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Summary

Background Sarcolipin and uncoupling protein 3 (UCP3) mediate muscle-based non-shivering thermogenesis
(NST) to improve metabolic homeostasis. The impacts of maternal obesity (MO) and maternal exercise (ME) on
NST in offspring muscle remain unexamined.

Methods Female mice were fed with a control diet or high fat diet to induce obesity. Then, obese mice were further
separated into two groups: obesity only (OB) and OB plus daily exercise (OB/Ex). Fetal muscle was collected at
embryonic day 18.5 and offspring mice at 3-month-old. Apelin administration during pregnancy and apelin receptor
(APJ) knockout mouse were further used for investigating the mediatory role of APJ on muscle-based thermogene-
sis. To explore the direct effects of exercise on AMP-activated protein kinase (AMPK) downstream targets, AMPK
knockout mouse was used.

Findings MO inhibited while ME activated AMPK and peroxisome proliferator-activated receptor y coactivator-re
(PGC-1a) in fetal muscle. AMPK activation increased sarcolipin expression, which inhibited the uptake of calcium
ions into sarcoplasmic reticulum, thereby activating CaMKK2. Consistently, the expression of UCP3 and sarcolipin
was suppressed due to MO but activated in ME fetal muscle. Importantly, changes of UCP3 and sarcolipin main-
tained in offspring muscle, showing the transgenerational effects. Furthermore, apelin administration during preg-
nancy mimicked the effects of ME on AMPK and CaMKK2 activation, and UCP3 and sarcolipin expression,
underscoring the mediatory roles of apelin-AMPK signaling in improving fetal muscle development.

Interpretation ME, via activation of apelin signaling-AMPK axis, enhances NST gene expression in fetal and off-
spring muscle impaired due to MO, which intergenerationally protects offspring from diet-induced obesity and met-
abolic disorders.
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Introduction

Overweight and obesity in pregnant women are increas-
ing worldwide,"”* which predispose their children to
obesity and associated metabolic diseases.’> Non-shiver-

*Corresponding authors. ing thermogenesis (NST) including thermogenesis of
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(J.S. Son), min.du@wsu.edu (M. Du). excessive energy for heat generation, and their activa-
' These authors contributed equally to this work. tion protects against metabolic disorders including
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Research in context

Evidence before this study

Accumulating evidence points to the importance of
muscle-based thermogenesis in maintaining metabolic
health. We previously found that maternal exercise (ME)
improves mitochondrial biogenesis in the fetal muscle,
which generates long-term benefits on metabolic
health of offspring. On the other hand, maternal obesity
(MO) impairs fetal muscle development and offspring
muscle functions. However, the effects of ME on skeletal
muscle thermogenesis in fetal/offspring muscle
impaired due to MO remain undefined.

Added value of this study

Our findings delineate the important intergenerational
role of ME in improving muscle-based thermogenesis
and thus improving metabolic homeostasis of the fetal
and offspring muscle impaired due to MO. In addition,
apelin administration generates similar effects of ME in
activating AMP-activated protein kinase (AMPK) and cal-
cium/calmodulin-dependent protein kinase 2 (CaMKK2)
signaling, thereby enhancing the expression of muscle-
based thermogenic genes, sarcolipin (SLN) and uncou-
pling protein 3 (UCP3) in MO fetal muscle. These discov-
eries underscore the mediatory roles of apelin receptor
signaling in linking ME and its intergenerational effect
on muscle-based thermogenesis.

Implications of all the available evidence

As one of the major underlying mechanisms in regulat-
ing muscle-based thermogenic gene expression during
fetal muscle development, apelin-AMPK axis represents
novel therapeutic targets to improve fetal muscle devel-
opment impaired due to lack of physical activity and
obesity during pregnancy. Considering the common-
ness of maternal obesity and sedentary lifestyle in west-
ern societies and the high accessibility of exercise, our
findings have important clinical applications in improv-
ing metabolic health of offspring born to obese
mothers.

obesity, type 2 diabetes mellitus and cardiovascular
diseases.*> We previously found that maternal exer-
cise (ME) enhances BAT NST of their offspring.”
However, despite of its abundance in neonates, BAT
amounts decline rapidly as age increases, question-
ing its importance in maintaining metabolic health
of adults.*” Skeletal muscle, accounting approxi-
mately 30—40% of body mass in adult humans, is
mainly responsible for basal metabolism®?; activa-
tion of NST in adult skeletal muscle prevents meta-
bolic impairment due to obesity.”” '* Supportively,
ME intergenerationally remodels mitochondrial oxi-
dative function in the offspring skeletal muscle.” Up
to now, however, the effects of ME and/or maternal

obesity (MO) on muscle-based thermogenesis in off-
spring remain unexamined.

As a basic mechanism of NST in skeletal muscle,
sarcoendoplasmic reticulum Ca®>" ATPase (SERCA)
pumps Ca®* ions back into the sarcoplasmic reticulum
(SR), critical for muscle relaxation.'*"> SERCA is a cen-
tral regulator of muscle performance, and its dysfunc-
tion is associated in cardiovascular and skeletal muscle
diseases."*" Sarcolipin (SLN) uncouples Ca** pumping
from ATP hydrolysis by SERCA, triggering futile energy
consumption and muscle-based thermogenesis.'® This
futile energy consumption in the skeletal muscle
improves the metabolic homeostasis of muscle and the
whole body.”’® On the other hand, its thermogenic
function is impaired due to diet-induced obesity."*'” In
addition, uncoupling protein 3 (UCP3), a mitochondrial
inner membrane protein is also associated with NST in
skeletal muscle.*® Its expression is stimulated by peroxi-
some proliferator-activated receptor y coactivator-1v
(PGC-1t).*" The thermogenic function of both SLN and
UCP3 is up-regulated by elevation of intracellular Ca**
level,"®** which is stimulated by exercise training.**
Nevertheless, the mechanisms linking ME to NST via
SLN and UCP3 activation remain unexamined.

Apelin, as a small peptide, is an endogenous ligand
for a G protein-coupled receptor (APLNR, also known
as AP]).** It was initially identified as a hormone
secreted from adipose tissue,” but also secreted by skel-
etal muscle*® and other tissues.””*® Apelin activates
Gag and stimulates phospholipase C, which triggers
inositol triphosphate (IP3) release and elevates intracel-
lular Ca®* levels.”® Enhanced intracellular Ca®* levels is
known to enhance muscle-based thermogenesis."> We
previously found that ME elevates the apelin level in
fetal circulation.® Considering the importance of the
fetal stage for skeletal muscle development, in this
study, we hypothesized that MO impairs while ME
enhances NST of skeletal muscle in offspring via stimu-
lation of apelin/AP] signaling during fetal muscle devel-
opment. We found that ME enhances mitochondrial
activity and SLN/UCP3 expression in fetal muscle
impaired due to MO, which enhances muscle-based
NST and prevents diet-induced obesity in offspring. In
addition, apelin administration during pregnancy mir-
rors the benefits of ME via the activation of APJ-AMP-
activated protein kinase (AMPK) axis, suggesting it is a
novel therapeutic target to prevent intergenerational
obesity due to MO, which now accounts for approxi-
mately 35% of pregnancies in the United States.*®

Methods

Animals

Eight-week-old wild-type female C57BL/6 | mice were
fed either a control diet (CD; 10% energy from fat,
Di12450], Research Diets, New Brunswick, NJ) or high
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fat diet (HFD, 60% energy from fat; D12492, Research
Diets) ad libitum for 8 weeks to induce obesity, defined
as gaining more than 20% body weight compared to
the CD group.’” ** Then, mice were randomized into
three groups: control (CON, n = 6), obese (OB, n = 6),
and obese with exercise (OB/Ex, n = 6). For ME, female
mice were acclimated to treadmill running for one
week, when 60% HFD was changed to 45% HFD
(D12451; Research Diets) to protect neonatal death.'
Then, female mice were mated with age-matched male
mice fed a conventional chow diet. Determination of
mating was confirmed by the presence of vaginal
smears. During pregnancy, mice continued to be fed
CON or 45% HFD and exercised daily. Maternal tread-
mill exercise protocol was conducted as previously
described.** Briefly, maternal mice were subjected to
flat degree treadmill exercise training during pregnancy
from E1.5 to E16.5 for fetal muscle sampling at E18.5, or
from E1.5 to E20.5 for delivering offspring. We did not
conduct exercise training 2 days before tissue collection
to avoid the acute effects of exercise. The exercise inten-
sities were follows: E1.5 to E7.5 (40%), E8.5 to E14.5
(65%) and E15.5 to E16.5 (for fetal muscle sampling) or
to E20.5 (for delivering offspring) (50%) of the maximal
oxygen consumption rates (VO,max).>"**

At embryonic day 18.5 (E18.5), maternal gastrocne-
mius and fetal muscle were collected after anesthetiza-
tion by carbon dioxide inhalation and cervical
dislocation.’ One female and one male fetuses ran-
domly selected from each litter for further analyses.
Fetal sex determination was conducted using a PCR
method.*

To examine the long-term effects of exercise and/or
obesity during pregnancy, the same number of mater-
nal mice were prepared for delivering offspring. After
birth and weaning (4-week-old), one female and one
male offspring were randomly selected from one litter
and weaned onto CD (10% energy from fat, D12450],
Research Diets, New Brunswick, NJ) or HFD (60%
energy from fat; D12492, Research Diets) to mimic the
common post-weaning obesogenic diet, which resulted
in three treatment groups: maternal control with off-
spring CD (M-Ctrl_CD), M-Ctrl with offspring HFD (M-
Ctrl_HFD), and maternal exercise (M-Ex) with offspring
HFD (M-Ex_HFD) for 8 weeks. Then, these offspring
mice (12-week-old) were anesthetized for further analy-
ses after 5 h fasting (Supplementary Fig. 1a).

In the apelin administration study, 8 weeks of
female mice fed a HFD (60%) for 8 weeks were ran-
domized into two groups injected with either PBS or
apelin (OB/PBS, n = 6; OB/APN, n = 6). One weeks
before mating, HFD was changed to the 45% HFD so
that mice were adapted to this diet and also to protect
neonatal death. [Pyrijapelin-13 (AAPPTec, Louisville,
KY) was injected daily at 0.5 umol/kg per day intraperi-
toneally (i.p.) from E1.5 to E16.5 during pregnancy, as
previously described.”*® In addition, age-matched
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female mice fed a CON diet were injected (i.p.) with
PBS daily (CD/PBS, n = 6), which served as a reference
for the improvement of OB fetal development due to
apelin injection.

Ethics

All animal studies were conducted in AAALAC-
approved facilities in accordance with the Animals in
Research: Reporting In Vitro Experiments (ARRIVE)
guidelines*® and approved by the Institute of Animal
Care and Use Committees (IACUC) at the Washington
State University (ASAF# 6704).

Primary myogenic cells

To explore the mediatory roles of AP] signaling path-
way, Apj"/f°* mice®” were cross bred with Tmemi63™8
(ACTBcre)2Mrt 8 qctin™™, #019099, Jackson Lab) trans-
genic mice. Primary myogenic cells were isolated from
the gastrocnemius muscle of S-actin®/Apj cKO or Apj-
flox/flox (35 a control group) weanling offspring mice.
Separately, in the AMPK deficient model, Gt(ROSA)
26Sor™ (re/ERT)NaL /1 mice (R26CreER, #004847, Jack-
son Lab) were cross-bred with Prkaa:/8° (#o14141,
Jackson Lab) to obtain ROSA“™/Prkaa: mice. Then,
myogenic cells were isolated from ROSA®"/Prkaa
mice, treated with 4-hydroxy-tamoxifen and then
induced myogenic differentiation with/without 100 nM
[Pyri]apelin-13 treatment as previously described.’”

Indirect calorimetry

Indirect calorimetric (open-circuit) measurements were
conducted using Comprehensive Lab Animal Monitor-
ing System (Columbus Instruments) in accordance
with the manufacturer’s instructions. Mice were fed ad
libitum with the diet and water provided.®

Thermal imaging

An EG Thermal Imaging Infrared Camera (FLIR Sys-
tems, Wilsonville, OR, USA) were used to measure sur-
face temperatures, and average surface temperatures of
whole body were analyzed using FLIR-Tools-Software
(FLIR System), as preciously described.”

Quantification of mtDNA copy number

Extracted total DNA was utilized for measuring mito-
chondrial DNA copy number, which was quantified by
using mitochondrial DNA, NADH dehydrogenase sub-
unit 1 (Ndi), and nuclear DNA, lipoprotein lipase (Lpl)
genes based on a PCR method.*® The primers were
mtDNA Nd: forward, 5-CACTATTCGGAGCTTTACG-
3/; reverse, 5-TGTTTCTGCTAGGGTTGA-3; Lpl for-
ward, 5-GAAAGGGCTCTGCCTGAGTT-3; and
reverse, 5-TAGGGCATCTGAGAGCGAGT-3".
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RNA sequencing

Alternative polyadenylation with whole transcriptome
termini site sequencing (WTTS seq) was conducted
based on a previous report.* After trimming, alignment
was performed and mapped to the reference genome
(Mus_musculus.GRCm38.fa). The gene ontology (GO)
and differential expressed gene (DEG) analyses were
performed.

Real time PCR

Total RNA was extracted using TRIzol reagent (Invitro-
gen, Grand Island, NY) and cDNA was synthesized
using 500 ng of total RNA with an iScript™ cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA), as previously
described.’" RT-PCR gene expression analysis was per-
formed using custom-designed primers (Supplemen-
tary Table 1) with SsoAdvanced™ Universal SYBR®
Green Supermix (Bio-Rad). 18S rRNA and g-Actin were
used for normalization, and relative mRNA was calcu-
lated based on a 274" method described in the previ-
ous study.®

Western blotting

Protein expression levels were determined by western
blot analyses as previously described.*® Fetal and off-
spring muscle tissues were homogenized, and proteins
were extracted using lysis buffer (1oo mM Tris—HCI,
pH 6.8, 2.0% SDS, 20% glycerol, 0.02% bromophenol
blue, 5% 2-mercaptoethanol, 1oo mM NaF and 1 mM
Na,VO,). Electrophoresis and transfer processes were
followed based on a previous study.® The following pri-
mary antibodies were used: SLN polyclonal antibody
(#18395—1-AP; RRID: AB_2286622), UCP3 polyclonal
antibody (#10750—1-AP; RRID: AB_2272729), apelin
polyclonal antibody (#114977—1-AP; RRID: AB_2877771)
and AP] polyclonal antibody (#20341—1-AP; RRID:
AB_2878676) were purchased from Proteintech (Rose-
mont, IL, USA). AMPKa (#2793; RRID: AB_915794),
phospho-AMPK« (#2535; RRID: AB_331250), CaMKK2
(#16810; RRID: AB_2798771) and phospho-CaMKK2
(#167737; RRID: AB_2798769) were further obtained
from Cell Signaling Technology (Danvers, MA, USA).
As secondary antibodies, IRDye 680 goat anti-mouse
secondary (dilution 1:10,000; RIDD: AB_621840) and
IRDye 800CW goat anti-rabbit secondary antibody
(dilution 1:10,000; RRID: AB_621843) were used (LI-
COR Biosciences, Lincoln, NE). Membranes were
scanned using an Odyssey Infrared Imaging System
(LI-COR Biosciences), and target proteins were detected
and analyzed as previously described.®

Statistical analysis

Three biological replicates were used for animal and cell
culture studies. Statistical analyses were conducted
using statistical analysis software (SAS Institute Inc.,

Cary, NC), which was visualized by GraphPad Prism 7
for Windows (GraphPad Software, San Diego, CA).
Data were presented as mean + SEM, and statistical sig-
nificance was defined as P < 0.05. One-way repeated
analysis of variance (ANOVA) followed by post-hoc
(Tukey’s test) analysis or independent Student’s t-test
was used for comparison. The number of samples for
each measurement and statistical significances are pre-
sented in the figure legends. R statistics and SPSS Sta-
tistics ver.21 (IBM Corp., Armonk, NY, USA) were used
for transcriptome analysis.

Role of the funding source

The funding sources have not been involved in study
design, data collection, data analyses, interpretation,
and/or writing of the report.

Results

Exercise during pregnancy induces muscle-based
thermogenic gene expression in both mothers and
fetuses

In our previous study, we found that obesity reduced the
surface temperature of dams during pregnancy, which
was recovered by exercise.”’ Consistently, MO down-reg-
ulated the expression of thermogenic markers in mater-
nal skeletal muscle, which was alleviated due to ME
(Supplementary Fig. 1e). ME was correlated with
increased muscle weights and activation of calcium sig-
naling (Supplementary Fig. 1b,e), and the expression of
SLN and UCP3 was elevated, consistent with a previous
report.*’ We further analyzed the effects of ME on NST
gene expression in fetal muscle. Notably, the surface
temperature of neonates at postnatal day 1 (P1) was
lower in the M-OB group compared to M-Ctrl, which
was prevented by ME (M-OB/Ex neonates) (Figure 1a),
consistent with our previous study showing that ME
enhances thermogenic function as indicated by higher
surface temperature during 2 days cold exposure.® On
the other hand, M-OB increased neonatal body weight
at P1, which was prevented by ME (Supplementary Fig.
1d). Similarly, ME enhanced the expression of NST
marker genes in fetal muscle at embryonic day 18.5
(E18.5) (Figure 1b,c,e-g). Consistently, the expression of
calcium ion channel-related genes and phosphorylation
of calcium/calmodulin-dependent protein kinase kinase
2 (CaMKK2), a key mediator of calcium signaling, were
elevated in the M-OB/Ex fetal muscle compared to M-
OB, showing that ME enhanced calcium signaling in
fetal muscle impaired due to MO (Figure 1d,h). Of note,
markers of mitochondrial biogenesis in female and
male fetal muscles were similarly recovered in M-OB/
Ex group (Figure 1i,j), in agreement with a previous
report showing that SLN and UCP3 expression corre-
lates with mitochondrial biogenesis.>® Taken together,
exercise during pregnancy stimulates muscle-based
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thermogenesis in both mothers and their fetuses, as
shown by elevated expression of SLN, UCP3 and mito-
chondrial biogenesis.

Maternal exercise improves metabolic-related
molecular expression in the offspring challenged with
HFD

Our previous study showed the long-lasting effects of
ME, which reduced body weight gain and subcutaneous
fat weight in the offspring mice fed a HFD.® To deter-
mine the long-term effects of ME on offspring meta-
bolic health, we analyzed SLN and UCP3 expression in
adult offspring muscle challenged with either a CD or a
HFD (Supplementary Fig. 1a) and found that ME persis-
tently increased SLN and UCP3 expression in offspring
muscle, in agreement with increase in CaMKK2 phos-
phorylation (Figure 2a—c). The gene expression associ-
ated with fatty acid oxidation was reduced due to HFD
challenge, but preferentially up-regulated by ME
(Figure 2d). ME further improved lipid metabolism in
both female and male adult offspring challenged with
HFD (Figure 2e). Altogether, ME has long-term effects
in enhancing muscle-based NST, and protects offspring
from diet-induced obesity, which relates to enhanced
fatty acid B-oxidation.

Apelin mirrors benefits of exercise on gene expression
in fetal muscle

Given that exercise during pregnancy increased circulat-
ing apelin levels in maternal and fetal serum, and in
fetal muscle from obese mothers (Supplementary Figs.
1c and 3a,b), we conducted another animal study to
explore whether exogenous apelin administration exerts
the beneficial effects of ME on NST in fetal muscle
(Supplementary Fig. 2a). Consistent with the ME study,
apelin administration elevated fetal muscle weight (Sup-
plementary Fig. 2b), and apelin treatment mirrored the
beneficial effects of ME in preventing the deterioration
of thermogenic gene expression in MO fetal muscle
(Figure 3c—g). Notably, apelin administration elevated
CaMKK2 phosphorylation and mitochondrial biogene-
sis impaired due to MO (Figure 3h—j). These changes
were further confirmed by RNA-seq using fetal muscle
in response to maternal apelin administration. To test
weather apelin and ME share mirroring common mech-
anism to mediate muscle thermogenesis, we also mea-
sured mitochondrial fatty acid oxidation in the fetal
muscle of maternal apelin administration, showing
highly active gene expression related to fatty acid oxida-
tion (Figure 3k). In addition, in gene ontology (GO)
analyses, we found that mitochondrial respiratory capac-
ity and calcium ion activity-related pathways were down-
regulated in fetal muscle of OB/PBS group compared to
CD/PBS, whereas pathways related to mitochondrial
biogenesis and function were up-regulated in response
to apelin administration (OB/APN) (Figure 4a,b). Of

note, MO (vs. control) or MO with apelin administration
(vs. MO) generated similar effects in improving gene
expression based on differentially expressed genes
(DEGs) and Veen diagram analyses (Figure 4c—e). Con-
sistent with RNA-seq data, respiratory exchange ratios
in dams were down-regulated in OB/PBS, but up-regu-
lated in response to apelin administration (Supplemen-
tary Fig. 2c—e). Taken together, apelin administration
during pregnancy mirrors beneficial effects of ME on
gene expression in fetal muscle.

APJ is required for muscle-based non-shivering
thermogenesis

To test the mediatory roles of apelin/AP] in muscle-
based NST gene expression during fetal development,
we isolated primary myogenic cells from Apj deficient
mice (Figure 5a,d), as previously described.*® The aver-
age surface temperature in both Apj deficient female
and male weanling offspring were lower than wild-type
mice, but the body weight did not differ (Figure 5b,c).
Positive correlations between thermogenic markers and
average surface temperature were observed (Figure 5g).
In cultured myogenic cells, the muscle-based thermo-
genic gene expression and protein levels were reduced
due to Apj deficiency (Figure se,f). Together, AP] signal-
ing stimulates NST gene expression, which correlates
with muscle-based thermogenesis.

Acute exercise stimulates muscle-based thermogenic
gene expression by AMPKa1 activation

We found that ME or apelin treatment robustly stimu-
lated AMPK activation, while MO inhibited AMPK in
both female and male fetal muscle (Figure 6a,b). To
investigate direct effects of exercise on respiratory capac-
ity, mitochondrial biogenesis, and muscle-based ther-
mogenic gene expression in AMPKar deficient mice,
we generated an inducible Prkaa1 knockout (AMPKa1
KO) mouse (Rosa-cre;Prkaa™ %) for in vivo study of
exercise intervention (Figure Gc,d). As we expected,
muscular gene expression including thermogenesis
(Sln and Ucp3) and mitochondrial biogenesis (Ppargcia
and Tfam) was down-regulated in AMPK deficient mice,
whereas no difference in PGC-1« protein level between
with and without AMPK was found (Figure Ge,f). How-
ever, PGC-1« protein level was up-regulated in response
to single bout of exercise in control mice, while its eleva-
tion in AMPK deficient mice was not found (Figure 6f).
Consistently, oxygen consumption rates (OCRs), cardon
dioxide production, respiratory exchange ratios (RERs),
and carbohydrate (CHO) oxidation were reduced in
AMPK KO mice (Figure 6g and Supplementary Fig.
3a—h). Then, we measured maximal capacity of oxygen
consumption (VO,max) during exercise to test direct
effects of endurance exercise via single bout of exhaus-
tive exercise. Expectedly, VO,max in AMPK KO mice
was reduced compared to control mice (Prkaas™1%),
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Figure 2. Maternal exercise long-termly activates muscle thermogenic gene expression impaired due to HFD feeding. One female
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Ctrl_HFD and M-Ex_HFD). (a-b) mRNA levels of Sin (a) and Ucp3 (b) genes in female and male offspring challenged with CD or HFD
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Consistent with respiratory capacity, muscular endur-
ance and maximal strengths were impaired due to
AMPK deficiency without changes in the body weight
(Supplementary Fig. 4a—e). Taken together, AMPK acti-
vation is required for exercise-dependent mitochondrial
and muscle-based thermogenic gene expression.
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ME stimulates muscle-based thermogenesis by
stimulating apelin-dependent AMPKa1 activation
Since AMPKa1 deficiency is impactful in regulating
apelin signaling (Supplementary Fig. 4f), we hypothe-
sized that AMPK is a downstream target of apelin sig-
naling in mediating muscle-based thermogenic gene
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Figure 3. Apelin induces muscle-based thermogenesis in fetal muscle. (a) Circulating apelin levels in the fetal serum at E18.5 (n = 6).
(b) Cropped western blots of apelin in female and male fetuses from maternal exercise (ME) study (8-tubulin was used for normaliza-
tion; n = 6). (c-d) mMRNA expression of SIn and Ucp3 in fetal muscle of CD/PBS, OB/PBS, and OB/APN (n = 6). (e—h) Cropped western
blots of SLN (F), UCP3 (g) and CaMKK2 phosphorylation (h) in fetal muscle of apelin supplementation study (8-tubulin was used for
normalization; n = 6). (i,j) mRNA expression of mitochondrial biogenic genes in fetal muscle of CD/PBS, OB/PBS and OB/APN (n = 6).

(k) Gene expression related to mitochondrial fatty acid oxidation

by RNA-seq data in fetal muscle of CD/PBS, OB/PBS, and OB/APN

(n = 4). Data are mean =+ SEM, and each dot represents one litter; P values by one way ANOVA followed by post hoc (Tukey's test)

analysis (a-j).

expression. To determine whether AMPK activation
is required for stimulating muscle-based NST due to
apelin administration, we utilized an inducible
Prkaai knockout (AMPKar KO) mice and isolated
primary myogenic cells (Figure 7a,b). Expectedly,
apelin treatment induced muscle thermogenesis-
related gene expression, the expression of mitochon-
drial biogenesis-related gene, Ppragcia, and fatty acid
oxidation-related gene, Acssz2; these effects of apelin

were abolished due to AMPKar deficiency
(Figure 7c—f). Consistently, we found that apelin up-
regulated SLN and UCP3 protein levels in isolated
myogenic cells, which were absent in AMPKa1-defi-
cient myogenic cells (Figure 7g). Furthermore, apelin
elevated calcium mediated signaling, but absent due
to AMPKe1 deficiency (Figure 7g). Together, apelin
stimulates the expression of SLN and UCP3 through
AMPKar activation (Figure 7h).
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Figure 4. Transcriptome analysis (RNA-seq) of fetal muscle from the apelin supplementation study. (a) Principal-component analysis
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Discussion

The rate of pediatric obesity is growing worldwide,
which necessitates discovery of underlying mechanisms
and developing molecular and physiological therapies
to combat obesity during childhood and adolescence.**
AMPK is an essential regulator of metabolic gene
expression and calcium ion activity.**** As a G protein-
coupled receptor, APJ is activated by apelin, which indu-
ces AMPK phosphorylation and mitochondrial biogene-
sis.*® Exercise stimulates apelin-AMPK axis and
increases cytosolic Ca>* level.>®# 47 Whereas the
effects of ME on thermogenic gene expression in fetal
muscle and its intergenerational effects of exercise dur-
ing pregnancy on offspring metabolism have not been
examined. We found that ME stimulates apelin

www.thelancet.com Vol 76 Month February, 2022

production, AMPK activation, and the expression of
muscle-based thermogenic genes in fetal muscle.
Furthermore, the up-regulation of thermogenic
genes persisted in offspring, which accelerates
energy consumption through NST, thereby improv-
ing metabolic homeostasis of both female and male
offspring mice.®*° Our findings are clinically impor-
tant, because past studies of NST focused on brown
fat, but the amount of brown fat gradually reduces
when age increases, and metabolic diseases are com-
mon in aged populations.* Thus, muscle-based NST
is important to improve metabolism and combat obe-
sity.”® Our data are consistent with previous meta-
analyses where children outcomes are improved due
to ME.#%49



oL

2202 ‘A1eniqag YIuo 9/ [OA WO0D*32URIBYY MMM

a b c
Generation of Apj deficient mice Whole body
. - At weaning o (Average)
Apjfioxiflox B-actin®re < [ Flox=a kpAPI g 510 —J Flox
B b NS K3 < } = kDA
3 _ o P=0.027
o ° g
X ES = NS 2299 [ P=0.031
E112{ — |° ©
iy % o
(7} S 2
i s g2 L
> 9 2 o
inCre] Apjfiox+ X2 k] 2 g
B-actin®r¢/Apj =2 o = 8
o = g
) 6 T 226 T T
° 7]
=5 Female Male Female Male
é
d e
-actinCre/ Apjfloxi+
B P/ SIn mMRNA Ucp3 mRNA
A4° 2.0 2.0 g
—» / - = 0037 Pearson correlation
Minced L 15{p-00s2 15 P=0.008
(muscle) ° ° P=0003 I
o I ° Female Male
# g 1.0
= = 1.5 1.5
) ° 0.5 ° ° R?=07652 O
Myogenic «© 2 E z - . G} 1ol P=0.0225
cell isolation 0 00 £ES" ' o/0
Female Male ' Female Male % 8
> = o
[ Flox =3 KpAP/ S8 5 |
KD o @0.5 * RE=0i9218 0.5 .
f Myogenic cells . & p=o0024
Flox KDAPi Muscle-based thermogenesis 0.0 ‘ ‘ ‘ 0.0 : ‘ .
——— 275 28.0 285 29.0 26 27 28 29
SN[ i Sarcolipin ucP3
2| B-tubulin I— R A — —‘»50 15 P=0026 1.5 PE01040 1.5 15
g P=0.042 r -
g uer——-—---—-—]_ ¢ & g .
o [
B-tubulinl*——-—'——’}so » 1.0 1.0 c & 10 1.0+ o
L os:- o o g ?j o
= 3 X <} [
s | Ho ® 05 0.5 8205 . 05
N ° - R*=0.6993 R? = 0.6641
o Bubulin————— |, @ & P=0.0380 P=0.0482
]
2w —————-=],, o0 oL 0.0 — o0 —
_ Female Male Female Male 27.5 28.0 285 29.0 26 27 28 29
| B-tubulin \ }'50 [ Flox B3 KD Average surface temperature (°C)

Figure 5. Apj is required for muscle-based non-shivering thermogenesis. (a) Generation of Apj deficient mice. (b) Body weight in both female and male Floxed or Knockdown (KD) mice (n = 3).
(c) Representative heat images (left) and means (right) of female and male Floxed or KD mice (n = 3). (d) Myogenic cell isolation from ;3—actinc’e/Aij'°X’+ mice. (e) mMRNA levels of Sin (left) and
Ucp3 (right) in myogenic cells isolated from female and male Floxed or KD (n = 3). (f) Cropped western blots of SLN and UCP3 in myogenic cells isolated from female and male Floxed or KD
(B-tubulin was used for normalization; n = 3). (g) Pearson correlation between surface temperature and SLN or UCP3 protein levels in Apj deficient model (Flox; n = 3, KD; n = 3). Data are

mean =+ SEM, and each dot represents one litter; two-sided P values by unpaired Student’s t-test (b—f) and Pearson correlation (g).




220z ‘A1enigad YIuopy 9/ [OA W0d'32dUe3yy MMM

LL

Maternal exercise
pre-Exercise

M-Ctrl M-OB M-OBJ/Ex RosaCre/Prkaafioxifiox
75 Flox KQPrkaat
o| P-AMPKa | —— ] - Female
S| tAMPKa | I S t-AMPKe [10 0 |
£ - — [ L o Tamoxifen injection )
| B-tubulin | —}s 9 38 (ip, 75 g/g BW) B-tubulin |~ s e '-'|
75 5 2 %‘ h Male
p-AMPKa [ = =TT 25 < Acuteexercise t-AMPKo [0 |
2 75 O
: © _
S| t-AMPKa | ; I d QSamp/e collection B-tubulin [+ = — ]
B-tubulin [ i =50
b e ; : : :
APN supplementation Muscle thermogenesis and mitochondriogenesis
CD/PBS OB/PBS OB/APN p-AMPKa Female Male
— - 3 Flox KOPrkaat Flox KQPkaat
o P-AMPKo NIRRT 20 & L g KoPrkee!
© E = - < &
g tavPke LRI ., $ 15| & S ([0
| p-tubulin [e e == g o |4
— §. 1.0 F ;
p-AMPKa [ 0 R @ o @
o : %505 o
S| tAMPKa [ o | & ﬁ = %
B-tubulin ‘.._---——-—-—kso 0.0 2 :
T Female Male
f pre-Exercise g
Flox KoPwaat pC  _ Famals - s
o . — ] D 6500 6500 6.2'10° 3.6™107
E PGC-1a 50 b - ql‘_|—100 § E 3 5500 s Aﬂ A/_‘
8 |_B-tubulin [0 o o - - ——|_ 5 E— % E 4500 4500+ ] | I
O PGC-lo [55 is o[8 o o h  100 D 3 2:32 3500
S = . s e 2500-
= |_B-tubulin -‘——--"--.iir 50 & Flox KO Flox KO — Flox — gQPrkeat Light  Dark
post-Exercise Mile - HOXP_IZI F}fpg ’;‘f:;A
Flox KOPrkaat  pPC = pre-Ex post-Ex ;ﬁ 6500 6500 , g,'od, N
_ _ = - N
o 4, [ 00 2 20, NS 2.0 P=0.005 £ 5500 5500 ] T
g POc 1_“ 1 ]f 815 [ o 15 0 E 45001 4500 (] 2 8
8| B-tubulin | % 5w1.0 2@ 1.04 & o 35001 3500
F peca. = —r100 X S s S 25000—— 1 2500-
2 Pec-t« : I el 05 S S S S S Light Dark
g . = 5 @ 0.0- 0.0 Q'.Q &9 Q,'.Q .-;.Q 59 G.Q
|_B-tubulin | R 4 Flox KO FloxKO Time (him)

Figure 6. Exercise directly activates mitochondrial biogenesis via AMPK activation. (a,b) Cropped western blots of AMPK phosphorylation in fetal muscle of maternal exercise (ME; a) or apelin
supplementation (b) studies (8-tubulin was used for normalization; n = 6). (c,d) Generation of Prkaal knockout mice. (e) Mitochondrial biogenesis-related gene expression in the Gastrocnemius
muscle of female and male Prkaal deficient mice. (f) Cropped western blots of PGC-1« in Prkaal deficient muscle before and after single bout of exercise (8-tubulin was used for normaliza-
tion; n = 5 for pre-Exercise; n = 6 for post-Exercise). (g) Time-resolved oxygen consumption and analysis of female and male Flox or Prkaal deficient mice (n = 6). Data are mean + SEM, and
each dot represents one litter; P values by one way ANOVA followed by post hoc (Tukey's test) analysis (a,b); two-sided P values by unpaired Student's t-test (e—g).




[4}

b e
RosaC®/Prkaal Ppargc1a Acaa2
}o P=0.025 g [F£=003%0
c
/ S Minced Myogenic cells ,g
Tamf’x'f"?n (muscle) Flox KDPrkaat 3 1
Injection (i.p.) - = 5
- X
Apelin treatment ¢ AP Ko e £ N
[T}
B-tubulin ASR e Ay « I ﬁﬁ
- - @&
s Prkaa1 FloxFlox KD KD FloxFlox KD KD FloxFlox KD KD FloxFlox KD KD
incubation Myic;glear;:g:ell Apelin - + - + -+ -+ -+ -+ & g o= $
[¢) M i
yogenic cells Maternal ®o00
Flox KDPrkeat Exercise > APeline o
Apelin - = = 4+ + * - - - + o+ o+

SLN |__ S

Uers [— — ——m—=—~—— —— — —

pcaMKsz:::&_ﬁn” ool

t-CaMKK2 — G G (S SR QD | G S— — — O . g

[
|
B-tubulin |"‘ ——— —— | — | — . _’»
|
|

caty QCaMKKZ (PGC-1a)

- o
B-tubulin |--~-—-——-———r50 F'_' .Acnvated .
' Cca? .Caz‘ Heat
Sarcolipin p-CaMKK2 @ SERCA
2.5 P=0.010
: CaQ‘
§20 5 5 X -
2 2 2
g 1.5 g g ca?
310 3 H
K 0.5 3 3 Sarcoplasmic
: m i . .
* * e Mitochondrion

0.0

Prkaa1 FloxFlox KD KD
Apelin - + - +

Prkaa1 FloxFlox KD KD
Apelin - + - +

Prkaa1 FloxFlox KD KD
Apelin - + - +

— Activation ——— Inhibition

Pathway

2202 ‘A1eniqag YIuo 9/ [OA WO0D*322URIBYY MMM

Figure 7. Muscle-based non-shivering thermogenesis is activated by apelin-AMPK axis. (a) Myogenic cell isolation from male S-actin¢/Apj’®/* weanling mice and treated with apelin. (b)
Cropped western blots to show Prkaal deficiency in the primary myogenic cells (8-tubulin was used for normalization; n = 3). (c—f) mRNA expression of Sln, Ucp3, Ppargcia, and Acaa2 in the
primary myogenic cells with/without apelin treatment (n = 3). (g) Cropped western blots of SLN, UCP3 and p-CaMKK2 in the primary myogenic cells with/without apelin treatment (S-tubulin
was used for normalization; n = 3). (h) Working model: ME-induced apelin activates AMPK and CaMKK2 phosphorylation, thereby leading to SLN and UCP3-dependent non-shivering thermo-
genesis. Data are mean + SEM, and each dot represents one litter; P values by two-way ANOVA followed by post hoc (Tukey's test) analysis (c—g).




Articles

Calcium ion is a second messenger required for diverse
biological processes, including muscle contraction and
neural transmission.’® In skeletal muscle, SERCA pump
and Ryanodine receptor (RYR) regulate intracellular cal-
cium ion concentration.*”" Sarcolipin-dependent SERCA
inactivation elevates cytoplasmic calcium ion levels, which
stimulates muscular NST,”*"® and protects against meta-
bolic impairment of muscle due to obesity."” Furthermore,
elevated cytosolic calcium ions stimulate CaMKK2 phos-
phorylation and induces muscular UCP3 expression,
enhancing fatty acid oxidation.’”*° While obesity sup-
presses oxidative metabolism in skeletal muscle,”* activa-
tion of sarcolipin signaling pathways promotes
mitochondrial biogenesis and oxidative phosphorylation,*®
preventing obesity-related metabolic dysfunction.” Simi-
larly, chronic cold acclimation stimulates futile calcium ion
cycling in muscle, enhancing NST.” In the current study,
we found that ME activates thermogenic gene expression
in fetal musde; importantly, ME intergenerationally
increased the expression of sarcolipin and UCP3 in adult
offspring, which might be due to persistent elevation of
PGC-1r and sensitization of apelin/AMPK axis, enhancing
NST of muscle. Remarkably, ME offspring were protected
against dietinduced obesity,”*° consistent with earlier
reports. >

Apelin binds to the C-terminal of AP] and activates G
protein subunits, including Gerg and Ge; proteins, leading
to Gogmediated AMPK activation.” Besides, AMPK acti-
vates CaMKK2 and its associated calcium signaling path-
ways.** AMPK phosphorylation further activates PGC-1ex
and stimulates SLN expression.”* SLN blocks SERCA-
mediated calcium ion takeback into the sarcoplasmic retic-
ulum (SR), which elevates cytosolic Ca®>* concentration®
and oxidative metabolism.™ In addition to stimulation of
SLN-dependent calcium signaling, PGC-1¢ mediates
UCP3 expression in skeletal muscle through partnering
with the peroxisome proliferator-activated receptor A
(PPARB).”" Besides, UCP3 mediates protons (H") transfer
from inner to outer mitochondrial membrane, dissipating
energy for heat generation."° In addition to apelin-
induced Gaq activation, apelin also regulates Ga; and we
previously showed that the phosphorylation of protein
kinase A (PKA) as a down-stream target of Ge; was inhib-
ited in the fetal tissue by apelin supplementation during
pregnancy,” consistent with the previous report showing
that apelin-activated APJ (Goy) reduces intracellular cyclic
adenosine monophosphate (cAMP) level.* In our previous
study, we found that ME stimulates placental apelin secre-
tion, which elevates apelin level in the fetal circulation.® In
the current study, we found that apelin activates AMPK to
enhance mitochondrial biogenesis and the expression of
thermogenic genes in musdle cells, which are highly stim-
ulated by exercise. Supportively, AMPK activation due to
regular exercise enhances glucose and fatty acid uptake by
muscle, improves mitochondrial homeostasis and meta-
bolic capacity of muscle, and ameliorates the hyperglyce-
mic state and metabolic dysfunction due to obesity and
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type 2 diabetes.*® Consistently, we previously reported that
ME induces apelin activation and prevents metabolic dys-
function in offspring due to MO as indicated by reduced
blood glucose and insulin levels, and alleviated insulin
resistance.’” Apelin has key roles in maintenance of insulin
sensitivity’” and stimulating glucose utilization®® in the
skeletal muscle, which might be due to the specific activa-
tion of Gaq and AMPK in skeletal muscle, which improves
glucose uptake and insulin sensitivity.”

Although we showed that apelin supplementation dur-
ing pregnancy activated AMPK and stimulated CaMKK2
phosphorylation, we did not measure changes in calcium
ion levels upon apelin-AP]J activation, which is a limitation
in the current study. Furthermore, our conclusion of the
muscle-based NST in offspring could be further strength-
ened by measuring changes in ME-dependent or apelin-
dependent mitochondrial respiratory activity. We plan to
address these limitations in the future studies.

In summary, we have demonstrated that ME stimulates
calcium signaling and mitochondrial biogenesis in fetal
muscle impaired due to maternal obesity. Furthermore,
we found the long-term effects of ME on sarcolipin and
UCP3 activation in offspring muscle, which protects off-
spring against diet-induced obesity and metabolic disor-
ders. We identified apelin-APJ-AMPK axis as one of the
major underlying mechanisms in regulating the expres-
sion of muscle-based thermogenic gene expression during
fetal muscle development. Considering the commonness
of maternal obesity and the high accessibility of exercise,
our findings have important clinical applications in
improving fetal muscle development and long-term meta-
bolic health of offspring born to obese mothers.
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