that lost rhythmicity gradually from F2 to F10 in GO

categories such as response to DNA damage and ER stress

(Figure 3A). Representative genes, such as Wrnip1, Fan1 and

Nabp2, which are involved in DNA damage response, exhibited

lower expression across 24 h in F10, which resulted in a plateau of

expression (Figure 3B). Xbp1 and Ptpn2, which are involved in ER

stress, fluctuated more in F10 (Figure 3B). However, genes that

exhibited a generationally gain of rhythmicity in the liver were

mainly enriched in fatty acid metabolic processes (Figure 3C). DRF

in F10 generated harmonic oscillation of Acadl (Figure 3D). In

addition, a deeper trough, but unstable local lowest point, of diurnal

expression of Hadh, Acadm, Acox3 and Aldh1l1 was observed in

F10 compared to F2 (Figure 3D).
Frontiers in Endocrinology 06
Multigenerational DRF exacerbates
ER stress

To verify that there are indeed differences in the enriched ER

stress pathways between generations, we challenged ad libitum, F2,

F5 and F10 mice with half of the standard dose of the ER stress-

inducing agent tunicamycin (TM), which impairs protein folding by

blocking N-linked glycosylation (20, 21). First, we examined ER

stress-associated gene expression in liver tissues at ZT8 24 h after

TM injection. Our data showed that the mRNA levels of Xbp1 and

Ptpn2 displayed pronounced upregulation in the livers of F10 mice

(Figure 4A). Conversely, the response of Crebrf was attenuated from

F2 to F10 (Figure 4A). Xbp1 is a key activated modulator of the

UPR, while Crebrf participates in the negative regulation of the UPR

(22), indicating higher activation of the UPR in the livers of F10

mice. Thus, we next examined other representative genes

downstream of the UPR involved in protein folding and

degradation. Hepatic transcript levels of the chaperone proteins

Bip and Grp94 increased significantly, whereas changes in the

critical complex of endoplasmic reticulum-associated degradation

(ERAD), an integral part of the UPR (23), were the opposite

(Figure 4B). Significantly increased transcript levels of the E3

ubiquitin-protein ligase Syvn1 (Hrd1) and decreased transcript
B

C D

A

FIGURE 3

Functional analysis of genes with generational changes in rhythmicity. (A) Gene ontology (GO) biological process enrichment analysis of generational
rhythm-loss genes during multigenerational DRF. (B) RNA-seq expression profiles of representative generational rhythm-loss genes involved in DNA
damage and ER stress (n = 2). (C) GO biological process enrichment analysis of genes with generational rhythm-gain during multigenerational DRF.
(D) RNA-seq expression profiles of representative generational rhythm-gain genes involved in fatty acid and lipid metabolism (n = 2). P-values were
calculated using the meta2d algorithm; *P < 0.05; **P < 0.01; ***P < 0.001 were considered rhythmic; n.s., not rhythmic. Error bars represent the
mean ± SD.
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levels of the adaptor protein Sel1l in the livers of F10 mice were

observed (Figure 4B).

To further investigate the efficiency of the ERAD machinery, we

generated labeled folding-deficient proinsulin in mouse liver by

hydrodynamic tail vein injection (24). Intriguingly, more flag-

tagged misfolded proinsulin was detected in the livers of F10

mice (Figure 4C). Altogether, these results suggested that

multigenerational DRF can enhance fundamental processes

attempting to restore ER homeostasis and chronically affect the

clearance of misfolded proteins.
Multigenerational DRF induces hepatocyte
apoptosis by ER stress

In the presence of unrelieved ER stress, a switch in the UPR

from a prosurvival to prodeath phenotype leads to the activation of

apoptosis (25). Thus, we examined the response of Chop to TM

challenge, which is the key apoptosis regulator in ER stress and

increased sharply by overwhelming ER stress (26). TM triggered

more than 2-fold increases in Chop at both the mRNA and protein

levels in the livers of F10 mice (Figures 5A, B). Furthermore, our

results showed that both upstream (Atf4) and downstream (Ero1a

and Gadd34) of Chop were upregulated in F10 (Figure 5C).

GADD34 and ERO1A also exert proapoptotic functions

downstream of CHOP (27). Thus, we analyzed hepatic apoptosis

by terminal transferase-mediated dUTP nick-end labeling

(TUNEL) staining. More TUNEL-positive cells were detected in
Frontiers in Endocrinology 07
the livers of F10 mice (Figure 5D). Moreover, significantly higher

mRNA levels of Bax and lower levels of Bcl2 were measured in the

livers of F10 mice (Figure 5E). Furthermore, the protein levels of

BAX and Cleaved Caspase-3 showed an increase, while BCL2

displayed a decreasing tendency in the liver from F2 to F10

(Figures 5F, G). These results indicate that CHOP-induced

apoptosis was more activated under ER stress stimulation by

multigenerational DRF.

Additionally, without TM challenge, the mRNA levels of Xbp1,

Ptpn2, Crebrf, Bip, Grp94, Syvn1, Sel1l, Chop, Atf4, Ero1a, and

Gadd34 showed similar changes compared to those under

stimulation in the livers of F10 mice, suggesting that

multigenerational DRF increases basic hepatic ER stress levels

(Figure S4A). However, few TUNEL-positive cells could be

detected, suggesting that ER stress is mild under physiological

conditions (Figure S4B).

Taken together, our results provide evidence that

multigenerational DRF impairs the efficiency of ERAD and

activates the CHOP-induced apoptosis pathway under exogenous

ER stress stimulation.
Discussion

Growing evidence emphasizes the importance of eating time,

and eating at the wrong time of the day, such as inverted feeding,

may have deleterious effects on health. Of particular interest, little

attention has been focused on the effect of successive generations of
B

C

A

FIGURE 4

Multigenerational DRF exacerbates ER stress. (A) Relative mRNA levels of Xbp1s, Ptpn2 and Crebrf (n = 4). (B) Relative mRNA levels of Bip, Grp94,
Syvn1, and Sel1l (n = 4). (C) Protein levels of flag-tagged folding-deficient mutant proinsulin 20 h after injection (one representative figure is shown)
and quantification of FLAG/ACTIN protein levels (n = 4). All significance was calculated by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001 were
considered significant. Error bars represent the mean ± SD.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1157165
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2023.1157165
inverted feeding exposure on health. To this end, we developed a

mouse model of DRF for 10 successive generations and performed a

comprehensive analysis of liver rhythmic transcriptome. By

analyzing RNA-seq data from the livers of F2, F5 and F10 mice,

we identified two trends of changes in gene rhythmicity, which were

dampened or enhanced generation by generation. Genes that lost

rhythmicity generationally mainly regulate the response to ER

stress, which suggests that accumulated mistimed feeding disrupts

protection against environmental stimuli. Indeed, our experimental
Frontiers in Endocrinology 08
data from a mouse model of ER stress demonstrated that

multigenerational mistimed feeding exacerbates liver injury, as

more apoptotic hepatocytes were observed after TM stimulation.

DRF is known to change the phase of the circadian clock and gene

expression programs, especially in primary metabolic organs such as

the liver. As previously reported, the expression rhythms of most core

clock and clock-controlled genes in our research were entrained by

restricted feeding (14). Intriguingly, the liver circadian transcriptome

was also distinguishable between different generations under the same
B

C

D

E F

G

A

FIGURE 5

Multigenerational DRF increases ER stress-induced hepatocyte apoptosis. (A) Relative mRNA levels of Chop (n = 4). (B) CHOP protein levels (one
representative figure is shown) and quantification of CHOP/ACTIN protein levels (n = 4). (C) Relative mRNA levels of Atf4, Ero1a and Gadd34 (n = 4).
(D) Representative TUNEL staining (red) of mouse liver. Nuclei were stained with DAPI (blue); scale bar, 50 mm. Quantification of the percentage of
TUNEL-positive cells (n = 3). (E) Relative mRNA levels of Bax and Bcl2 (n = 4). (F) Protein levels of BAX and BCL2. (G) Protein levels of Procaspase-3
and Cleaved Caspase-3. All significance was calculated by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001 were considered significant. Error
bars represent the mean ± SD.
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diet regimen. In addition to epigenetic factors such as histone

modification, factors participating in nutrient-sensing pathways may

play important roles in multigenerational DRF-induced rhythm

reprogramming. The circadian system and nutrient-sensing

pathways interact at the whole organism to individual molecule

levels. Nutrient-sensing pathways can impact the circadian clock,

and conversely, the circadian system also modulates nutrient

sensing and response (28). Further research is needed to explore

whether nutrient-sensing signals originating from long-term circadian

misalignment are disrupted during consecutive DRF.

Interestingly, most liver clock genes kept oscillation during

multigenerational DRF except Per1, whose rhythmicity was lost in

F10. The expression of period genes was acutely affected by refeeding,

and the phase change of Per1 is the most sensitive to external stimuli

(29, 30). It is very likely that confliction between antiphase diet and

circadian feedback loop might counteract the rhythmicity of Per1.

ARNTL is one of crucial transcription factors that regulating the

expression of Per1 (31). Although the expression patterns of Arntl

were similar among DRF groups, other posttranscriptional regulation

may dampen the Per1 mRNA level. MicroRNAs have been reported

to be involved in the posttranscriptional regulation of Per1 by

affecting the stability of mRNA, and microRNA levels are sensitive

to nutrition (32–35). Moreover, IRE1a endoribonuclease is one of

three main UPR signaling branches and decreases Per1 mRNA in

tumor cells without affecting transcription (36). Our results showed

that higher UPR response was detected in the liver of F10 mice.

Whether lower mRNA levels of Per1 at ZT8 were resulted from

higher activity of IRE1a endoribonuclease needs to be explored in

the future.

In our ER stress model, overwhelming ER stress was observed in

the livers of F10 mice upon TM challenge. Although molecular

chaperones such as Bip and Grp94 were more highly activated,

CHOP-induced hepatocyte apoptosis was increased remarkably.

TM induces ER stress in cells by inhibiting the first step in the

biosynthesis of N-linked glycans that are necessary for protein

folding and maturation. The protein glycosylation process could be

impaired by DRF and produce excessive misfolded proteins. The

lower efficiency of mutant protein clearance in the livers of F10 mice

suggests that the function of the proteasomal degradation system as

well as autophagy might be impaired over generations. Thus,

multigenerational DRF triggered unbalanced production and

clearance of cell debris and resulted in prolonged ER stress.

We have indeed made extensive efforts to phenotyping the effect of

DRF on the sperm counts, motility by sperm swimming speed, fertility

by in-vitro fertilization, mating ability and litter size, but no significant

difference was found among generations. Here are some possible factors

that mediate the intergenerational effects of multigenerational DRF on

offspring. Increasing evidence indicates that non-DNA sequence-based

epigenetic information, including DNA methylation, histone

modifications and non-coding RNAs, can be inherited across several

generations (37). Considering all male and female mice were kept in

DRF for life, not only somatic cells but also developing progenitor germ

cells might be affected. Thus, epigenetic information both from paternal

and maternal may play an important role in offspring during

multigenerational DRF. Epigenetic factors modulated by the
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environmental conditions experienced by parents have the potential to

affect the zygote at fertilization, thereby regulate early embryonic

development and impact the health of descendants. Although DNA

methylation and histone modifications are removed during

spermatogenesis and embryogenesis, there are still a minimal fraction

of sperm DNA methylation and histone modifications that are

preserved and contribute to inter and transgenerational effects on

offspring (38–43). Some findings suggest that sperm RNAs functions

in the transmission of paternal metabolic disorders associated with diet

challenge, thus sperm RNAs may mediate the cumulative effects of

multigenerational DRF stimulation probably (44, 45). For maternal

factors, DRF exposure exists not only during oogenesis but also during

early embryonic development and postnatal lactation. As previously

reported, dysfunctional mitochondria in oocyte and abnormal oocyte

development have enduring effects on the long-term health of the

offspring (46, 47). Furthermore, aberrant nutritional and endocrine

levels caused by exposure to adverse environmental stimuli such as

undernourishment in utero and lactation results in impaired health for

progenies (48–50). Thus, the effects of multigenerational DRF on

oocytes, intrauterine development and lactation may contribute to the

abnormal phenotypes found in F10 mice. Overall, there may be a

complex mechanism to explain generational effects caused by

multigenerational DRF in our study. Multiple factors including sperm

DNA methylation, histone modifications and sperm RNAs, as well as

mitochondria in oocytes, intrauterine development and lactation

environments are possible carriers of multigenerational inheritance.

In summary, this study is the first to explore the impairment of

DRF at long-term and multigenerational levels to the best of our

knowledge, which advances our understanding of the importance of

eating time. Our results reveal that multigenerational DRF

reprograms the liver circadian transcriptome over generations

and induces unhealthy alterations in subsequent progenies that

are mainly associated with ER stress. The underlying mechanism of

this intergenerational process is intriguing and worth exploring in

the future, and this process might contribute to not only social-

medical but also evolutionary development.
Data availability statement

The data presented in the study are deposited in the NCBI SRA

repository, accession number PRJNA932189.
Ethics statement

The animal study was reviewed and approved by the Animal

Care and Use Committee of the Cambridge-Su Genomic Resource

Center, Soochow University (YX-3, YX-2017-2, YX-2021-2).
Author contributions

KH, ZL, TZ, and YX are responsible for designing research; KH,

ZL, WZ, LS, and PY performed research; KH, YG, TZ, and YX
frontiersin.org

https://doi.org/10.3389/fendo.2023.1157165
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2023.1157165
performed bioinformatic analysis; KH, TZ, TW, and YX analyzed

data; and KH, TZ, and YX wrote the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

This work was supported by grants from National Key R&D

Program of China (2018YFA0801100 to YX), the National Natural

Science Foundation of China (31630091, 32100931, 31601022),

Lingang Laboratory & National Key Laboratory of Human

Factors Engineering Joint Grant (LG-TKN-202203-01), Science

and Technology Project of Jiangsu Province (Grant Nos.

BZ2020067), Academic Program Development of the Jiangsu

Higher Education Institutes (PAPD) and National Center for

International Research (2017B01012) and Livelihood and

Technology Program of Suzhou City (N324560122).
Acknowledgments

We thank Dr. Qiaoming Long from Soochow University for

applying plasmid offlag-tagged folding-deficient mutant proinsulin.
Frontiers in Endocrinology 10
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1157165/

full#supplementary-material
References
1. Kecklund G, Axelsson J. Health consequences of shift work and insufficient sleep.
Bmj (2016) 355:i5210. doi: 10.1136/bmj.i5210

2. Woller A, Gonze D. Circadian misalignment and metabolic disorders: A story of
twisted clocks. Biology (2021) 10(3):207. doi: 10.3390/biology10030207

3. Vujovic N, Piron MJ, Qian J, Chellappa SL, Nedeltcheva A, Barr D, et al. Late
isocaloric eating increases hunger, decreases energy expenditure, and modifies
metabolic pathways in adults with overweight and obesity. Cell Metab (2022) 34
(10):1486–98.e7. doi: 10.1016/j.cmet.2022.09.007

4. Yamamoto R, Tomi R, Shinzawa M, Yoshimura R, Ozaki S, Nakanishi K, et al.
Associations of skipping breakfast, lunch, and dinner with weight gain and Overweight/
Obesity in university students: A retrospective cohort study. Nutrients (2021) 13
(1):271. doi: 10.3390/nu13010271

5. de Almeida Faria J, de Araujo TM, Mancuso RI, Meulman J, da Silva Ferreira D,
Batista TM, et al. Day-restricted feeding during pregnancy and lactation programs
glucose intolerance and impaired insulin secretion in Male rat offspring. Acta Physiol
(Oxf) (2016) 217(3):240–53. doi: 10.1111/apha.12684

6. Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian clocks in
mammals. Annu Rev Neurosci (2012) 35:445. doi: 10.1146/annurev-neuro-060909-
153128

7. Albrecht U. Timing to perfection: The biology of central and peripheral circadian
clocks. Neuron (2012) 74(2):246–60. doi: 10.1016/j.neuron.2012.04.006

8. Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system:
Organization and coordination of central and peripheral clocks. Annu Rev Physiol
(2010) 72:517–49. doi: 10.1146/annurev-physiol-021909-135821

9. Patke A, Young MW, Axelrod S. Molecular mechanisms and physiological
importance of circadian rhythms. Nat Rev Mol Cell Biol (2020) 21(2):67–84. doi:
10.1038/s41580-019-0179-2

10. Jagannath A, Butler R, Godinho SI, Couch Y, Brown LA, Vasudevan SR, et al.
The Crtc1-Sik1 pathway regulates entrainment of the circadian clock. Cell (2013) 154
(5):1100–11. doi: 10.1016/j.cell.2013.08.004

11. Crosby P, Hamnett R, Putker M, Hoyle NP, Reed M, Karam CJ, et al. Insulin/Igf-
1 drives period synthesis to entrain circadian rhythms with feeding time. Cell (2019)
177(4):896–909.e20. doi: 10.1016/j.cell.2019.02.017

12. Pickel L , Sung H-K. Feeding rhythms and the circadian regulation of
metabolism. Front Nutr (2020) 7:39. doi: 10.3389/fnut.2020.00039

13. Manella G, Sabath E, Aviram R, Dandavate V, Ezagouri S, Golik M, et al. The
liver-clock coordinates rhythmicity of peripheral tissues in response to feeding. Nat
Metab (2021) 3(6):829–42. doi: 10.1038/s42255-021-00395-7
14. Xin H, Deng F, Zhou M, Huang R, Ma X, Tian H, et al. A multi-tissue multi-
omics analysis reveals distinct kineztics in entrainment of diurnal transcriptomes by
inverted feeding. iScience (2021) 24(4):102335. doi: 10.1016/j.isci.2021.102335

15. Ramadori G, Konstantinidou G, Venkateswaran N, Biscotti T, Morlock L, Galie
M, et al. Diet-induced unresolved er stress hinders kras-driven lung tumorigenesis. Cell
Metab (2015) 21(1):117–25. doi: 10.1016/j.cmet.2014.11.020

16. Fontana L, Partridge L. Promoting health and longevity through diet: From
model organisms to humans. Cell (2015) 161(1):106–18. doi: 10.1016/j.cell.2015.02.020

17. Gomez Montoto L, Magana C, Tourmente M, Martin-Coello J, Crespo C,
Luque-Larena JJ, et al. Sperm competition, sperm numbers and sperm quality in
muroid rodents. PloS One (2011) 6(3):e18173. doi: 10.1371/journal.pone.0018173

18. Wu G, Anafi RC, Hughes ME, Kornacker K, Hogenesch JB. Metacycle: An
integrated r package to evaluate periodicity in Large scale data. Bioinformatics (2016) 32
(21):3351–3. doi: 10.1093/bioinformatics/btw405

19. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of systems-level
datasets. Nat Commun (2019) 10(1):1523. doi: 10.1038/s41467-019-09234-6

20. Abdullahi A, Stanojcic M, Parousis A, Patsouris D, Jeschke MG. Modeling acute er
stress in vivo and in vitro. Shock (2017) 47(4):506–13. doi: 10.1097/SHK.0000000000000759

21. Yamada H, Hirano T, Miyazaki T, Takatsuki A, Tamura G. Effects of
tunicamycin on cell adhesion and biosynthesis of glycoproteins in aggregation-
competent cells of dictyostelium discoideum. J Biochem (1982) 92(2):399–406.
doi: 10.1093/oxfordjournals.jbchem.a133946

22. Audas TE, Li Y, Liang G, Lu R. A novel protein, Luman/Creb3 recruitment
factor, inhibits luman activation of the unfolded protein response.Mol Cell Biol (2008)
28(12):3952–66. doi: 10.1128/MCB.01439-07

23. Hwang J, Qi L. Quality control in the endoplasmic reticulum: Crosstalk between
erad and upr pathways. Trends Biochem Sci (2018) 43(8):593–605. doi: 10.1016/
j.tibs.2018.06.005

24. Liu F, Song Y, Liu D. Hydrodynamics-based transfection in animals by systemic
administration of plasmid DNA. Gene Ther (1999) 6(7):1258–66. doi: 10.1038/
sj.gt.3300947

25. Bhat TA, Chaudhary AK, Kumar S, O’Malley J, Inigo JR, Kumar R, et al.
Endoplasmic reticulum-mediated unfolded protein response and mitochondrial
apoptosis in cancer. Biochim Biophys Acta Rev Cancer (2017) 1867(1):58–66.
doi: 10.1016/j.bbcan.2016.12.002

26. Ron D, Habener JF. Chop, a novel developmentally regulated nuclear protein
that dimerizes with transcription factors C/Ebp and lap and functions as a dominant-
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1157165/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1157165/full#supplementary-material
https://doi.org/10.1136/bmj.i5210
https://doi.org/10.3390/biology10030207
https://doi.org/10.1016/j.cmet.2022.09.007
https://doi.org/10.3390/nu13010271
https://doi.org/10.1111/apha.12684
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1016/j.neuron.2012.04.006
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1038/s41580-019-0179-2
https://doi.org/10.1016/j.cell.2013.08.004
https://doi.org/10.1016/j.cell.2019.02.017
https://doi.org/10.3389/fnut.2020.00039
https://doi.org/10.1038/s42255-021-00395-7
https://doi.org/10.1016/j.isci.2021.102335
https://doi.org/10.1016/j.cmet.2014.11.020
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1371/journal.pone.0018173
https://doi.org/10.1093/bioinformatics/btw405
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1097/SHK.0000000000000759
https://doi.org/10.1093/oxfordjournals.jbchem.a133946
https://doi.org/10.1128/MCB.01439-07
https://doi.org/10.1016/j.tibs.2018.06.005
https://doi.org/10.1016/j.tibs.2018.06.005
https://doi.org/10.1038/sj.gt.3300947
https://doi.org/10.1038/sj.gt.3300947
https://doi.org/10.1016/j.bbcan.2016.12.002
https://doi.org/10.3389/fendo.2023.1157165
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2023.1157165
negative inhibitor of gene transcription. Genes Dev (1992) 6(3):439–53. doi: 10.1101/
gad.6.3.439

27. Hu H, Tian M, Ding C, Yu S. The C/Ebp homologous protein (Chop)
transcription factor functions in endoplasmic reticulum stress-induced apoptosis and
microbial infection. Front Immunol (2018) 9:3083. doi: 10.3389/fimmu.2018.03083

28. Chaix A, Manoogian ENC, Melkani GC, Panda S. Time-restricted eating to
prevent and manage chronic metabolic diseases. Annu Rev Nutr (2019) 39:291–315.
doi: 10.1146/annurev-nutr-082018-124320

29. Vollmers C, Gill S, DiTacchio L, Pulivarthy SR, Le HD, Panda S. Time of feeding
and the intrinsic circadian clock drive rhythms in hepatic gene expression. Proc Natl
Acad Sci U.S.A. (2009) 106(50):21453–8. doi: 10.1073/pnas.0909591106

30. Park J, Lee K, Kim H, Shin H, Lee C. Endogenous circadian reporters reveal
functional differences of period paralogs and the significance of period : Ck1 stable
interaction. Proc Natl Acad Sci U.S.A. (2023) 120(6):e2212255120. doi: 10.1073/
pnas.2212255120

31. Partch CL, Green CB, Takahashi JS. Molecular architecture of the mammalian
circadian clock. Trends Cell Biol (2014) 24(2):90–9. doi: 10.1016/j.tcb.2013.07.002

32. Nagel R, Clijsters L, Agami R. The mirna-192/194 cluster regulates the period
gene family and the circadian clock. FEBS J (2009) 276(19):5447–55. doi: 10.1111/
j.1742-4658.2009.07229.x

33. Zhao X, Zhu X, Cheng S, Xie Y, Wang Z, Liu Y, et al. Mir-29a/B/C regulate
human circadian gene Hper1 expression by targeting its 3’utr. Acta Biochim Biophys Sin
(Shanghai) (2014) 46(4):313–7. doi: 10.1093/abbs/gmu007

34. Cheng HY, Papp JW, Varlamova O, Dziema H, Russell B, Curfman JP, et al.
Microrna modulation of circadian-clock period and entrainment. Neuron (2007) 54
(5):813–29. doi: 10.1016/j.neuron.2007.05.017

35. Ross SA, Davis CD. Microrna, nutrition, and cancer prevention. Adv Nutr
(2011) 2(6):472–85. doi: 10.3945/an.111.001206

36. Pluquet O, Dejeans N, Bouchecareilh M, Lhomond S, Pineau R, Higa A, et al.
Posttranscriptional regulation of Per1 underlies the oncogenic function of irealpha.
Cancer Res (2013) 73(15):4732–43. doi: 10.1158/0008-5472.CAN-12-3989

37. Fitz-James MH, Cavalli G. Molecular mechanisms of transgenerational epigenetic
inheritance. Nat Rev Genet (2022) 23(6):325–41. doi: 10.1038/s41576-021-00438-5

38. Guibert S, Forne T, Weber M. Global profiling of DNA methylation erasure in
mouse primordial germ cells. Genome Res (2012) 22(4):633–41. doi: 10.1101/gr.130997.111

39. Hajkova P, Ancelin K, Waldmann T, Lacoste N, Lange UC, Cesari F, et al.
Chromatin dynamics during epigenetic reprogramming in the mouse germ line.Nature
(2008) 452(7189):877–81. doi: 10.1038/nature06714
Frontiers in Endocrinology 11
40. Wei Y, Yang CR, Wei YP, Zhao ZA, Hou Y, Schatten H, et al. Paternally induced
transgenerational inheritance of susceptibility to diabetes in mammals. Proc Natl Acad
Sci U.S.A. (2014) 111(5):1873–8. doi: 10.1073/pnas.1321195111

41. Zheng X, Li Z, Wang G, Wang H, Zhou Y, Zhao X, et al. Sperm epigenetic
alterations contribute to inter- and transgenerational effects of paternal exposure to
long-term psychological stress Via evading offspring embryonic reprogramming. Cell
Discovery (2021) 7(1):101. doi: 10.1038/s41421-021-00343-5

42. Lismer A, Siklenka K, Lafleur C, Dumeaux V, Kimmins S. Sperm histone H3
lysine 4 trimethylation is altered in a genetic mouse model of transgenerational
epigenetic inheritance. Nucleic Acids Res (2020) 48(20):11380–93. doi: 10.1093/nar/
gkaa712

43. Kaneshiro KR, Egelhofer TA, Rechtsteiner A, Cockrum C, Strome S. Sperm-
inherited H3k27me3 epialleles are transmitted transgenerationally in cis. Proc Natl
Acad Sci U.S.A. (2022) 119(40):e2209471119. doi: 10.1073/pnas.2209471119

44. Chen Q, Yan M, Cao Z, Li X, Zhang Y, Shi J, et al. Sperm tsrnas contribute to
intergenerational inheritance of an acquired metabolic disorder. Science (2016) 351
(6271):397–400. doi: 10.1126/science.aad7977

45. Grandjean V, Fourre S, De Abreu DA, Derieppe MA, Remy JJ, Rassoulzadegan
M. Rna-mediated paternal heredity of diet-induced obesity and metabolic disorders. Sci
Rep (2015) 5:18193. doi: 10.1038/srep18193

46. Saben JL, Boudoures AL, Asghar Z, Thompson A, Drury A, Zhang W, et al.
Maternal metabolic syndrome programs mitochondrial dysfunction Via germline
changes across three generations. Cell Rep (2016) 16(1):1–8. doi: 10.1016/
j.celrep.2016.05.065

47. Chen B, Du YR, Zhu H, Sun ML, Wang C, Cheng Y, et al. Maternal inheritance
of glucose intolerance Via oocyte Tet3 insufficiency. Nature (2022) 605(7911):761–6.
doi: 10.1038/s41586-022-04756-4

48. Radford EJ, Ito M, Shi H, Corish JA, Yamazawa K, Isganaitis E, et al. In utero
effects. In utero undernourishment perturbs the adult sperm methylome and
intergenerational metabolism. Science (2014) 345(6198):1255903. doi: 10.1126/
science.1255903

49. Ren J, Cheng Y, Ming ZH, Dong XY, Zhou YZ, Ding GL, et al. Intrauterine
hyperglycemia exposure results in intergenerational inheritance Via DNA methylation
reprogramming on F1 pgcs. Epigenet Chromatin (2018) 11(1):20. doi: 10.1186/s13072-
018-0192-2

50. Govic A, Bell V, Samuel A, Penman J, Paolini AG. Calorie restriction and
corticosterone elevation during lactation can each modulate adult Male fear and
anxiety-like behaviour. Horm Behav (2014) 66(4):591–601. doi: 10.1016/
j.yhbeh.2014.08.013
frontiersin.org

https://doi.org/10.1101/gad.6.3.439
https://doi.org/10.1101/gad.6.3.439
https://doi.org/10.3389/fimmu.2018.03083
https://doi.org/10.1146/annurev-nutr-082018-124320
https://doi.org/10.1073/pnas.0909591106
https://doi.org/10.1073/pnas.2212255120
https://doi.org/10.1073/pnas.2212255120
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1111/j.1742-4658.2009.07229.x
https://doi.org/10.1111/j.1742-4658.2009.07229.x
https://doi.org/10.1093/abbs/gmu007
https://doi.org/10.1016/j.neuron.2007.05.017
https://doi.org/10.3945/an.111.001206
https://doi.org/10.1158/0008-5472.CAN-12-3989
https://doi.org/10.1038/s41576-021-00438-5
https://doi.org/10.1101/gr.130997.111
https://doi.org/10.1038/nature06714
https://doi.org/10.1073/pnas.1321195111
https://doi.org/10.1038/s41421-021-00343-5
https://doi.org/10.1093/nar/gkaa712
https://doi.org/10.1093/nar/gkaa712
https://doi.org/10.1073/pnas.2209471119
https://doi.org/10.1126/science.aad7977
https://doi.org/10.1038/srep18193
https://doi.org/10.1016/j.celrep.2016.05.065
https://doi.org/10.1016/j.celrep.2016.05.065
https://doi.org/10.1038/s41586-022-04756-4
https://doi.org/10.1126/science.1255903
https://doi.org/10.1126/science.1255903
https://doi.org/10.1186/s13072-018-0192-2
https://doi.org/10.1186/s13072-018-0192-2
https://doi.org/10.1016/j.yhbeh.2014.08.013
https://doi.org/10.1016/j.yhbeh.2014.08.013
https://doi.org/10.3389/fendo.2023.1157165
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Multigenerational mistimed feeding drives circadian reprogramming with an impaired unfolded protein response
	Introduction
	Materials and methods
	Animals
	Body weight, food intake, metabolic rhythm measurement, and sperm count
	Triglyceride measurements
	Tunicamycin administration
	Hydrodynamic injection
	RNA sequencing
	Rhythmicity assessment and functional enrichment analysis
	Quantitative real-time PCR
	Western blotting
	Immunofluorescence assay
	Quantification and statistical analysis

	Results
	Altered traits of mice with multigenerational DRF
	Reprogramming of the rhythmic liver transcriptome in multigenerational DRF
	Clock gene expression is less affected by DRF
	Functional enrichment analysis of genes with generational changes in rhythmicity
	Multigenerational DRF exacerbates ER stress
	Multigenerational DRF induces hepatocyte apoptosis by ER stress

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


