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Time-restricted feeding (TRF) has emerged as a promising dietary approach in

improving metabolic parameters associated with obesity, but its effect on

immune cells under obesogenic condition is poorly understood. We

conducted this study to determine whether TRF exerts its therapeutic benefit

over obesity-induced myeloid cell production by analyzing hematopoietic

stem and progenitor cells in bone marrow (BM) and immune cell profile in

circulation. Male C57BL/6 mice were fed a low-fat diet (LFD) or high-fat diet

(HFD) ad libitum for 6 weeks and later a subgroup of HFDmice was switched to

a daily 10 h-TRF schedule for another 6 weeks. Mice on HFD ad libitum for 12

weeks had prominent monocytosis and neutrophilia, associated with

expansion of BM myeloid progenitors, such as multipotent progenitors, pre-

granulocyte/macrophage progenitors, and granulocyte/macrophage

progenitors. TRF intervention in overweight and obese mice diminished

these changes to a level similar to those seen in mice fed LFD. While having

no effect on BM progenitor cell proliferation, TRF reduced expression ofCebpa,

a transcription factor required for myeloid differentiation. These results indicate

that TRF intervention may help maintain immune cell homeostasis in BM and

circulation during obesity, which may in part contribute to health benefits

associated with TRF.
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1 Introduction

Obesity has become a major health concern over the past

decades, a situation often referred to as global pandemic (1, 2). It is

increasingly accepted that chronic low-grade inflammation plays

an important role in the pathogenesis of obesity and its

comorbidities, including type 2 diabetes (3). In this process,

macrophages and their circulating precursors, monocytes, have

been shown toplay critical roles (4, 5).While circulatingmonocytes

(6) and adipose tissuemacrophage (ATM) (7, 8) are increasedwith

obesity, the ablation of genes affecting activation (9, 10) or

recruitment of myeloid cells (11) could normalize insulin

sensitivity in obese insulin resistance animals. It is noteworthy

that obesity could promotemyelopoiesis in the bonemarrow (BM)

(12, 13), which in turn potentiate ATM accumulation (12). Thus,

normalization ofmyeloid cell production in BMmay be important

for uncoupling obesity from metabolic inflammation and the

development of insulin resistance.

Time-restricted feeding (TRF) refers to daily limitation in the

timing of food intake, usually 10 h or less, followed by a daily fast of

at least 14 h (14, 15). Previous studies in rodents and humans

reported metabolic benefits of TRF, including reductions in body

weight, adiposity, bloodpressure, and/or insulin resistance (15–21).

We recently demonstrated thatTRF intervention reduced numbers

of total and proinflammatoryATM, alongwith an improvement in

glucose tolerance under high-fat diet (HFD) feeding (22).Although

little is known about the effect of TRF on BM homeostasis under

obesogenic conditions, a prior study has shown that leanmice with

a fasting exhibit fewer monocytes in circulation by limiting egress

from BM (23). Thus, it is worth exploring whether repeated,

prolonged fasting on a daily basis by TRF could affect circulating

immune cells in overweight and obese mice and regulate obesity-

induced myelopoiesis in BM.

Luteolin is a flavonoid widely found in many vegetables and

medicinal herbs including broccoli, celery, green peppers, parsley,

and perilla leaves and seeds. Luteolin has been reported to have

various pharmacological effects, including anti-oxidant (24), anti-

inflammatory (25, 26), and antidiabetic activity (27, 28). In

addition, luteolin was shown to reduce obesity and obesity-

associated inflammation (29–32). Previously, we also

demonstrated that luteolin supplementation attenuated ATM

inflammation and insulin resistance in postmenopausal obese

mice (30). While the beneficial effects of luteolin are recognized,

it is not known whether dietary luteolin supplementation in

combination of TRF exerts additive effects not only in metabolic

parameters but also in BM immune cell composition.

In the current study, we confirmed the therapeutic effects of

10 h-TRF on metabolic markers, including body weight gain and

insulin resistance index HOMA-IR in overweight and obese

mice. Here, we examined whether TRF initiating after 6 weeks of

a HFD ad libitum could normalize monocyte populations in

mouse blood and BM, along with changes in hematopoietic stem
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and progenitor pools in the BM. Mechanistically, the BM

progenitor cell proliferation and transcription factor

expression required for myeloid differentiation were analyzed.

In addition, we tested whether luteolin supplementation in

combination with TRF could deliver any additional effect on

metabolic and immune parameters.
2 Materials and methods

2.1 Animals

Five-week-old male C57BL/6J mice were purchased from

Central Laboratory Animal Inc. (Seoul, Korea) and housed (three

to four mice per cage) under controlled temperature (23°C ± 1°C),

relativehumidity (50%±10%) and light/dark cycle (12-hdark/12-h

light 7:00 am – 7:00 pm). After 1 week of adaptation, mice were

randomly assigned into a low-fat diet (LFD) or high-fat diet (HFD)

ad libitum. A cohort ofmice fed aHFD ad libitum for 6 weeks were

further divided andmaintained another 6 weeks as follows: 1)mice

with continued HFD ad libitum, mice under time-restricted access

to 2) a high-fat diet (HFD-TRF), or 3) a high-fat diet containing

0.005% (w/w) luteolin (HFD-TRF+L) (Figure 1A). Diets used in

this study are a LFD (D12450B), a 60%HFD (D12492), and a 60%

HFD containing 0.005% (w/w) luteolin (D17090604) (all from

ResearchDiet Inc. NewBrunswick,NJ, USA). The TRF groups had

access to food for 10 h during the dark active phase, from ZT13 to

ZT23 where ZT0 denotes light on. Food access was regulated by

transferring mice daily between cages with food and water and

cages with water only. To control for mouse handling, ad libitum-

fed mice were also transferred between feeding cages at the same

time. Food intake wasmeasured twice a week and body weight was

measured once a week. At the end of experiment, blood was

collected from tail veins of unanesthetized mice after a 6 h fast

(ZT23-ZT5) to measure metabolic phenotype and circulating

leukocytes. Immediately after euthanasia, blood was collected by

cardiac puncture and organs were harvested at 1 pm (ZT6). All

animal experiments were reviewed and approved by the

Institutional Animal Care and Use Committee of Chungbuk

National University (approval number: CBNUA-1347-20-01 and

CBNUA-1602-21-01).
2.2 Metabolic parameters

Fasting glucose was obtained from tail veins of mice after 6 h

of fasting starting from ZT23 and tested using a Contour glucose

meter (Bayer). Fasting insulin concentration was measured from

serum, following the manufacturer’s protocol for the Ultra

Sensitive Mouse Insulin ELISA kit (Crystal Chem, Downers

Grove, IL, USA). Insulin resistance index, HOMA-IR, was

calculated as fasting blood glucose (mmol/L) x fasting insulin
frontiersin.org
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(mU/L)/22.5 (33). For the leptin ELISA (MOB00, R&D Systems,

Minneapolis, USA) measurements, blood serum was diluted 20 to

100 fold. Serum CCL2 level was measured by Mouse CCL2/JE/

MCP1 Quantikine ELISA kit (MJE00, R&D systems). Samples

were analyzed according to the manufacturers’ instructions.
2.3 Histology

Epididymal fat pads were fixed in 4% formaldehyde (Sigma,

St. Louis, MO, USA) overnight, embedded in paraffin, sectioned,

and stained with hematoxylin and eosin. Digital images were

acquired with a Lionheart FX automated microscope (BioTek,

Winooski, VT, USA).
2.4 Isolation of mouse bone
marrow cells

BM from one femur of mice was flushed with PBS (without

Mg2+ and Ca2+) using a syringe, passing through 40-mm cell
Frontiers in Immunology 03
strainer, and centrifuged at 300 g for 5 min at room temperature.

The cell pellets were resuspended in ammonium-chloride-

potassium lysing buffer (Invitrogen, Grand Island, NY, USA)

on ice for 10 min. Cells were washed and resuspended in 2%

FBS/PBS for flow cytometry analysis or washed with PBS, and

then pellets were collected for RNA isolation and real-time PCR.

BM hematopoietic stem and progenitor cells (HSPC) were

enriched using an EasySep™ Mouse Hematopoietic Progenitor

Cell Isolation kit (STEMCell Technologies, Vancouver, Canada),

following the manufacturer’s procedures. Isolated HSPC were

used for RNA isolation and real-time PCR.
2.5 Flow cytometry

2.5.1 Hematopoietic stem cells and myeloid
progenitors in BM

BM cells prepared above were stained with lineage markers

on FITC (CD4, CD5, CD8, CD11b, B220, Gr1, Ter119, and

CD41, eBioscience, San Diego, CA, USA), CD117-APC-H7 (BD

Bioscience, San Jose, CA, USA), Sca1-PE (eBioscience), CD16/
B C D E F
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FIGURE 1

Time-restricted feeding (TRF) reduces body weight gain and insulin resistance index HOMA-IR in obese mice. C57BL/6 male mice (n=14 per group)
were given a HFD ad libitum starting at 7 weeks of age. After 6 weeks on HFD, the animals were fed for another 6 weeks with HFD ad libitum (HFD-
AL) or HFD under 10 h time-restricted feeding (HFD-TRF) or HFD plus luteolin under 10 h time-restricted feeding (HFD-TRF+L, luteolin 50 mg/kg
diet). The mice fed LFD ad libitum (LFD-AL) served as a control. (A) Schematic outline of the feeding groups used in this study. (B) Average body
weight during 12 weeks of experimental period. * P<0.05; LFD-AL vs. HFD-AL, #P < 0.05; HFD-AL vs. HFD-TRF or HFD-TRF+L. (C) Daily diet intake,
(D) daily caloric consumption, (E) daily caloric consumption from fat, (F) energy efficiency ratio (EER) = body weight gain/caloric consumption
during 6 weeks of TRF intervention period x 100. (G) Liver mass, (H) fasting blood glucose levels, (I) fasting insulin, (J) insulin resistance index as
HOMA-IR after 6 h fasting, (K) total fat mass, and (L) representative pictures of H&E staining of sections of epididymal adipose tissue are shown.
Arrowheads point to crown structures. Scale bar, 200 mm. (M, N) Quantitative real-time RT-PCR analysis of selected proinflammatory macrophages
(Adgre1 and Itgax) and cytokines (Tnf, Il6, Il1b, Ifng) in (M) epididymal adipose tissue and (N) liver (n=4 per group). (O) Leptin levels were assessed by
ELISA (n=10 per group). Data are presented as mean ± SEM. Mean values (within the same gene) without a common letter significantly differ at least
at P < 0.05 by ANOVA with Tukey’s post hoc test. n.s., non-significant.
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32-PerCP5.5 (BD Bioscience), CD150-PE-Cy7 (BioLegend, San

Diego, CA, USA), and CD105-BV421 (BD Bioscience) for

30 min on ice and gating as described by Pronk et al (34). and

Singer et al. (12). Dead cells were excluded using 7-Amino-

Actinomycin D (7-AAD; eBioscience) and AccuCheck counting

beads (PCB100, Invitrogen) were used for quantification of

absolute cell numbers. Multiparameter analysis was performed

on a FACSSymphony A3 (BD Bioscience) using the FACSDiva

software and data were analyzed using the FlowJo software

(version 10, Tree Star Inc., Ashland, OR, USA).

2.5.2 Mature immune cells in BM
BM cells were incubated with Fc Block (BD Bioscience) for

15 min, and then stained with the following conjugated

antibodies (30 min at 4°C in the dark): CD45-APC-Cy7,

NK1.1-APC, CD3-APC, CD19-APC, CD11b-PerCP-Cy5.5,

Ly6C-FITC (all from BD Bioscience), TER119-APC, Ly6G-

eFluor450 (eBioscience) for neutrophil and monocyte

populations, CD45-APC-Cy7, CD19-PE, CD4-V500, CD8-

PerCP-Cy5.5, Gr1-APC (BD Bioscience), and CD3-eFlour450,

NK1.1-PE-Cy7, Ter119-APC (eBioscience) for lymphocyte

population. After antibody staining, the cells were incubated

with 7-AAD for 5 min at room temperature as a viability dye for

dead cell exclusion and analyzed in the presence of AccuCheck

counting beads by FACSSymphony A3. The data were further

analyzed by using the FlowJo software.

2.5.3 Blood leukocytes
Blood was collected from tail veins in the presence of 5 mM

EDTA, incubated with BD Fc Block for 10 min, stained with

mAbs specific to CD45 (clone 30-F11, BD Bioscience), CD11b

(M1/70, BD Bioscience), Ly6C (AL-21, BD Bioscience), Ly6G

(1A8, eBioscience), NK1.1 (PK136, eBioscience), CD3 (17A2,

eBioscience), CD19 (1D3, BD Bioscience), TER119 (TER119,

eBioscience), CD4 (RM4-5, BD Bioscience), CD8 (53-6.7, BD

Bioscience), Gr1 (RB6-8C5, BD Bioscience) for 20 min at room

temperature. The blood was then fixed and lysed using BD FACS

Lysing solution (BD Bioscience). After fixation, cells were

washed and resuspended in 2% FBS/PBS and then

immediately analyzed by FACSSymphonyA3 and FlowJo

software. AccuCheck counting beads were used for

quantification of absolute cell numbers. Gating strategy for

counting beads is shown in Supplementary Figure S1.
2.6 In vivo proliferation assay

Mice were injected intraperitoneally with 40 mg/kg 5-

ethynyl-2’-deoxyurine (EdU, Sigma) dissolved in PBS (35, 36).

BM was collected 18 h later, and EdU incorporation was

determined by Click-iT EdU Flow Cytometry Assay kits

(Invitrogen) according to the manufacturer’s protocol. Briefly,
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BM cells were stained with FITC-conjugated antibodies for

lineages (CD4, CD5, CD8, CD11b, B220, Gr1, Ter119, and

CD41) as well as CD117-APC-H7 in 1% BSA/PBS for 30 min

on ice. Labeled cells were fixed, permeabilized, and stained with

Alexa Flour 647-conjugated azide using Click-iT system. They

were then washed and stained with Sca1-PE. Proliferation was

quantified and expressed as percentage of EdU+ cells.
2.7 Real-time PCR

Total RNA from adipose tissue or liver was extracted using

the RNeasy Lipid Mini Kit (Qiagen, Palo Alto, CA, USA) and

from BM cells or BM HSPC using the NucleoSpin RNA XS kit

(Takara Bio, Shiga, Japan), according to the manufacturers’

protocols. First-strand cDNA was synthesized using the

Advantage RT for PCR kit (Clontech, Palo Alto, CA, USA).

TaqMan gene expression assays were used to quantify target

genes, using TaqMan Universal PCR Master Mix (Applied

Biosystems, Foster City, CA) and primers for Adgre1

(Mm00802529_m1) , I tgax (Mm00498698_m1), Tnf

(Mm00443258_m1) , I l 6 (Mm00446190_m1) , I l 1b

(Mm00434228_m1) , I fng (Mm01168134_m1) , Ccl2

(Mm00441242_m1), Ccl8 (Mm01297183_m1), Spi1 (PU.1,

Mm00488140_m1) , Pax5 (Mm00435501_m1) , Gfi1

(Mm00515853_m1), Cebpa (Mm00514283_s1), Lepr

(Mm00440181_m1) and Tbp (Mm00446973_m1)(all FAM

probes, Applied Biosystems). Samples were run on a

QuantStudio 5 Real-Time PCR system (Applied Biosystems)

and the fold changes were calculated as 2-DDCt compared with the

endogenous control gene, TATA box binding protein (TBP)

using LFD as the reference group.
2.8 Statistics

Data are presented as mean±SEM. Significant differences

among groups were determined by ANOVA followed by Tukey’s

HSD post hoc procedure. All statistical analysis were performed

using SPSS software (version 25.0, SPSS, Chicago, IL, USA), with

P values smaller than 0.05 considered significant.
3 Results

3.1 Effects of time-restricted feeding on
obesity and associated parameters

First, we determined the therapeutic effects of 10 h-TRF,

alone or in combination with luteolin supplementation, on body

weight gain, adiposity, and other metabolic parameters. To

induce overweight and obesity, mice were placed on an HFD
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ad libitum for 6 weeks and reached body weight over 40 g on

average. After mice on TRF groups were switched to a HFD-TRF

or HFD-TRF+L regimens, they weighed significantly less than

ad libitum group (HFD-AL) throughout the study (Figure 1B).

At the end of experiment, the body weights of the HFD-TRF and

HFD-TRF+L were 17.1% and 18.5% lower than the HFD-AL

group. The average intake in diet, calorie, and fat calorie in the

HFD-AL group were significantly higher than that in the HFD-

TRF and HFD-TRF+L groups (Figures 1C–E). Additionally, we

calculated the energy efficiency ratio (EER) to assess the

efficiency of animals in converting energy consumption into

increased body weight. We found that EER was significantly

higher in the HFD-AL group than others, while mice in the

HFD-TRF or HFD-TRF+L group exhibited lower EER values

than those in the LFD ad libitum (LFD-AL) group (Figure 1F),

even with similar caloric intake and higher fat consumption.

However, there was no significant difference between HFD-TRF

and HFD-TRF+L groups. These results indicate that TRF

intervention may be helpful for weight management beyond

controlling dietary intake.

Similarly, TRF intervention significantly reduced liver mass,

fasting blood glucose, insulin, and insulin resistance index

HOMA-IR (Figures 1G–J). Despite similar total fat mass

among HFD-fed groups (Figure 1K), H&E stained sections of

epididymal adipose tissue showed characteristic crown-like

structures in HFD-AL mice that were absent in both HFD-

TRF and HFD-TRF+L mice (Figure 1L). In parallel, we found

that HFD ad libitum resulted in a significant elevation of

macrophage-associated genes Adgre1 (F4/80) and Itgax

(CD11c) and proinflammatory cytokines Tnf and Il6, while

TRF dramatically decreased them in adipose tissue

(Figure 1M) as well as liver (Figure 1N). In addition, mice

under HFD-TRF intervention exhibited less leptin in circulation

when compared with those under HFD-AL (Figure 1O). To

summarize, TRF exerts therapeutic effects in overweight and

obese mice by lowering body weight gain and liver mass. It

protected against adipose tissue inflammation as well as insulin

resistance associated with obesogenic diets. However, luteolin

supplementation showed no additive effect compared with TRF

alone on these metabolic parameters (Figures 1B–O), except

Adgre1 (F4/80) mRNA expression in adipose tissue (Figure 1M).
3.2 Effects of time-restricted feeding on
obesity-induced switch from quiescent
to differentiating LSK cells

HSPC are defined as Lin-Sca-1+c-Kit+ (LSK) cells (12, 34,

37), and within the LSK population, there are different subsets,

including long-term hematopoietic stem cells (LT-HSC; Lin-Sca-

1+c-Kit+CD150+CD105+) and multipotent progenitors (MPP;

Lin-Sca-1+c-Kit+CD150-CD105-) (Figures 2A, B). LT-HSC are

capable of self-renewal, but this characteristic is lost when they
Frontiers in Immunology 05
mature and differentiate to MPP. Our results showed that 12

weeks of HFD ad libitum increased the number of LSK cells in

the BM, compared to those under LFD (Figure 2C).

Interestingly, within the LSK population, HFD ad libitum

increased MPP population whereas the LT-HSC was not

affected (Figure 2D). Furthermore, mice under same

obesogenic diet but with TRF intervention, exhibited smaller

numbers of LSK and MPP cells, similar to a level seen in those

with LFD. Together, our data indicate that HFD ad libitum shifts

the characteristics of HSPC from a quiescent population capable

of self-renewal toward a more mature HSPC population with

higher differentiation potential; these alterations caused by an

obesogenic diet could be protected by TRF intervention.

Differentiating LSK cells loose Sca-1 and/or c-Kit, becoming

lineage-committed progenitors [myeloid progenitor Lin-c-Kit+

cells (LK), lymphoid progenitor Lin-Sca-1+ cells (LS)] (12, 34,

37). LK cells start to express markers for granulocyte

macrophage progenitors (GMP; Lin-Sca-1-c-Kit+CD16/32+).

Along with a shift within the LSK population toward a more

mature HSPC population with higher differentiation potential,

there was a significant increase in LK population by HFD, which

were normalized by TRF intervention (Figure 2C). Within the

LK population, HFD ad libitum increased both pre-GM and

GMP numbers and TRF intervention decreased it by ~50%

(Figure 2E). These data suggest that HFD ad libitum could

induce differentiation of BM cells into mature myeloid cells,

which could be restored by TRF intervention. There was no

additive effect of luteolin when administered along with

TRF intervention.
3.3 Effects of time-restricted feeding on
obesity-induced immune cell profile in
the peripheral blood

GMP can generate mainly neutrophils, monocytes, and

macrophages and a minor population of eosinophils,

basophils, and mast cells (38). Thus, we investigated whether

ad libitum or TRF of a HFD could alter immune cell profile,

including neutrophils and monocytes in circulation by flow

cytometric analysis (Figure 3A). We found that HFD ad

libitum increased the number of Ly6G+ neutrophils and

CD11b+ monocytes (Figures 3B, C) and TRF intervention of a

HFD normalized these numbers to the numbers seen in the LFD

ad libitum group. We further examined the effect of HFD ad

libitum or TRF on the changes in monocyte subpopulation. HFD

ad libitum led to a significant induction of Ly6C- and Ly6Clo

patrolling monocytes as well as pro-inflammatory Ly6Chi

monocytes (Figure 3D), whereas TRF intervention significantly

decreased Ly6C- and Ly6Clo subpopulation and tended to lower

circulating Ly6Chi monocytes (p=0.111). We extended our

search to other immune cells; neither obesity nor TRF affect B

cells, T cells, and natural killer (NK) cells in circulation
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D E
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FIGURE 2

Time-restricted feeding (TRF) normalizes obesity-induced myeloid progenitors. BM were obtained in mice (n=7 per group) after 12 weeks of
LFD ad libitum (LFD-AL), HFD ad libitum (HFD-AL), HFD ad libitum followed by HFD but TRF intervention (HFD-TRF), or HFD ad libitum followed
by HFD supplemented with luteolin but TRF intervention (HFD-TRF+L). (A) Gating strategy for hematopoietic stem cells using singlets, viable,
lineage negative cells and then LSK and LK populations for sub-gating of LT-HSC, MPP, Pre-GM, and GMP cells. (B) Schematic overview of
HSPC maturation in the BM. (C) Flow cytometry quantification of bone marrow LSK and LK cells, (D) LT-HSC and MPP, and (E) pre-GM and
GMP. Data are presented as mean ± SEM. Means without a common letter significantly differ at least at P<0.05 by ANOVA with Tukey’s post hoc
test. HSPC, hematopoietic stem and progenitor cells; LT-HSC, long term hematopoietic stem cells; MPP, multipotent progenitors; Pre-GM, pre-
granulocyte macrophage progenitor; GMP, granulocyte-macrophage progenitor. n.s., non-significant.
B C

D

E F G

A

FIGURE 3

Obesity increases the numbers of circulating neutrophils and monocytes, and time-restricted feeding (TRF) reverses these increases. (A) Gating strategy
for flow cytometric analysis of circulating neutrophils and monocytes. Absolute numbers of (B) neutrophils (CD45+Ly6G+), (C) monocytes (CD45+NK1.1-

CD19-TER119-CD11b+), (D) monocyte subpopulation based on Ly6C expression levels, (E) B cells (CD45+Gr1-TER119-CD19+CD3-), (F) T cells
(CD45+Gr1-TER119-CD19-CD3+), and (G) NK cells (CD45+Gr1-TER119-CD19-CD3-NK1.1+) were measured in the blood of mice (n=7 per group) after 12
weeks of LFD ad libitum (LFD-AL), HFD ad libitum (HFD-AL), HFD ad libitum followed by HFD but TRF intervention (HFD-TRF), or HFD ad libitum
followed by HFD supplemented with luteolin but TRF intervention (HFD-TRF+L). Data are presented as mean ± SEM. Means without a common letter
significantly differ at least at P<0.05 by ANOVA with Tukey’s post hoc test.
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(Figures 3E-G). Unexpectedly, TRF in combination with luteolin

exhibited a slight different phenomenon. TRF with luteolin

decreased the numbers of the Ly6C- and Ly6Clo, resulting in a

decrease in monocyte numbers similar to TRF alone (Figures 3C,

D), but it increased the numbers of B cells, T cells, and NK cells

compared to the LFD-AL group (Figures 3E-G), which remains

to be further investigated. These data suggest that HFD ad

libitum increased the numbers of circulating neutrophils and

monocytes, and that TRF intervention by itself was sufficient to

normalize these systemic changes.
3.4 Effects of time-restricted feeding
on mature neutrophils and monocytes
in BM

Decreased numbers of circulating monocytes and

neutrophils could be due to not only reduced BM

myelopoiesis but also increased myeloid cell death in the BM.

First, we analyzed the mature neutrophils and monocytes in the

BM. Ly6Chi monocytes represented roughly 95% of BM

monocytes. We detected an increased number of mature

neutrophils and monocytes by HFD ad libitum (Figures 4A-

C). We also detected decreased numbers of BM monocytes,

including Ly6Chi and a tendency towards decreased BM

neutrophils by TRF intervention (Figures 4A-C). Furthermore,

the frequency of dead (7-AAD+) neutrophils or monocytes was

similar in the BM, regardless of diet or TRF intervention

(Figures 4D, E), suggesting that TRF intervention did not

particularly promote myeloid cell death in the BM. In mice

under TRF, adipose tissue and liver produce less CCL2, a critical

chemokine for monocyte mobilization from the BM (39)
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(Figure 4F), leading to decreased levels of chemokine in blood

(Figure 4G). Thus, less supply of monocytes and CCL2 may

cause less monocytes in circulation.
3.5 Time-restricted feeding decreases
gene expression of transcription factors
required for myeloid differentiation in
BM without affecting BM progenitor
cell proliferation

Since we observed changes in myeloid progenitors and

mature monocytes in the BM by TRF, we performed in vivo

EdU labeling in mice to determine the proliferative capacity of

LSK cells in the BM. Interestingly, LSK as well as LK cells

exhibited similar proliferation rate in HFD-AL group compared

with LFD-AL group (Figure 5A). In addition, TRF intervention

did not cause a significant difference in EdU incorporation in

both LSK and LK cells, suggesting myeloid differentiation, not

proliferation of progenitors, may contribute to changes in

myeloid cell population.

Myeloid differentiation fate is determined by lineage-specific

transcription factors (40). Among them, the transcription factor

C/EBPa functions in self-renewal of HSC and drives myeloid

differentiation, indispensable for GMP generation (40). We

found that HFD ad libitum resulted in a significant elevation

of Cebpa mRNA levels in BM cells, where TRF intervention led

to the level similar to that seen in the LFD-AL group (Figure 5B).

However, expression of other transcription factor genes,

including Pax5 required for lymphocyte differentiation (41),

was unaltered. In addition, expression of Tnf and Il-1b,

cytokines that have been shown to activate HSC (42), did not
B C

D E F G

A

FIGURE 4

Effects of Time-restricted feeding (TRF) on mature neutrophils and monocytes in BM. Absolute numbers of (A) neutrophils (CD45+Ly6G+),
(B) monocytes (CD45+NK1.1-CD19-TER119-CD11b+) and (C) monocyte subpopulation based on Ly6C expression levels as well as frequency of
7-AAD+ cells among (D) neutrophils and (E) monocytes were measured in the BM of mice (n=7 per group) after 12 weeks of LFD ad libitum
(LFD-AL), HFD ad libitum (HFD-AL), HFD ad libitum followed by HFD but TRF intervention (HFD-TRF), or HFD ad libitum followed by HFD
supplemented with luteolin but TRF intervention (HFD-TRF+L). (F) Quantitative real-time RT-PCR analysis of selected chemokine (Ccl2 and
Ccl8) in epididymal adipose tissue (n=8 per group) and liver (n=4 per group). (G) Serum CCL2 levels were assessed by ELISA (n=10 per group).
Data are presented as mean ± SEM. Mean values (within the same gene and tissue) without a common letter significantly differ at least at P<0.05
by ANOVA with Tukey’s post hoc test. n.s., non-significant.
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differ among LFD-AL, HFD-AL, and HFD-TRF groups.

Interestingly, HFD ad libitum increased Lepr expression,

known to be an important factor for maintaining BM

homeostasis (43), in BM cells by 6.8-fold, where TRF

decreased by ~80%. Furthermore, changes in Cebpa mRNA

levels by HFD and TRF were also observed in BM HSPC

(Figure 5C). These data suggest that TRF may influence

myeloid development through balancing transcription factors

required for differentiation at the undifferentiated progenitor

cell stage.
4 Discussion

Obesity is associated with infiltration of immune cells,

notably macrophages, into adipose tissue, which may

contribute to systemic insulin resistance (4, 5). Since the

production of these cells can influence systemic cell abundance

(44) and recruitment to the adipose tissue (12), using dietary

intervention that reduces overproduction of monocytes may

provide the strategies to reduce insulin resistance associated

with obesity. As summarized in Figure 6, TRF normalized

obesity-induced expansion of multiple early myeloid

progenitor populations in the BM. In parallel, TRF reduced

the monocyte pool in the BM and in circulation to a level similar

to that seen in mice fed LFD ad libitum. Along with these

changes, mice on TRF were also protected against insulin
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resistance. In sum, effect of TRF on HSPC phenotype that is

mirrored at neutrophils and monocytes in circulation could in

part explain the systemic health improvements seen under TRF.

How does TRF alter monocyte supply? First, we

demonstrated decreased mRNA expression of transcription

factor, important for myeloid differentiation, such as Cebpa in

the BM HSPC. The establishment of hematopoietic lineages is

orchestrated by a hierarchical network of transcription factors,

each of which are essential for specific steps (40). C/EBPa
functions in self-renewal of existing hematopoietic stem cells

and has indispensable role in GMP generation (40). Growth-

factor independent 1 (GFI1) is required for HSC self-renewal

and late-stage neutrophil production (40). PU.1 expression

seems to be essential in both myeloid and lymphoid

progenitors (40). Among them, only Cebpa mRNA expression

was upregulated by HFD ad libitum and normalized by TRF.

While HFD ad libitum induced the quantitative changes in

multiple early myeloid progenitor populations, including MPP

in LSK population, Pre-GM and GMP in LK population, TRF

intervention normalized them. However, LSK and LK cells

exhibited similar proliferative capacity, regardless of diet or

TRF intervention. In a study, using a cell-tracing (in vivo)

approach, the authors found that hematopoietic stem cells

were able to differentiate into MPP and even restricted

myeloid progenitors, without undergoing cell division (45).

Therefore, TRF appears to reduce differentiation of HSPC in

favor of myelopoiesis during obesity rather than influencing
B C

A

FIGURE 5

Time-restricted feeding (TRF) decreases gene expression of transcription factor required for myeloid differentiation without affecting BM
progenitor cell proliferation. C57BL/6 mice were fed an LFD ad libitum (LFD-AL), HFD ad libitum (HFD-AL), HFD ad libitum followed by HFD but
TRF intervention (HFD-TRF) for 12 weeks. (A) EdU incorporation in LSK cells (Left) or LK cells (Right), as measured 18 h after intraperitoneal
injection (n=8 per group). (B) Quantitative real-time RT-PCR analysis of selected hematopoietic transcription factors (Spi1, Pax5, Gfi1, Cebpa),
cytokines (Tnfa and Il1b), and leptin receptor (Lepr) in BM cells (n=6 per group). (C) Quantitative real-time RT-PCR analysis of Spi1 and Cebpa in
BM HSPC (n=5 per group). Data are presented as mean ± SEM. Mean values (within the same gene) without a common letter significantly differ
at least at P<0.05 by ANOVA with Tukey’s post hoc test. n.s., non-significant.
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proliferation rate; Cepba expression level may play a crucial role

in this process.

Further analysis in immune cell profile and 7-AAD+

frequency in BM indicates that TRF-induced reduction in the

numbers of BM monocytes was not due to increased cell death.

We found that TRF mice had lower levels of circulating CCL2,

one of chemokines that is primarily responsible for CCR2

activation and monocytes mobilization (39). While CCL2/

CCR2 axis on myeloid cells remains to be investigated further,

these data suggest that reduced supply of monocytes and CCL2

by TRF intervention may contribute to reduced number of

monocytes in circulation.

There are several lines of evidence suggesting that metabolic

and immunologic effect of TRF may be interrelated. First, TRF

effectively reduced glucose levels in overweight and obese mice

(Figure 1H). Similar result was found in meta-analysis with 238

participants, particularly who had metabolic abnormality (46).

Interestingly, streptozotocin or Akita diabetic mice were shown

to have increased numbers of circulating monocytes and

neutrophils but not lymphocytes, along with enhanced

myelopoiesis in the BM, and these changes were normalized

by lowering glucose levels (47). Similarly, Apoe-/- mice exposed
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to hyperglycemia (4 injection of 2 g/kg glucose, 2 h apart) once a

week for 10 week showed similar myelopoiesis likely

contributing to monocytosis and accelerated atherosclerosis

(48). In the current study, we observed that 6 weeks of daily

10 h-TRF intervention led to normoglycemia similar to the LFD

group despite of HFD consumption. Thus, the protective role of

TRF may be in part mediated through preventing or lowering

HFD-induced hyperglycemia, which has been linked to

hematopoietic disruption and particularly to myeloid skewing.

Second, TRF effectively modulated leptin levels in circulation

(Figure 1O). It is well known that plasma leptin levels decrease

during fasting or energy restriction and increase when energy is

abundant (49). Chaix and others reported that serum leptin

levels were lower in mice on HFD with TRF intervention,

compared to HFD ad libitum (17, 50). We also confirmed that

HFD ad libitum resulted in a significant elevation of leptin levels

in circulation (3.5-fold) compared to LFD group, where TRF

decreased them by ~30%. Interestingly, we found that Lepr

expression in BM cells was high in mice under HFD ad

libitum and reduced by TRF intervention (Figure 5B).

Although only a minor subset of long-term HSC express Lepr

under steady state, Lepr+ stromal cells are known to play critical
FIGURE 6

Illustration of monocyte pools influenced by obesity and TRF intervention. In the bone marrow, LT-HSC differentiate into short-term HSC, and
subsequently to MPP with reduced self-renewal ability. MPP differentiate into Pre-GM and others. Pre-GM give rise to GMP, and subsequently
generates monocytes and neutrophils. While HFD ad libitum led to expansion of multiple early myeloid precursor cells, such as MPP, Pre-GM,
and GMP, TRF inhibited these increases. In parallel, TRF reduced the numbers of mature monocyte in the bone marrow and peripheral blood.
TRF was effective to reduce leptin in circulation and LepR mRNA expression in BM cells. In addition, TRF reduced mRNA expression of the
transcription factor Cepba in BM cells. In summary, TRF is an effective dietary strategy to reduce overproduction of monocytes during obesity,
which may be associated with the reduced CD11c+ adipose tissue macrophages and insulin resistance seen in our previous study (22). LT-HSC,
long-term hematopoietic stem cells; MPP, multipotent progenitors; Pre-GM, pre-granulocyte macrophage progenitors; GMP, granulocyte
macrophage progenitors; LSK, Lin-Sca-1+c-Kit+; LK, Lin-c-Kit+ cells; Lepr, leptin receptor; ↑H, increased by HFD ad libitum; ⨂, inhibited by TRF
intervention.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1054875
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2022.1054875
roles in maintaining BM homeostasis (43). A recent study

reported involvement of leptin signaling in hematopoietic

output by modulating BM stromal cells in the context of

exercise (51). While voluntary exercise reduced serum leptin

levels and LSK cell proliferation, leptin supplementation during

exercise increased numbers of leukocytes (51). Hence, it is

plausible that TRF exerts protection via lowering and

maintaining leptin levels due to prolonged fast, which may

link to the reduced hematopoietic output of monocytes

and neutrophils.

Most importantly, TRF was able to reduce peripheral

monocytes in overweight and obese mice (Figure 3C). Obesity-

induced increase in circulating monocytes has been shown in

both mice (52) and humans (6). Monocytes rapidly migrate

during obesity and they to a greater extent infiltrate into

inflamed adipose tissue to become ATM (53). Since ATM are

associated with obesity-associated insulin resistance (11, 54–56),

reduced numbers of monocytes by TRF may result in fewer

ATM and perhaps also with less proinflammatory profile for

these ATM. Indeed, we previously reported that TRF

intervention reduced numbers of total and proinflammatory

ATM, along with the improvement of insulin resistance in

overweight and obese mice (22). Real-time PCR of the total

adipose tissue for the macrophage-associated genes Adgre1 (F4/

80) and Itgax (CD11c) also indicated that TRF decreased

proinflammatory ATM infiltration (Figure 1M), consistent

with our previous findings (22) (Figure 6). Thus, the

regulation of monocyte pools by TRF may be a contributing

factor to alleviated insulin resistance associated with obesity.

In our experiment, we applied TRF intervention to mice

during the active (dark) phase. However, not all TRF regimens

are beneficial. In fact, TRF out of sync with the circadian timing

was shown to worsen glucose intolerance (21) and increase diet-

induced obesity (57). It is noteworthy that mice fed only in the

active (dark) period had increased energy expenditure,

compared with those fed only in the inactive (light) period

(58). This may in part explain the lower efficiency of TRF mice in

converting energy consumption into body weight, even with

LFD-AL despite similar caloric intake. These results suggest that

TRF may be effective for having metabolic benefits when

administered in line with the circadian timing.

The current study also explored the effects of TRF and

concurrent luteolin supplement on metabolic parameters and

hematopoiesis. Since luteolin has been shown to be effective in

reducing obesity and obesity-associated inflammation in previous

studies (29–32), we expected that TRF in combination with

luteolin supplementation would be more effective than TRF

alone. However, we found no significant difference between the

two treatments in terms of body weight, adiposity, liver mass,

insulin resistance, and leptin level. In addition, there was no

additive effect of luteolin on the improvement against

myelopoiesis, neutrophilia, and monocytosis, when compared

with TRF alone. Unexpectedly, mice under HFD-TRF+L had
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more Ly6Chi, B cells, T cells, and NK cells than those under LFD-

AL. These results are difficult to interpret.We could only speculate

that increased lifespan of these cells or increased inflammation

might take place when luteolin is combined with TRF. However,

we did not see adipose tissue inflammation induced by TRF in

combination with luteolin, compared with TRF alone. Thus, until

functional comparisons of these peripheral immune cells are

confirmed, the interpretation and implication of these results

need to be addressed carefully. Furthermore, we focused on the

changes of certain metabolic and immunologic aspects and thus,

there are possibility that luteolin may deliver other benefits in

combination with TRF, which needs to be determined in the

studies with varying dose and duration.

A potential limitation of this study is that small amount of

RNA in HSPC is a severe limiting factor which deprived us of the

ability to compare among a wide range of transcriptional genes

and cytokines needed for hematopoiesis. It would be advisable to

perform single cell RNA-sequence to elaborate the effect of TRF

in lineage specification and gene regulatory networks of distinct

HSPC clusters.

In summary, we in this study demonstrated that TRF

intervention effectively reduced BM myeloid progenitors,

including MPP, Pre-GM, and GMP leading to normalization

of monocyte numbers in both BM and blood, while without

affecting circulating B, T, and NK cells. These results suggest a

great potential for using TRF regime to counteract obesity-

induced disturbance in BM hematopoiesis, and this effect may

in part contribute to health benefits of practicing TRF, in

particular increasing insulin sensitivity.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding author.
Ethics statement

The animal study was reviewed and approved by the

Institutional Animal Care and Use Committee of Chungbuk

National University.
Author contributions

MP conceived and designed the study. YK, YL, MNL, JN, NY

and MP performed the experiments. YK and MP analyzed and

interpreted the data. YK, MNL, DW, and MP wrote, edited, and

reviewed the manuscript. MP had full access to all data in the

study and took responsibility for the integrity of the data, and

also for the manuscript. All authors listed have made a
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1054875
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2022.1054875
substantial, direct, and intellectual contribution to the work and

approved it for publication.

Funding

This work was supported by the National Research

Foundation of Korea (NRF) grant funded by the Korea

government (MSIP) (NRF-2021R1A2C2004521).
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 conflicted of interest.
Frontiers in Immunology 11
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/

fimmu.2022.1054875/full#supplementary-material
References
1. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al.
Global, regional, and national prevalence of overweight and obesity in children and
adults during 1980-2013: A systematic analysis for the global burden of disease
study 2013. Lancet (2014) 384(9945):766–81. doi: 10.1016/S0140-6736(14)60460-8

2. Swinburn BA, Sacks G, Hall KD, McPherson K, Finegood DT, Moodie ML,
et al. Obesity 1 the global obesity pandemic: Shaped by global drivers and local
environments. Lancet (2011) 378(9793):804–14. doi: 10.1016/S0140-6736(11)
60813-1

3. Hotamisligil GS, Erbay E. Nutrient sensing and inflammation in metabolic
diseases. Nat Rev Immunol (2008) 8(12):923–34. doi: 10.1038/nri2449

4. Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin
Invest (2006) 116(7):1793–801. doi: 10.1172/JCI29069

5. Osborn O, Olefsky JM. The cellular and signaling networks linking the
immune system and metabolism in disease. Nat Med (2012) 18(3):363–74. doi:
10.1038/nm.2627

6. Poitou C, Dalmas E, Renovato M, Benhamo V, Hajduch F, Abdennour M,
et al. CD14dimCD16+ and CD14+CD16+ monocytes in obesity and during
weight loss: Relationships with fat mass and subclinical atherosclerosis.
Arterioscler Thromb Vasc Biol (2011) 31(10):2322–30. doi: 10.1161/
ATVBAHA.111.230979

7. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW.
Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest
(2003) 112(12):1796–808. doi: 10.1172/JCI200319246

8. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic
inflammation in fat plays a crucial role in the development of obesity-related
insulin resistance. J Clin Invest (2003) 112(12):1821–30. doi: 10.1172/JCI200319451

9. Arkan MC, Hevener AL, Greten FR, Maeda S, Li ZW, Long JM, et al. IKK-
beta links inflammation to obesity-induced insulin resistance. Nat Med (2005) 11
(2):191–8. doi: 10.1038/nm1185

10. Patsouris D, Li PP, Thapar D, Chapman J, Olefsky JM, Neels JG. Ablation of
CD11c-positive cells normalizes insulin sensitivity in obese insulin resistant
animals. Cell Metab (2008) 8(4):301–9. doi: 10.1016/j.cmet.2008.08.015

11. Weisberg SP, Hunter D, Huber R, Lemieux J, Slaymaker S, Vaddi K, et al.
CCR2 modulates inflammatory and metabolic effects of high-fat feeding. J Clin
Invest (2006) 116(1):115–24. doi: 10.1172/JCI24335

12. Singer K, DelProposto J, Morris DL, Zamarron B, Mergian T, Maley N, et al.
Diet-induced obesity promotes myelopoiesis in hematopoietic stem cells. Mol
Metab (2014) 3(6):664–75. doi: 10.1016/j.molmet.2014.06.005

13. Benova A, Tencerova M. Obesity-induced changes in bone marrow
homeostasis. Front Endocrinol (2020) 11. doi: 10.3389/fendo.2020.00294

14. Longo VD, Panda S. Fasting, circadian rhythms, and time-restricted feeding
in healthy lifespan. Cell Metab (2016) 23(6):1048–59. doi: 10.1016/
j.cmet.2016.06.001
15. Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. Early
time-restricted feeding improves insulin sensitivity, blood pressure, and oxidative
stress even without weight loss in men with prediabetes. Cell Metab (2018) 27
(6):1212–21.e3. doi: 10.1016/j.cmet.2018.04.010

16. Chung H, Chou W, Sears DD, Patterson RE, Webster NJ, Ellies LG. Time-
restricted feeding improves insulin resistance and hepatic steatosis in a mouse
model of postmenopausal obesity. Metabolism (2016) 65(12):1743–54.
doi: 10.1016/j.metabol.2016.09.006

17. Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA, Gill S, et al.
Time-restricted feeding without reducing caloric intake prevents metabolic diseases
in mice fed a high-fat diet. Cell Metab (2012) 15(6):848–60. doi: 10.1016/
j.cmet.2012.04.019

18. Sundaram S, Yan L. Time-restricted feeding reduces adiposity in mice fed a
high-fat diet. Nutr Res (2016) 36(6):603–11. doi: 10.1016/j.nutres.2016.02.005

19. Woodie LN, Luo Y, Wayne MJ, Graff EC, Ahmed B, O'Neill AM, et al.
Restricted feeding for 9h in the active period partially abrogates the detrimental
metabolic effects of a Western diet with liquid sugar consumption in mice.
Metabolism (2018) 82:1–13. doi: 10.1016/j.metabol.2017.12.004

20. Che T, Yan C, Tian D, Zhang X, Liu X, Wu Z. Time-restricted feeding
improves blood glucose and insulin sensitivity in overweight patients with type 2
diabetes: A randomised controlled trial. Nutr Metab (Lond) (2021) 18(1):88.
doi: 10.1186/s12986-021-00613-9

21. de Goede P, Foppen E, Ritsema W, Korpel NL, Yi CX, Kalsbeek A. Time-
restricted feeding improves glucose tolerance in rats, but only when in line with the
circadian timing system. Front Endocrinol (Lausanne) (2019) 10:554. doi: 10.3389/
fendo.2019.00554

22. Lee Y, Kim Y, Lee M, Wu D, Pae M. Time-restricted feeding restores
obesity-induced alteration in adipose tissue immune cell phenotype. Nutrients
(2021) 13(11):3780. doi: 10.3390/nu13113780

23. Jordan S, Tung N, Casanova-Acebes M, Chang C, Cantoni C, Zhang D, et al.
Dietary intake regulates the circulating inflammatory monocyte pool. Cell (2019)
178(5):1102–14.e17. doi: 10.1016/j.cell.2019.07.050

24. Seelinger G, Merfort I, Schempp CM. Anti-oxidant, anti-inflammatory and
anti-allergic activities of luteolin. Planta Med (2008) 74(14):1667–77. doi: 10.1055/
s-0028-1088314

25. Aziz N, Kim MY, Cho JY. Anti-inflammatory effects of luteolin: A review of
in vitro, in vivo, and in silico studies. J Ethnopharmacol (2018) 225:342–58.
doi: 10.1016/j.jep.2018.05.019

26. Gautam R, Jachak SM. Recent developments in anti-inflammatory natural
products. Med Res Rev (2009) 29(5):767–820. doi: 10.1002/med.20156

27. Wang GG, Lu XH, Li W, Zhao X, Zhang C. Protective effects of luteolin on
diabetic nephropathy in STZ-induced diabetic rats. Evid Based Complement
Alternat Med (2011) 2011:323171. doi: 10.1155/2011/323171
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1054875/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1054875/full#supplementary-material
https://doi.org/10.1016/S0140-6736(14)60460-8
https://doi.org/10.1016/S0140-6736(11)60813-1
https://doi.org/10.1016/S0140-6736(11)60813-1
https://doi.org/10.1038/nri2449
https://doi.org/10.1172/JCI29069
https://doi.org/10.1038/nm.2627
https://doi.org/10.1161/ATVBAHA.111.230979
https://doi.org/10.1161/ATVBAHA.111.230979
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1172/JCI200319451
https://doi.org/10.1038/nm1185
https://doi.org/10.1016/j.cmet.2008.08.015
https://doi.org/10.1172/JCI24335
https://doi.org/10.1016/j.molmet.2014.06.005
https://doi.org/10.3389/fendo.2020.00294
https://doi.org/10.1016/j.cmet.2016.06.001
https://doi.org/10.1016/j.cmet.2016.06.001
https://doi.org/10.1016/j.cmet.2018.04.010
https://doi.org/10.1016/j.metabol.2016.09.006
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1016/j.nutres.2016.02.005
https://doi.org/10.1016/j.metabol.2017.12.004
https://doi.org/10.1186/s12986-021-00613-9
https://doi.org/10.3389/fendo.2019.00554
https://doi.org/10.3389/fendo.2019.00554
https://doi.org/10.3390/nu13113780
https://doi.org/10.1016/j.cell.2019.07.050
https://doi.org/10.1055/s-0028-1088314
https://doi.org/10.1055/s-0028-1088314
https://doi.org/10.1016/j.jep.2018.05.019
https://doi.org/10.1002/med.20156
https://doi.org/10.1155/2011/323171
https://doi.org/10.3389/fimmu.2022.1054875
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2022.1054875
28. Zang Y, Igarashi K, Li Y. Anti-diabetic effects of luteolin and luteolin-7-O-
glucoside on KK-a(y) mice. Biosci Biotechnol Biochem (2016) 80(8):1580–6.
doi: 10.1080/09168451.2015.1116928

29. Xu N, Zhang L, Dong J, Zhang X, Chen YG, Bao B, et al. Low-dose diet
supplement of a natural flavonoid, luteolin, ameliorates diet-induced obesity and
insulin resistance in mice. Mol Nutr Food Res (2014) 58(6):1258–68. doi: 10.1002/
mnfr.201300830

30. Baek Y, Lee MN, Wu D, Pae M. Luteolin reduces adipose tissue macrophage
inflammation and insulin resistance in postmenopausal obese mice. J Nutr Biochem
(2019) 71:72–81. doi: 10.1016/j.jnutbio.2019.06.002

31. Kwon EY, Jung UJ, Park T, Yun JW, Choi MS. Luteolin attenuates hepatic
steatosis and insulin resistance through the interplay between the liver and adipose
tissue in mice with diet-induced obesity. Diabetes (2015) 64(5):1658–69.
doi: 10.2337/db14-0631

32. Zhang L, Han YJ, Zhang X, Wang X, Bao B, Qu W, et al. Luteolin reduces
obesity-associated insulin resistance in mice by activating AMPKalpha1 signalling
in adipose tissue macrophages. Diabetologia (2016) 59(10):2219–28. doi: 10.1007/
s00125-016-4039-8

33. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner
RC. Homeostasis model assessment - insulin resistance and beta-cell function from
fasting plasma-glucose and insulin concentrations in man. Diabetologia (1985) 28
(7):412–9. doi: 10.1007/BF00280883

34. Pronk CJH, Rossi DJ, Mansson R, Attema JL, Norddahl GL, Chan CKF,
et al. Elucidation of the phenotypic, functional, and molecular topography of a
myeloerythroid progenitor cell hierarchy. Cell Stem Cell (2007) 1(4):428–42.
doi: 10.1016/j.stem.2007.07.005

35. Kharas MG, Janes MR, Scarfone VM, Lilly MB, Knight ZA, Shokat KM,
et al. Ablation of PI3K blocks BCR-ABL leukemogenesis in mice, and a dual PI3K/
mTOR inhibitor prevents expansion of human BCR-ABL+ leukemia cells. J Clin
Invest (2008) 118(9):3038–50. doi: 10.1172/JCI33337

36. Zeng C, Pan F, Jones LA, Lim MM, Griffin EA, Sheline YI, et al. Evaluation
of 5-ethynyl-2'-deoxyuridine staining as a sensitive and reliable method for
studying cell proliferation in the adult nervous system. Brain Res (2010)
1319:21–32. doi: 10.1016/j.brainres.2009.12.092

37. van den Berg SM, Seijkens TT, Kusters PJ, Beckers L, den Toom M, Smeets
E, et al. Diet-induced obesity in mice diminishes hematopoietic stem and
progenitor cells in the bone marrow. FASEB J (2016) 30(5):1779–88.
doi: 10.1096/fj.201500175

38. Iwasaki H, Akashi K. Myeloid lineage commitment from the hematopoietic
stem cell. Immunity (2007) 26(6):726–40. doi: 10.1016/j.immuni.2007.06.004

39. Tsou CL, Peters W, Si Y, Slaymaker S, Aslanian AM, Weisberg SP, et al.
Critical roles for CCR2 and MCP-3 in monocyte mobilization from bone marrow
and recruitment to inflammatory sites. J Clin Invest (2007) 117(4):902–9.
doi: 10.1172/JCI29919

40. Rosenbauer F, Tenen DG. Transcription factors in myeloid development:
balancing differentiation with transformation. Nat Rev Immunol (2007) 7(2):105–
17. doi: 10.1038/nri2024

41. Cobaleda C, Schebesta A, Delogu A, Busslinger M. Pax5: the guardian of b
cell identity and function. Nat Immunol (2007) 8(5):463–70. doi: 10.1038/ni1454

42. Mirantes C, Passegue E, Pietras EM. Pro-inflammatory cytokines: emerging
players regulating HSC function in normal and diseased hematopoiesis. Exp Cell
Res (2014) 329(2):248–54. doi: 10.1016/j.yexcr.2014.08.017
Frontiers in Immunology 12
43. Trinh T, Broxmeyer HE. Role for leptin and leptin receptors in stem cells
during health and diseases. Stem Cell Rev Rep (2021) 17(2):511–22. doi: 10.1007/
s12015-021-10132-y

44. Nagareddy PR, Kraakman M, Masters SL, Stirzaker RA, Gorman DJ, Grant
RW, et al. Adipose tissue macrophages promote myelopoiesis and monocytosis in
obesity. Cell Metab (2014) 19(5):821–35. doi: 10.1016/j.cmet.2014.03.029

45. Grinenko T, Eugster A, Thielecke L, Ramasz B, Kruger A, Dietz S, et al.
Hematopoietic stem cells can differentiate into restricted myeloid progenitors before
cell division inmice.NatCommun (2018) 9(1):1898. doi: 10.1038/s41467-018-04188-7

46. Moon S, Kang J, Kim SH, Chung HS, Kim YJ, Yu JM, et al. Beneficial effects
of time-restricted eating on metabolic diseases: A systemic review and meta-
analysis. Nutrients (2020) 12(5):1267. doi: 10.3390/nu12051267

47. Nagareddy PR, Murphy AJ, Stirzaker RA, Hu Y, Yu S, Miller RG, et al.
Hyperglycemia promotes myelopoiesis and impairs the resolution of
atherosclerosis. Cell Metab (2013) 17(5):695–708. doi: 10.1016/j.cmet.2013.04.001

48. Flynn MC, Kraakman MJ, Tikellis C, Lee MKS, Hanssen NMJ, Kammoun
HL, et al. Transient intermittent hyperglycemia accelerates atherosclerosis by
promoting myelopoiesis. Circ Res (2020) 127(7):877–92. doi: 10.1161/
CIRCRESAHA.120.316653

49. Tsai M, Asakawa A, Amitani H, Inui A. Stimulation of leptin secretion by
insulin. Indian J Endocrinol Metab (2012) 16(Suppl 3):S543–8. doi: 10.4103/2230-
8210.105570

50. Chaix A, Zarrinpar A, Miu P, Panda S. Time-restricted feeding is a
preventative and therapeutic intervention against diverse nutritional challenges.
Cell Metab (2014) 20(6):991–1005. doi: 10.1016/j.cmet.2014.11.001

51. Frodermann V, Rohde D, Courties G, Severe N, Schloss MJ, Amatullah H,
et al. Exercise reduces inflammatory cell production and cardiovascular
inflammation via instruction of hematopoietic progenitor cells. Nat Med (2019)
25(11):1761–71. doi: 10.1038/s41591-019-0633-x

52. KimMS, Yamamoto Y, Kim K, Kamei N, Shimada T, Liu L, et al. Regulation
of diet-induced adipose tissue and systemic inflammation by salicylates and
pioglitazone. PloS One (2013) 8(12):e82847. doi: 10.1371/journal.pone.0082847

53. Oh DY, Morinaga H, Talukdar S, Bae EJ, Olefsky JM. Increased macrophage
migration into adipose tissue in obese mice. Diabetes (2012) 61(2):346–54.
doi: 10.2337/db11-0860

54. Kamei N, Tobe K, Suzuki R, Ohsugi M, Watanabe T, Kubota N, et al.
Overexpression of monocyte chemoattractant protein-1 in adipose tissues causes
macrophage recruitment and insulin resistance. J Biol Chem (2006) 281(36):26602–
14. doi: 10.1074/jbc.M601284200

55. Lee BC, Lee J. Cellular and molecular players in adipose tissue inflammation
in the development of obesity-induced insulin resistance. Bba-Mol Basis Dis (2014)
1842(3):446–62. doi: 10.1016/j.bbadis.2013.05.017

56. Wentworth JM, Naselli G, BrownWA, Doyle L, Phipson B, Smyth GK, et al.
Pro-inflammatory CD11c+CD206+ adipose tissue macrophages are associated
with insulin resistance in human obesity. Diabetes (2010) 59(7):1648–56.
doi: 10.2337/db09-0287

57. Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. Circadian timing
of food intake contributes to weight gain. Obes (Silver Spring) (2009) 17(11):2100–
2. doi: 10.1038/oby.2009.264

58. Hepler C, Weidemann BJ, Waldeck NJ, Marcheva B, Cedernaes J, Thorne
AK, et al. Time-restricted feeding mitigates obesity through adipocyte
thermogenesis. Science (2022) 378(6617):276–84. doi: 10.1126/science.abl8007
frontiersin.org

https://doi.org/10.1080/09168451.2015.1116928
https://doi.org/10.1002/mnfr.201300830
https://doi.org/10.1002/mnfr.201300830
https://doi.org/10.1016/j.jnutbio.2019.06.002
https://doi.org/10.2337/db14-0631
https://doi.org/10.1007/s00125-016-4039-8
https://doi.org/10.1007/s00125-016-4039-8
https://doi.org/10.1007/BF00280883
https://doi.org/10.1016/j.stem.2007.07.005
https://doi.org/10.1172/JCI33337
https://doi.org/10.1016/j.brainres.2009.12.092
https://doi.org/10.1096/fj.201500175
https://doi.org/10.1016/j.immuni.2007.06.004
https://doi.org/10.1172/JCI29919
https://doi.org/10.1038/nri2024
https://doi.org/10.1038/ni1454
https://doi.org/10.1016/j.yexcr.2014.08.017
https://doi.org/10.1007/s12015-021-10132-y
https://doi.org/10.1007/s12015-021-10132-y
https://doi.org/10.1016/j.cmet.2014.03.029
https://doi.org/10.1038/s41467-018-04188-7
https://doi.org/10.3390/nu12051267
https://doi.org/10.1016/j.cmet.2013.04.001
https://doi.org/10.1161/CIRCRESAHA.120.316653
https://doi.org/10.1161/CIRCRESAHA.120.316653
https://doi.org/10.4103/2230-8210.105570
https://doi.org/10.4103/2230-8210.105570
https://doi.org/10.1016/j.cmet.2014.11.001
https://doi.org/10.1038/s41591-019-0633-x
https://doi.org/10.1371/journal.pone.0082847
https://doi.org/10.2337/db11-0860
https://doi.org/10.1074/jbc.M601284200
https://doi.org/10.1016/j.bbadis.2013.05.017
https://doi.org/10.2337/db09-0287
https://doi.org/10.1038/oby.2009.264
https://doi.org/10.1126/science.abl8007
https://doi.org/10.3389/fimmu.2022.1054875
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Time-restricted feeding reduces monocyte production by controlling hematopoietic stem and progenitor cells in the bone marrow during obesity
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Metabolic parameters
	2.3 Histology
	2.4 Isolation of mouse bone marrow cells
	2.5 Flow cytometry
	2.5.1 Hematopoietic stem cells and myeloid progenitors in BM
	2.5.2 Mature immune cells in BM
	2.5.3 Blood leukocytes

	2.6 In vivo proliferation assay
	2.7 Real-time PCR
	2.8 Statistics

	3 Results
	3.1 Effects of time-restricted feeding on obesity and associated parameters
	3.2 Effects of time-restricted feeding on obesity-induced switch from quiescent to differentiating LSK cells
	3.3 Effects of time-restricted feeding on obesity-induced immune cell profile in the peripheral blood
	3.4 Effects of time-restricted feeding on mature neutrophils and monocytes in BM
	3.5 Time-restricted feeding decreases gene expression of transcription factors required for myeloid differentiation in BM without affecting BM progenitor cell proliferation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	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 /LeaveColorUnchanged
  /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


