Cell Metabolism, Volume 37

Supplemental information

Maternal circadian rhythms during pregnancy

dictate metabolic plasticity in offspring

Na Yao, Kenichiro Kinouchi, Manami Katoh, Kousha Changizi Ashtiani, Sherif
Abdelkarim, Hiroyuki Morimoto, Takuto Torimitsu, Takahide Kozuma, Akihide
Iwahara, Shotaro Kosugi, Jin Komuro, Kyosuke Kato, Shun Tonomura, Toshifumi
Nakamura, Arata Itoh, Shintaro Yamaguchi, Jun Yoshino, Junichiro Irie, Hisayuki
Hashimoto, Shinsuke Yuasa, Akiko Satoh, Yohei Mikami, Shusaku Uchida, Takatoshi
Ueki, Seitaro Nomura, Pierre Baldi, Kaori Hayashi, and Hiroshi Itoh



Figure S1

A BMI Perirenal WAT D E Oil red O staining F F4/80 H Extracellular Fluid Total cholesterol
*ok . . . 60 Fokotok 80 *
25 HFD Liver H&E Staining WAT H&E Staining g g |_| 100 ns 300
20 LFD a0 260 . 80y - 1200
15 e o 40 T[] 2 801 g,
10 220 £ 2 401 |~ £ 100
] 0
055N Crs co cps CONCPS CONCPS COCPS comNcRs 0 CON CPS CON CcPS CONCPS CONCPS
LFD _ HFD LFD  HFD LFD  HFD TLFD  HFD “LFD_ _HFD
Subcutaneous WAT Adipocyte size
Fat Mass HFD HFD hs ke Total Body Water Triglyceride
80 p =0.0867 oN oPs 15000 80 ns 240 p=0.0971
CON CPS — 10000- H
t 601 i i [}
= 5000 240 . s L. %160
L Al T lETll
0- &P &P 0
CON CPS CON CPS S ES S CON CPS CON CPS 0 CON CPS CON CPS
LFD  HFD LFD HFD LFD  HFD LD HFD
Female
J  Daily Water Intake | BW L M werr N IPGTT O vo, RQ
p= HFD @ 600 - 8 p=0.0655 1.00
9 ~ N pav- 0.9 G
- CON 5 o = 4 q 7 T
SoN|Lro WAT Liver 23 a0 X6 Nagitguld oso| . 7
30 "CONlHFD . . 5 £ 03 08 ;
- CPS . peri para sub 8 €200 2 §’4 -
CON_CPS CON CPS CON CPS  CON CPS o Z2 0.80 w&@%“‘%
0 Ins ] o £, 0.7
CON CPS CONCPS  ©20 HFD 0 30 60 90 120 CON CPS CON CPS 0 4 812162024 0 4 812162024
“FD__HFD L min LFD  HFD zT
CON CPS "
IPITT Energy Expenditure VvCo.
Water Intake Tcm 1em 250 IPITT oo 2
10 p=05776 101 3 2 — - 00732 ’ ekt
8 Ml 55| * el § g200 gl P . £007 o
7T 1cm - . T = . ©
E 4 4 8 12 16 221 L. OCON [0 g =100 7 2 24 t 3 Eg'z mw/‘ﬂ”}fh
2 Age (weeks) hl ol i il ®CPS o 50 £ 8 o . e
[l peri para sub liver 0 Ep —————— [
0555 o 0 30 60 90 120 ~"CON CPS CON CPS 0 4 812162024 0 4 812162024
CON CPS CON CPS WAT —_—
LFD  HFD min LFD HFD T
P Daily Food Intake Food Intake Daily Food Intake/BW Food Intake/BW ( Daily Water Intake Water Intake
30 *kk - ns 1.0 ns p=0.1088 8 p=0.9999
08 6 =0.0546,
i 5 oo B E p=0.0546...
- 20 i [ * 506 4
£ . 0 - 3 04 ) 4
10 : . <02 ' =Nl
0 - 0.0l [ 01—
0 LD LD LD LD 0.0 B LDLD LD LD 0 LDLD LD LD
CON CPS CON CPS CON CPS CON CPS *""CON CPS CON CPS CON CPS CON CPS CON CPS CON CPS CON CPS CON CPS
LFD  HFD LFD  HFD LFD  HFD 0 _mFD_ LFD  HFD LFD _ HFD
BMI Fat Mass Extracellular Fluid Total Body Water
** 100 p= 00622 100 ns 80
80
10
Fl 2 ﬁ il
CON CPS CON CPS CON CPS CON CPS CON _CPS CON CPS CON CPS CON CPS
LFD HFD LFD HFD LFD HFD LFD HFD
S U Liver
L J CONlLFD
c Nr1d1 Nfil3 Pck1 Nampt Acly Gépc1 Slc2a2 Fgf21 CPs
S 20 2.0 2.5 8 2, @ CON
& 10 10 J N . @ cps HFD
21 1.5 2.0 6 1.5{ *
7 % 10 1.0 15 4 1 T
) 'o ’ 5 ( 5 1.0 2 i
£ g 0 SSEE b= o NN
= ﬁ i 0.0 i [ 0.0 i o o
0 6 121824 0 6 1218 24 0 6 1218 24 0 6 121824 0 6 1218 24 0 6 1218 24 0 6 121824 0 6 12 18 24
zT zT zT zr zr zT T zT
V WAT W Hypothalamus
24 24 Nr1d1 NFil3 Nampt
he
Time (hours) Time (hours) _5 p-STAT3/STAT3 p-AKT/AKT p-AMPK/AMPK Pp44p-MAPK/p44MAPK  p4a2p-MAPKI/p42MAPK
T  Free-running period 4 I, 2 . . 1.5 .
5 1. 1. 1.2 1.5 1.
X 1.4!
d 2 " x::j:'li 12, .o 14 " &Z . CONlHFD
> 0. 1. 0. 1. @ CPS
] 1 3 1.3
& 0. 0. o. 1.3 1.
& o 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
0 6 121824 0 6 1218 24 0 6 12 18 24 zr zr zT zT zr
zT zT zT
X Skeletal muscle Y BAT
Ucp3 Ppard Ppargc1a Ppargc1b Ppara Ucp1 Ppargc1a Ppargc1b
£ ns ns ns c 3 ns
S 2.0 4 S 25 3 ! 4 S 25
] . . 0 . 7]
8 1.5{ - <. 3 . g fg : 2 3 g 20 LR
s . . g 1. el | 2 1. < .|
1ol 2 2 . o - 510 . : 2 51:
g . i e 1 : e = ¢ 1011F) 1 2
2 05 . 1ﬁ_ - : 205 : : [—”11 205
& 0.0 CON CPS CON CPS 0 CON CPS CON CF:S 0 CON CPS CON CPS 0 CON CPS CON CPS 0.0 CON CPS CON CPS g 0.0 CON CPS CON CPS 0 CON CPS CON CPS CON CPS CON CPS & 0 CON CPS CON CPS

LFD HFD

LFD

HFD

LFD HFD

LFD

HFD

LFD

HFD

LFD

HFD LFD HFD

LFD HFD

LFD HFD



Figure S2
A

D Liver H&E Staining E

WT WAT H&E Stainin Oil red O staini
< Bmal1 Cry1 T _ T g9 5ol red O staining
S 1.57 ok 53, 885k 88§ g HFD HFD
3 @ SSa® S30% wT wT
- 1 0 [

s £2 BMALT — s v | s ;
S0 5 5
£05 21 B-ACTIN {ammmmmen  wwamemen| o
o © =
[ d ——— ° o
z0.0 T go T \
C 200 pm 200 pm 200 pm
Db Npas2 E’M‘I
as.
5 1.5y ke S 5. 20
S S 2.
g % 20 1] s 3 A
5 1.0 4 10
x 215
) 3 5 LT
205 o 1.0 A
2 Z 05 I_LI 0 e L=
Kt e wrT 100 ym 100 ym 100 pm 100 um
g 0 o WT &’ 00 wWT HFD
Female
G F4480 I Extracellular Fluid L BW M N IPeTT O PeTT
ns
80 WAT
60 S W e .

N
o

Positive cells(%)
S
=)

80 o
60
7 R 40 30
20
S 0
HFD

peri
wT

Blood glucose
(mg/dL)
N S (2]
[=] o o
(=] (=] (=]
AUC
(min-mg/dLx10%)

wr 0
HFD @ 201 0 30 60 90 120
min
H Adipocyte size Total Body Water IPITT
o = o 10 3 g 250 <t Jueo 2y
- e
_ tsoon 30 k] @2 8 5200 L oew IHFD *1.
E 10000 ) _’S', 2 %%150 g 3
5y Ko -1 &
5000. s 10 £ 21 g§,100 o < g‘
o = (<] /\\9_/* :
— 0 — Age (weeks) 0l= & o 50 S > .EO.
ey T peri para sub liver o_ =
WAT 0 30 60 90 120
min
J Total cholesterol Triglyceride Vo, RQ Q R
Daily Food Intake Daily Food IntakelBW Daily Water Intake
%00 1.0 30 Hokk 1.0 10 00612
2 200 o 200 M#Mw@ ! 208 8
g g 0.9 — 20 o
T 0.6 6
£ 100 £ 100 0.8 B 0.4 4
m B IQIHLIW 10 §
0w Bro WI_BKO 0.04 0.7 3(2) 2
T 0 4 812162024 0 4 812162024 0wt Bro wr WT BKO WT_BKO 0 WT BKO WT_BKO
zT zT LFD HFD “HFD
K Daily Water Intake Energy Expenditure VCO.
15 * oy =xp 2 Food Intake Food Intake/BW Water Intake
|—| 0.5 . 20 r
10 * ns
2 £0.4 £0.07 _1s : 5 06
o 2 > 3. © 8 =) o
5 g o 10 S ;
g 03] 05 ki = . i I
0 ] . el 5 = ™~ > )
WT BKO WT 0.2 ) w BiR
0 [1}
LFD HFD — R LDLD LDLD LDLD LDLD LDLD LDLD
0 4 812162024 0 4 812162024 WT_BKO Wt WT_BKO WT Wr_Bko
T LFD HFD LFD HFD LFD HFD
Water Intake .
p=04176 Fat Mass Extracellular Fluid Total Body Water
8 y p= 00824 80 ns 80
6
’J—‘ ﬂ E m ﬂ ﬂ ﬁ ﬂ
0 WT BKO WT WT BKO WT_BKO WT BKO WT_BKO
LFD HFD THFD
Liver
T Bmal1 c Cry1 - Dbp c Nfil3 - c Per1 c Per2
825 = S 2.0 . S20 — 220 S S3 S 15 ns
° N 7] 7] ° . 73 ns I3 73 ns 73 °
e O P PRl P B, - 1 1K e |- T
$15 T - glT L. g g g g2 SO )
ws | w1.0f ry $ w 1.0 w1, w w ° i} s
E J1 osll* EIE 2 H EIHIE 205
gosi|ef|7[|-||7 E° 505 80 5 5| i
I TR [T, [} [} [TI (TR
x 0.0 WT BKO WT @ 0.0 WT BKO WT x 0.0 WT BKO WT x 0.0 WT_BKO WT x & 0=% 50w @ 0.0 WT BKO WT
LFD HFD ~TFf0  ~HD LFD HFD LFD HFD LFD HFD LFD  ~HFD
U WAT
c Bmal1 c Cry1 - Dbp - Nfil3 c Nr1d1 c Per1 - Per2
S 4 s S5 k] ns S 2.0 ns S 2.0 ns S 1.5 L= S 2.0 ns
8| . a ~ 2 ° ? . @ ¢ @ o @ 3
e3 o4 - o 815 o 815 o @ 215 s
3 ‘ 23 3 ! 3 ° 3 I ! 101/ [e] 3 :
w 2. w w o W10 L) - w 1.0 o w ° w 1.0: .
gl 22 SOLIATT Lol 171 2ol FIFI[]T] 20s 2ol || [
R HIRIE IR ﬁ ﬁ gos[°|° ||| & 1l & & 0917 ¢ |
o |]°]]. o 7] [TIP @ @ - @
® 0= 50w x 0 WT_BKO WT _EKO WT BKO WT @ 0.0 WT_BKO WT @ 0.0 WT BKO WT @ 0.0 WT BKO WT @ 0.0 WT BKO WT
LFD HFD ~1if0_ "HFD ~1If0_ "D “Lfp_ " HFD LFD HFD LFD HFD B




Figure S3

A

LFD HFD

B Rhythmic metabolites

CON CPS CON CP

all 4 groups

ON

CPS

-LOG10(p)

G

all 4 groups

4
Ascorbate and aldarate metabolism
3 Riboflavin metabolism
Pentose and glucuronate interconversions:
2
1
0
—
00 05 1.0
Impact

Corticosterone

gamma-glutamylphenylalanine

# Metabolites

CON

N
=)
N
o

Galactose metabolism
Glutathione metabolism

1.5 ¥ eine an e et 20
a 2
2 215
o 1.0 1%}
3 3 1.0

0.5 05

0.0 0.0

L |
00 05 1.0 0.0

Impact

# Metabolites

CPS

Pentose and glucuronate interconversions
Purine metabolism
Glutathione metabolism

0.5 1.0
Impact

ergothioneine

LFD

Freq
onONDD
Stomon

HFD

CPS

- Amplitude
2 60 W Amino Acid 2
% - H Carbohydrate H 207 p=0.0655 =CON |LFD
2 Cofactors and Vitamins 5 15 CPS
Saof B B Energy : -CON | HFD &
= Lipid g 10 -CPS .
5 — - W Nucleotide S
-g 20 W Peptide % 5
3 M Xenobiotics g 0
0 4 2 0 2
LR S Log, Amp
PN
15
10
E all 4 groups CON CPS =3 5
D 01
Urea cycle; Arg, Pro Long Chain MUFA Lysophospholipid *
Glutathione Fatty Acid Synthesi
Glycogen atty Acid Synthesis phingomyelins
His Leu, Iso, Val i .
. . F. A Acyl Chol
Lactoyl Amino Acid Long Chain PUFA (n3 and n6) | 2ty A¢id (Acyl Choline)
Met, Cys, SAM, Taurine Lys Food Component/Plant
Phospholipid 4 - - . .
ryptophan Lysophospholipid Purine ((Hypo)Xanthine/lnosine)
0 1 2 3 :'1 5 (I) ‘i é 1‘3 lll 01 2 3 45

# Metabolites

HFD

8 8 8
% 5 c 22.0
= © 1.4 <
< 'g 'g - CON
23 31.2 5 1-5 LFD
< 2 o
02 © ©
e 210 21,0 £/i\r - CON
= 2 2 HFD
©
S =1 ©0.8 s - CPS
- R S g05
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
T T r4)
CON CON
4 Cysteine and metiorine metabolism 6 4
3 g s s recnine mtaotam ) Purine metabolism © Argiine biosynthesis
= rgnineooynhesis _ eTauineand hypotauine metaboism = | ioevosbess L erine metbolism = 3 pyrimidine petsbplsm | Reofain metabolim
=4 iycerophospholipid metabolism £ 4 pyrimidine metaboism 2 c@am SR
= Ascorbate and aldarate metabolism S Taurine and hypotaurine metabolism S Vitamin B6 metabolism
0 2 . 6 Pentose p"ospmla‘gvaz\"avs’ganale and glutamate metabolism 6 2 } .
o 20 o o o 4%
= (O 22 = - .
14 % o 1 .-.’. .o
. H
So . “ o -..
0 0 ol &
—
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
Impact Impact Impact
ZT0 ZT6 ZT12
Lysophospholipid bol Monoacylglycerol metaboli Bile acid metabolism
ylglycerol metabol Ly h p i IAcyl glycihe fatty acid metabolism
[Glycetide metabolism LLipids Diacylglycerol metabolism
g [Ph idylcholine (PC) |Arginine metabolism and urea cycle
[Diacylglycerol metabolism [Leucine, isoleucine, and valine (BCAA) metabolism  |Nitrogen metabolism

0 1
-Log,, P value

2 3 4 5

———
0 2 4 6 8
-Log,, P value

T
0o 1 2 3 4
-Log,, P value

CPS

© Pyrimidine metabolism

'S

®Glutathidne metabolism
XY Stamh ‘and sucrose metabolism
®e

-LOG10(p)

Nitrogen metabp
etabolism
[Endocannabinoid metabolism

lism

Avginine biosynthesis Pantothenate and Co biosynthesis

Y related p: y
|Glutamate and glutamine metabolism

0.0 0.5 1.0 1.5 2.0 2.5
-Log,, P value

Freq




Figure S4

LFD HFD

12151218 [ Y1218 (Y1218 P4l

/I\ 4 @ CON
P e o

Amplitude

CPS co CPS g
= N P s 20
i p=0.0539 ~CON| |
60 g 15 CPS
3 75 3 60 3 3 2
50 40 40 ® -=CON
. Y ) TN AT < L | wro
&’ 6 &’ 01 » ‘ 6 Ii'ﬁ 01 6 S 01 6 ‘s -CPS
) X \} z 5
[7]
9 J 9 9 N 9 S 0 )
2 2 2 a —_—
5 0 5 10 15
D Log, Amp
all 4 groups CON CPS
Irhythmic process of from RNA I'p lhemostasis
i i ion of gene expi |protein top structure positive regulation of transcription from RNA polymerase Il promoter
circadian rhythm [positive of syncyti by plasma fusion of gene i i {
[positive regulation of circadian rhythm |positive regulation of transcription, DNA-templated g ion of iption from RNA p. I pi
regulation of circadian rhythm [positive regulation of transcription from RNA n ial ATP is coupled proton transport
i of ci ian clock by tyrosine metabolic process regulation of protein stability
lipid metabolic process cell cycle steroid metabolic process
lautophagosome assembly |positive regulation of interleukin-8 production imitophagy
lpositive ion of DNA cellular resp: to li ichoic acid lautophagy
lglycogen biosynthetic process response to UV-C laging
T T T 1 T T T 1 T T T T 1
0 2 4 6 8 0 1 2 3 4 0 1 2 3 4 5
-Log,, P value -Log,, P value -Log,, P value
. Up_CPS(HFD) Down_CPS(HFD)
Cds2 =

Icytoplasmic translation

0 6 12 18 24

Gys2 Igip
200 20
E 150 E 15
o 100 X 10

w w
50 5
0 0
0 6 12 18 24 0 6 12 18 24
zZT zZT

PCA Plot

o,
N
—~ O -y
X CON(HFDL{TS \CPS(LFD)_7T12
e .~ .
™ - . oo .. .
©  |CPS(HFD)_ZT12 CON(LFD)_zT12
o LY
- . .CPS(LFD)_ZT:
¥ CON(LFD)_ZT0
o
N CPS(HFD)_ZT0
CON(HFD)_ZT0
20 -10 0 10 20 30
PC 1 (32.4 %)
J Shannon
5 ns
x
Q
8. .mn
2
z 3
52
g
51
<o

K

zT

@ CoN | LFD
CPS
| HFD protein ic process ATP
|mitochondrial respiratory chain complex | assembly
lent protein catabolic process |agrobic respiration
s sitive regulation of signal transduction by p53 class mediator
I T T T T 1 I T T T 1
0 5 10 15 20 25 0 10 20 30 40
-Log,, P value -Log,, P value
| CON(LFD) CON(HFD)

CON(LFD)_ZT0
CON(LFD)_ZT12
CPS(LFD)_ZT0
CPS(LFD)_ZT12
CON(HFD)_ZT0
CON(HFD)_ZT12
CPS(HFD)_ZT0
CPS(HFD)_ZT12

(%)

100
80
60
. CON| g
40
ops |LFP
- CON »
HFD .
- CPS

group_status

- CON(HFD)_ZT0
- CON(HFD)_ZT12
-~ CPS(HFD)_ZT0
- CPS(HFD)_ZT12

-04 -02 00_ 02 04 06
L pairs p.adjusted
CON(HFD) ZT0 vs CON(HFD) ZT12 0.066
CON(HFD)_ZT0 vs CPS(HFD) ZT0 1
CON(HFD) ZT12 vs CPS(HFD) ZT12 1
CPS(HFD)_ZT0 vs CPS(HFD) ZT12 0.036

02 04 05 121 122 123

124 125

ZT12

01

04 121

122 123 124 125

(%)

ZT12

CPS(HFD)

01 02 03 04 05 121 122 123 124 125 01 02 03 04 05 121 122 123 124 125
ZT0 ZT12 ZT0 ZT12
Muribaculaceae species_4 Others
Frisingicoccus species Lachnospiraceae species_19 ~———  Muribaculaceae species_3 Turicibacter species

Flintibacter butyricus group
Faecalibaculum rodentium
Erysipelotrichacea species
Enterorhabaus muris
Desulfovibrionaceae species
Desulfovibrio species
Clostridium cocleatum
Clostridium celatum group
Caproiciproducens species
Biophila species
Bifidobacterium pseudolongum group
Bacteroides species
Bacteroides acidifaciens
Bacteroidales species
Anaerotignum species
Alloprevotella species
Alistipes species_2

Alistipes species_1
Akkermansia muciniphia
Acetatifactor species_2

Acetatifactor species_1

Lachnospiraceae species_18
Lachnospiraceae species_17
Lachnospiraceae species_16
Lachnospiraceae species_15
Lachnospiraceae species_14
Lachnospiraceae species_13
Lachnospiraceae species_12
Lachnospiraceae species_11
Lachnospiraceae species_10
Lachnospiraceae species_9
Lachnospiraceae species_8
Lachnospiraceae species_7
Lachnospiraceae species_6
Lachnospiraceae species_5
Lachnospiraceae species_4
Lachnospiraceae species_3
Lachnospiraceae species_2
Lachnospiraceae species_1
lleibacterium valens

Helicobacter mesocricetorum group

Gemella palaticanis

Muribaculaceae species_2
Muribaculacea species_1
Lactococcus lactis group
Lactobacillus reuteri group
Lactobacillus murinus group
Lactobacillus gasseri group
Lachnospiraceae species_34
Lachnospiraceae species_33
Lachnospiraceae species_32
Lachnospiraceae species_31
Lachnospiraceae species_30
Lachnospiraceae species_29
Lachnospiraceae species_28
Lachnospiraceae species_27
Lachnospiraceae species_26
Lachnospiraceae species_25
Lachnospiraceae species_24
Lachnospiraceae species_23
Lachnospiraceae species_22
Lachnospiraceae species_21

Lachnospiraceae species_20

Saccharimonas species
Roseburia intestinalis group
Romboutsia imonensis
Pseudoflavonifractor species_4
Pseudoflavonifractor species_3
Pseudoflavonifractor species_2
Pseudoflavonifractor species_1
Parabacteroides species_2
Parabacteroides species_1
Parabacteroides goldsteinii
Osdlibacter species_3
Oscilibacter species_2
Oscilibacter species_1
Olsenella species

Odoribacter species
Muribaculum species
Muribaculaceae species_9
Muribaculaceae species_8
Muribaculaceae species_7
Muribaculaceae species_6

Muribaculaceae species_5



Figure S5

Daily Food Intake  Daily Water Intake Food Intake Water Intake Fetal body Brain Heart Kidney
ns 10 ns Number of Embryo ns s
12
[ﬁ 8 [ﬁ 8 n 8 ns 15 . 15 0.10 6 I 6 ns
M = : . : 6 . . 6 ns  — 0.08{ ° =
6 48 = s EEVEE f ¢ = 1.0 006 TE 20 4| %] & .
o : . . 090000 . o ° g
o E 4 I = E 5 32@” = o 05 © 0.044 [o° 8 E’ g) 3 °
3 2 2 2 v & . 0.02 2
0 0 0 0
CON CPS CON CPS éoﬁ épg Lo (":P% CON CPS 0.0 coners 900 conces % concrs 0 Concrs
Daily Food Intake Daily Water Intake i i i
Y p y Food intake Water Inr:take Number of Embryo Fetal body Brain Heart Kidney
10 i 8 p=0.0559 ns
8 15 ns 151 ] 0107 ™ 8 s 1
o = 6 o T o 0.08 6 af '
24 3 07 [ 0.06] 2 o
4 E = = o o 24 2
2 | 2 ’_,_ﬂ 5 ° 0.5 0.04 e E2
0 0 o 0.02
WT WT SD SN SD SN SD SN SD SN WT 0.0 0.00 T 0 T 0 T
c Alb ,: Hnf4a c Afp CpG base pearson cor.
2.5 220 2, o o o0 5 w o o % m%tlhyéltaetlggngG
@1 o a1 ‘ u i
g.] o i;’;‘:%“\\ -3 g1'5 I ‘&__l g1 o £"1\‘{\ _‘£ M . - M 095 3
3 g ST e N F-Jd I S22 g B S
205 2oslecon 2050 . con : &
5 ooy §%% 2 Cs 5 |lcrs : 8
o0l <CPS &o0. & 0.0 . 2°]
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 : on]
zT zT zT s To
F Mother g Hn
. . FF'S o
: — W EEEEEEC e 3 LT
S S 3 S B FPsz 8988580222832 35
520 3 400 a5 : 21 . : : 35358323935638350635¢8
R s 23 g1.0
10 @ 200 o o
g S g2 So.
5 ° g 100 g1 5 :
g o g o N gol & 0.0 :
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
zT zT zT zT
G Fetus
Per2 Dbp Cry1 . Nfil3
c c
2 . 2 A ] . . 2 . .
8 25 con ; 25 <coN _ 8 1.4 I : ; 2.0 98%\‘ :
520 eCPS azo eCFl>s J :1.2 i_,: -+ \r& S1.5 : %”l
8 015 - \j\% Sao{8 NI B N
S1s )]p, 10l%< /(; F{ S 0.8 NS §1o 1% N )I
g - % AR 8 %CoNn: K g
21.0 o5 sl Sos = CPS & & 0.5 g
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 56 12 18 24
zT zT zT T
CPS before pregnancy
J Pregnancy period K Number of Fetus L M Fetal Body Li_\llser Heart
ns CON ns ns
2 157 1 0.06 0.08 8 6
20 == —— o ) 0.06 6{ -
. 1.0 0.04] = : o 4
518 o ® :  0.04 g4y (- g
16 0.5 0.024 | ° 0.02 2 ° 2
14
_ — 0.0l 0.001 - 0.00 0 0=
CPS during 2/3 of pregnancy
N Pregnancy period O Number of Fetus P Q Fetal Body Liver Kidney
ns ns ns ns
I 15— o 0.06 0.08 8 67 1
o == . 2 0.06 6 o
'y 10 ‘E‘ 5 0.04 41
g1 o © 0.04 2a g ||
16 5 . . 0.02 0.02 2 2
14
0.0 CON 2/3CPS 0.00 CON 2/3CPS 0.00 CON 2/3CPS 0 CON 2/3CPS 0 CON 2/3CPS

CON 2/3CPS

CON 2/3CPS



Figure S6

CPS before pregnancy CPS during 2/3 of pregnancy

Sic38a4 Cry1 Nfil3 Per2 Nampt . N
5, vy 1. con 5 P B Placental weight C BWPW ) Placental Weight E BW/PW
2 B ns
g 1 ePs 1 N 0.20 ns 25 0.20 ns 25
@ 2 1.2 \ 2 20 20
22 /con “CON 1.0 ~CON ¥~ con o 15 o 15
3ol -Grs ~CPS 0.8 ol ~CPS ol -cps 10 10
0 6 121324 0 6 121824 0 6 121824 0 6 1218 24 0 6 12 18 24
zr z zr zT 0 0.00 RS 0 PTRToES
F H | Trophoblast-GC Trophoblast-SpT Decidual Stroma
G tacon Dtna (Cluster 0) (Cluster 1) (Cluster 3)
100%- N . E e s -
sevatdusters T w0 'ﬂ“ 0
0 g ° DG . © i3 L
=1 ; g l::? @ l:s :
75% | H = H 3 o N
.‘; Ptpic Pecami :

50%

®
umap 2
-
gs
AP

25%

unap_2
unap_2

>R
Q.
0%
33
2
I £
Q.
w2

-Log,, P value

Down_blood and immune cells 2

ositive of

lintracellular Ero@in transport

Ipositive regulation of transcription, DNA-templated

-Log,, P value

Up_blood and immune cells 2

ffrom RNA polymerase Il promoter ‘
(chromatin organization | franslation |

fendocytosis | ffemale pregnancy

phosphorylation | Inegative regulation of ial cell p
protein phosphorylation [positive regulation of lactation

[T cell activation
positivk regulation of JAK-STAT cascade

Inegative 3 of DNA phago}ylosis
immune sisteih process resEonbe to nutrient levels
0 5 10 15 20 0 20 40

-Log,, P value

-Log,, P value

7 ¥ Bad 7 q
CON1 CON2 CPS1 CPS2 H & l H @ I . ¥
G ' B g —— — 5
CON1 CON2
» » - Eg ; 3 W ;5 3 i
| =9 w? Dix: fap: Trophoblast-SynT1 Trophoblast-S-TGC Endothelial cells
- . DIx3 Tfap2c
1 i * 1 . ; i : y ,. (Cluster 4) (Cluster 6) (Cluster 8)
v
* % 4 ’
JN= y Y= ., I:: 5, sz sz anz
2 2 i " o § :
G 3 é L) d %: . 2 d
* o o = = 5 D 8 -sow o [ 15
& Y i3 Ror2 2 g 2 2 f !
o
cPs1 CPS2 i - e A q
: G 4 . 0
o e ; g5 EERE I
, . S % ofee H P = H “owet
vy i o o s
Jow A
é « L 3 ) % E
& w g
bt . - N 9 S oo :i
3 g : B B i
0 H H H H 3
° i
€ <« i
P T ] O ]
UmAP_1
N T omap s
Down_endothelial cells Up_endothelial cells
ositive ion-of 'm’er | oplasmic transiation Trophoblast-SynT2 Fetal mesenchyme 3 Blood and immune cells
lpositive regulation of transcription, DNA-templated (CIUSter 9) (CIUSter 10) (CIUSter 1 1)
lprotein phosphorylation! [ribosomal small subunit assembly s s
lin utero embryonic devélopment [T cell activation 3?"
lcell migration ffemale pregnancy
Iphosphorylation osomal small subunit biogenesis o 3 3 N oo
factin cytoskeleton organization Phagocytosis H Ef H &
lendocytosis Inégative ion of ial cell pi 1 &
Eositive reiulatign of cell migration bosomal large subunit assembly
0 5 10 15 0 50 100 i
-Log,, P value -Log,, P value et
Down_blood and immune cells 1 Up_blood and immune cells 1 “
| |
[immune system process ] lcytoplasmic translation § o o N b
| g g, g 2
lphosphorylation i H H H Z
lprotein phosphorylation T cell activation i #
[protein aulophosphorylatloﬂ ffemale pregna]u:y
Eositive re§ulation of GTPgse activity phagocy@sis
lintracellular signal transduction |positive regulation of lactation NPt L)
linflammatory response B cell acﬂivation
lendocytosis respons}e to nutrient levels
Eositive reiulalion of ihterleukin-1 beta production Eosilivk regulation of JAK-STAT cascade
0 5 10 15 0 10 20 30



Figure S7
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Supplementary Figure Legend

Figure S1. Maternal circadian disruption during pregnancy promotes diet-induced
obesity in offspring, related to Figure 1.

(A) Body mass index (BMI, top) and percentage of fat mass (bottom) determined by the
bioimpedance method (n=10 animals per group). (B) Representative photographs of
perirenal (top) and subcutaneous (bottom) white adipose tissues (WAT). (C, D)
Representative images of the liver (C) and WAT H&E staining (D). (E) Percentage of oil red
O staining-positive areas shown in Figure 1G (n=3 mice per group, four areas were captured
and analyzed in each mouse). (F) Percentage of F4/80 positive cells in the
immunohistochemistry staining shown in Figure 1H (n=4 replicates per group). (G)
Adipocyte size in H&E staining (areas of 50 cells derived from n=3 replicates per group (17,
17, 16 cells from each replicate) were counted in each group). Data are presented as mean
+ SEM. (H) Percentage of extracellular fluid (top) and total body water (bottom) determined
by the bioimpedance method (n=10 animals per group). (I) Serum levels of total cholesterol
(top) and triglyceride (bottom) (n=5 samples per group). (J) Daily water intake (n=3 animals
per group). L, light; D, dark. (K) Body weight of the LFD- or HFD-fed female offspring mice
of the CON and CPS mothers (n=5 animals per group). (L) Representative photograph of
the WAT and liver from the HFD-fed female offspring mice of the CON and CPS mothers
(top), and tissue weights of the LFD- or HFD-fed offspring mice of the CON and CPS mothers
(n=5 tissues per group, bottom). peri, perirenal; para, parametrial; sub, subcutaneous. (M)
Intraperitoneal glucose (top) and insulin tolerance tests (bottom) (n=5 animals per group).
(N) Area under the curve (AUC) of the glucose (top) and insulin tolerance tests (bottom)
(n=5 animals per group). (O) Metabolic cage assessment of the oxygen consumption (VOy),
energy expenditure, respiratory quotient (RQ), and carbon dioxide production (VCO-) (n=4
animals per group) in female offspring mice aged from 14 to 16 weeks. (P) Daily food intake
(left panels) and food intake adjusted by body weight (right panels) (n=5 animals per group).
L and D denote light and dark phases, respectively. (Q) Daily water intake (n=5 animals per
group). L, light; D, dark. (R) Body mass index (BMI), percentage of fat mass, percentage of
extracellular fluid and total body water determined using the bioimpedance method (n=5
animals per group). (S) Representative free-running locomotor activities of the HFD-fed
offspring of CON or CPS mothers. Those mice were placed under a 12-h LD cycle for 7 days
and subsequently transferred to constant darkness. Actograms were double-plotted,
showing 2 successive days for visualization. Dark phase is shadowed. Scale bar, 25 counts.
(T) Free-running period of HFD-fed offspring mice of the CON and CPS mothers (n=3
animals per group). (U, V) Expression profiles of core clock and metabolic genes in the liver
(U) and WAT (V). Transcripts were normalized to 18S rRNA (n=3-6 replicates per time points).
ZT0 and ZT24 are double plotted for visualization. (W) Quantitation of the blot density of the
hypothalamic proteins (n=3 replicates per time point per group). ZTO and ZT24 are double
plotted for visualization. (X, Y) Expression of metabolic genes in the skeletal muscle (X) and



brown adipose tissue (BAT, Y) at ZT12. Transcripts were normalized to 18S rRNA (n=4-5
replicates per time points).

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by two-way ANOVA (vs CON(HFD), A, E-
G, |, K-M, O-P, R, U). Data are presented as mean + SEM.

Figure S2. Offspring of the mothers devoid of Bmal1 during pregnancy displays
exacerbation of diet-induced obesity, related to Figure 2.

(A) Gene expression of the maternal liver following tamoxifen treatment and weaning of
offspring mice. Transcripts were normalized to 18S rRNA (n=5 replicates per group). (B)
BMAL1 protein in various tissues from wild-type and tamoxifen-inducible Bmal1 knockout
mothers. (C) Body mass index (BMI) determined by the bioimpedance method (n=5 animals
per group). (D, E) Representative images of the liver (D) and WAT H&E staining (E). (F)
Percentage of oil red O staining-positive areas shown in Figure 2G (n=3 mice per group,
four areas were captured and analyzed in each mouse). (G) Percentage of F4/80 positive
cells in the immunohistochemistry staining shown in Figure 2H. (H) Adipocyte size in H&E
staining (areas of 50 cells derived from n=3 replicates per group (17, 17, 16 cells from each
replicate) were counted in each group). (I) Percentage of extracellular fluid (top) and total
body water (bottom) determined by the bioimpedance method (n=5 animals per group). (J)
Serum levels of total cholesterol (left) and triglyceride (right) (WT: n=4; BKO: n=5). (K) Daily
water intake (n=5 animals per group) in male offspring. L, light; D, dark. (L) Body weight of
the LFD- or HFD-fed female offspring mice of the WT and BKO mothers (n=5 animals per
group) and a representative image of the HFD-fed offspring mice of the WT and BKO
mothers. (M) Representative photograph of the white adipose tissue (WAT) and liver from
the HFD-fed female offspring mice of the WT and BKO mothers (top), and tissue weights of
the LFD- or HFD-fed offspring mice of the WT and BKO mothers (n=5 tissues per group,
bottom). peri, perirenal; para, parametrial; sub, subcutaneous. (N) Intraperitoneal glucose
(top) and insulin tolerance tests (bottom) (n=5 animals per group). (O) Area under the curve
(AUC) of the glucose (top) and insulin tolerance tests (bottom) (n=5 animals per group). (P)
Metabolic cage assessment of the oxygen consumption (VO), energy expenditure,
respiratory quotient (RQ), and carbon dioxide production (VCO.) (n=4 animals per group) in
female offspring mice aged from 14 to 16 weeks. (Q) Daily food intake and food intake
adjusted by body weight (n=5 animals per group) in female offspring. L, light; D, dark. (R)
Daily water intake (n=5 animals per group) in female offspring. L, light; D, dark. (S) Body
mass index (BMI), percentage of fat mass, percentage of extracellular fluid and total body
water determined using the bioimpedance method (n=5 animals per group). (T, U)
Expression profiles of core clock genes at ZT12 in the liver (T) and WAT (U). Transcripts
were normalized to 18S rRNA (n=5 replicates per group).

Data are presented as mean + SEM. *p<0.05, ***p<0.001, and ****p<0.0001 by student’s t
test (A, C, F-H, J) or by two-way ANOVA (K-Q, S). The ns denotes not significant.



Figure S3. Hepatic metabolome reveals temporal metabolic rewiring by maternal
circadian disruption during pregnancy, related to Figure 3 and Table S1.

(A) Heat maps illustrating diurnal metabolites oscillating commonly in all 4 groups, CON,
CPS conditions (n=5 per timepoint per group). (B) Number of rhythmic metabolites in each
super-pathway. (C) Distribution of amplitude in hepatic metabolites commonly oscillating in
all 4 groups. (D) Polar histograms showing the peak phase distribution of metabolites
commonly rhythmic in all 4 groups. (E) Sub-pathway analysis on diurnal metabolites
oscillating commonly in all 4 groups, CON, and CPS conditions. (F) Integrative analysis of
enrichment and pathway topology on diurnal metabolites commonly in all 4 groups, CON,
and CPS conditions. (G) Representative profiles of hepatic metabolites cycling commonly in
all 4 groups (corticosterone), CON (gamma-glutamylphenylalanine), and CPS
(ergothioneine) conditions. Data were presented as mean + SEM (n=5 biological replicates
per time point per group). ZT0 and ZT24 are double plotted for visualization. (H) Integrative
analysis of enrichment and pathway topology on diurnal metabolites in each group. (I) The
hepatic pathway enrichment comparing the HFD-fed offspring born to the CON and CPS
mothers at ZTO0, ZT6, ZT12, and ZT18.

Figure S4. Maternal circadian disruption during pregnancy modulates hepatic
circadian reprogramming by HFD, related to Figure 4 and Tables S2-3.

(A) Heat maps illustrating diurnal transcripts oscillating commonly in all 4 groups, CON, and
CPS conditions (n=3 per timepoint per group). (B) Polar histograms showing the peak phase
distribution of transcripts commonly rhythmic in all 4 groups. (C) Distribution of amplitude in
hepatic transcripts commonly oscillating in all 4 groups. (D) GO terms of biological processes
enriched in diurnal transcripts oscillating commonly in all 4 groups, CON, and CPS
conditions. (E) Representative profiles of hepatic genes oscillating commonly in all 4 groups
(Gys2), CON (/gip), and CPS (Cds?2) conditions. Data were presented as mean + SEM (n=3
biological replicates per time point per group). ZTO and ZT24 are double plotted for
visualization. (F) Heat map illustrating differentially expressed genes in the liver between the
HFD-fed offspring born to the CON and CPS mothers (n=3 per timepoint per group). (G) GO
terms of biological processes enriched in differentially expressed genes in the liver between
the HFD-fed offspring born to the CON and CPS mothers. (H) Principal Component Analysis
of fecal microbiome of the LFD- or HFD-fed offspring mice of the WT and BKO mothers (n=5
per timepoint per group). (I) Breakdown of the microbial species of the LFD- or HFD-fed
offspring mice of the WT and BKO mothers. (J) Alpha diversity assessed by Shannon and
ACE indices. Data were presented as mean + SEM (n=5 per timepoint per group). (K) Beta
diversity at the genus level determined by the Bray-Curtis index and principal coordinate
analysis (PCoA) (n=5 per timepoint per group). (L) Pairwise PERMANOVA based on Bray-
Curtis dissimilarity (n=5 per timepoint per group).



Figure S5. Maternal circadian disruption impacts fetal hepatic rhythmic gene
expression, related to Figure 5.

(A) Daily food and water intake of CON and CPS conditions (n=4-5 animals per group, top),
and of WT and BKO mice (n=4 animals per group, bottom) during pregnancy. (B) Breakdown
of daily food and water intake of CON and CPS conditions in light and dark phases (n=4-5
animals per group, top), and of WT and BKO mice in subjective day and night (n=4 animals
per group, bottom) during pregnancy. L, light; D, dark; SD, subjective day; SN, subjective
night. (C) Number of fetuses of CON and CPS conditions (CON: n=20 samples; CPS: n=18
samples, top), and of WT and BKO mice (n=5 animals per group, bottom) on E18.5. (D)
Weight of body, brain, heart, and kidney of fetus of CON and CPS mothers (n=5-8 samples
per group, top), and of WT and BKO mothers (n=5-7 animals per group, bottom) on E18.5.
(E) Expression of genes encoding hepatocyte-lineage markers in the fetal liver. Transcripts
were normalized to 18S rRNA (n=3-5 replicates per time point per group). ZTO and ZT24 are
double plotted for visualization. (F, G) Expression of core clock genes in the maternal (F)
and fetal (G) liver. Transcripts were normalized to 18S rRNA (n=4-5 (F), and n=3-5 (G)
replicates per time point per group). ZTO and ZT24 are double plotted for visualization.
Dotted lines indicate peak phases determined by Cosinor analysis. (H) Correlation scatter
plot showing the level of methylation at common CpG sites. Histograms of the percent
methylation per sample and the Pearson correlation coefficients for each comparison are
also shown. MCO denotes mouse CON; MPS, mouse CPS; FCO, fetus CON; FPS, fetus
CPS. (I) Clustering dendrogram of CpG methylation of the CON and CPS livers from fetal
and four-week-old offspring mice. (J) Pregnancy duration of the mothers exposed to either
CON or CPS condition before pregnancy (CPS-BP) (n=5 animals per group). (K) Number of
fetuses of CON and CPS-BP conditions (n=5 animals per group) on E18.5. (L)
Representative images of the fetuses born to the CON and CPS-BP mothers. (M) Weight of
body, liver, brain, heart, and kidney of fetus of CON and CPS-BP mothers (n=12 samples
per group) on E18.5. (N) Pregnancy duration of the mothers exposed to either CON or CPS
condition for two-thirds of pregnancy (2/3CPS) (n=5 animals per group). (O) Number of
fetuses of CON and 2/3CPS conditions (n=5 animals per group) on E18.5. (P)
Representative images of the fetuses born to the CON and 2/3CPS mothers. (Q) Weight of
body, liver, brain, heart, and kidney of fetus of CON and 2/3CPS mothers (n=12 samples per
group) on E18.5.

Data are presented as mean + SEM (A-B, D-G, M, Q), and + SEM (C, J-K, N-O). *p<0.05,
**p<0.01, and ****p<0.0001 by student’s ¢ test (A, D), or by two-way ANOVA (B, F-G) . The
ns denotes not significant by student’s t test (A, C-D, J-K, M-O, Q) or by two-way ANOVA

(B).



Figure S6. Maternal circadian disruption impacts placental genomic signature, related
to Figure 6.

(A) Expression profiles of SIc38a4, core clock and Nampt genes in the placenta. Transcripts
were normalized to 18S rRNA and presented as mean + SEM (n=4-5 replicates per time
point per group). ZTO and ZT24 are double plotted for visualization. (B) Placental weight in
CON and CPS condition before pregnancy (CPS-BP) on E18.5 day (n=12 replicates per
group). (C) The ratio of fetal body weight (BW) to placental weight (PW) in CON and CPS-
BP conditions (n=12) on E18.5 day. (D) Placental weight in CON and CPS condition for two-
thirds of pregnancy (2/3CPS) on E18.5 day (n=12 replicates per group). (E) The ratio of fetal
BW to PW in CON and 2/3CPS conditions (n=12) on E18.5 day. (F) Fractions of clusters in
each sample. (G) UMAP visualization of placental cells colored by different clusters in each
sample. (H) UMAP visualization of representative gene expression. (I) Distribution of CON
versus CPS cells on UMAP plot (upper panels), and clustering of CON and CPS cells on
UMARP plot (lower panels). SynT, Syncytiotrophoblast; S-TGC, Sinusoidal trophoblast giant
cells; SpT, Spongiotrophoblast; GC, Glycogen cells. (J) GO terms of biological processes
enriched in the endothelial cells (upper panels), blood and immune cells subcluster 1 (middle
panels), and blood and immune cells subcluster 2 (lower panels).

Data are presented as mean + SEM (A-E). The ns denotes not significant by student’s ¢ test
(B-E).

Figure S7. Circadian alignment of caloric restriction, not time-restricted feeding alone,
in adult offspring abolishes diet-induced obese phenotype of offspring caused by
maternal circadian disruption, related to Figure 7.

(A, B) Body mass index (BMI, A) and percentage of fat mass (B) determined by the
bioimpedance method (n=4-10 animals per group). (C) Percentage of extracellular fluid and
total body water by body composition measurement machine (n=4-10 animals per group).
(D) Daily water intake separated by day and night (n=3 animals per group). L, light; D, dark.
(E) Adipocyte size in H&E staining (areas of 50 cells derived from n=3 replicates per group
(17, 17, 16 cells from each replicate) were counted in each group). Data are presented as
mean + SEM. (F) Serum levels of total cholesterol (left) and triglyceride (right) (n=5
samples per group). (G) Expression profiles of clock genes in the liver. Transcripts were
normalized to 18S rRNA and presented as mean + SEM (n=4-5 replicates per time point per
group). (H, 1) Expression profiles of clock genes (H), and metabolic genes (I) in the WAT.
Transcripts were normalized to 18S rRNA and presented as mean + SEM (n=3-5 replicates
per time point per group). (J) Body weight of the calorie-restricted, HFD-fed (HFD_CR)
female offspring mice of the CON and CPS mothers (n=5 animals per group) and a
representative image. (K) Body mass index (BMI) and percentage of fat mass determined
using the bioimpedance method (n=5 animals per group). (L) Representative photograph of
the white adipose tissue (WAT) and liver from the HFD_CR female offspring mice of the



CON and CPS mothers (top), and tissue weights of the HFD_CR offspring mice of the CON
and CPS mothers (n=5 tissues per group, bottom). peri, perirenal; para, parametria; sub,
subcutaneous. (M) Intraperitoneal glucose tolerance test (IPGTT, top) and insulin tolerance
test (IPITT, bottom) (n=5 animals per group). (N) Area under the curve (AUC) of IPGTT (top)
and IPITT (bottom) (n=5 animals per group). (O) Metabolic cage assessment of oxygen
consumption (VO, top) and energy expenditure (bottom) (n=4 animals per group) in female
offspring mice aged 14 to 16 weeks. (P) Metabolic cage assessment of the respiratory
quotient (RQ, top) and carbon dioxide production (VCO2, bottom) (n=4 animals per group)
in female offspring mice aged 14 to 16 weeks. (Q) Daily food intake adjusted based on body
weight (n=5 animals per group). (R) Daily water intake (n=5 animals per group). L, light; D,
dark. (S) Percentage of extracellular fluid and total body water determined by the
bioimpedance method (n=5 animals per group).

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by two-way ANOVA (A, E-G, I). The ns
denotes not significant. Data are presented as mean + SEM (A-D, F-S).
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