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Maternal Exercise-Induced SOD3 Reverses the
Deleterious Effects of Maternal High-Fat Diet on
Offspring Metabolism Through Stabilization of H3K4me3
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Preclinical studies reveal maternal exercise as a prom-
ising intervention to reduce the transmission of multige-
nerational metabolic dysfunction caused by maternal
obesity. The benefits of maternal exercise on offspring
health may arise from multiple factors and have recently
been shown to involve DNA demethylation of critical
hepatic genes leading to enhanced glucose metabolism
in offspring. Histone modification is another epigenetic
regulator, yet the effects of maternal obesity and exer-
cise on histone methylation in offspring are not known.
Here, we find that maternal high-fat diet (HFD; 60% kcal
from fat) induced dysregulation of offspring liver glu-
cose metabolism in C57BL/6 mice through a mecha-
nism involving increased reactive oxygen species, WD
repeat-containing 82 (WDR82) carbonylation, and inacti-
vation of histone H3 lysine 4 (H3K4) methyltransferase
leading to decreased H3K4me3 at the promoters of glu-
cose metabolic genes. Remarkably, the entire signal was
restored if the HFD-fed dams had exercised during preg-
nancy. WDR82 overexpression in hepatoblasts mimicked
the effects of maternal exercise on H3K4me3 levels. Pla-
cental superoxide dismutase 3 (SOD3), but not antioxidant

treatment with N-acetylcysteine was necessary for the
regulation of H3K4me3, gene expression, and glucose
metabolism. Maternal exercise regulates a multicompo-
nent epigenetic system in the fetal liver resulting in the
transmission of the benefits of exercise to offspring.

Maternal overnutrition during pregnancy increases the risks
of obesity and type 2 diabetes (T2D) in offspring, an effect
that persists throughout the lifetime (1-3). Rodent studies
have shown that offspring exposed to a maternal high-fat
diet (HFD) present with increased weight gain, hyperlipid-
emia, hepatic triglycerides accumulation, impaired hepatic
mitochondrial respiration, and glucose intolerance (4-9).
Since the rates of obesity and T2D are increasing among
women of childbearing age (10), drastically impacting the
health of the next generation, establishing effective means
to prevent this intergenerational transmission of metabolic
dysfunction is urgently needed.

Previous studies have demonstrated maternal exercise
improves metabolic parameters, including glucose tolerance
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and insulin sensitivity, in adult offspring (1,3). Remarkably,
the detrimental effects of a maternal HFD on offspring
metabolism are completely negated by maternal exercise
(1,3,7,8,11,12). We established the liver mainly governs the
metabolic improvement in offspring of exercise-trained
mothers (8,13,14). Moreover, we recently discovered that
superoxide dismutase 3/extracellular superoxide dismutase
(SOD3/EC-SOD), a redox secretory protein increased in the
placenta of offspring of trained mothers, improves offspring
glucose homeostasis (14). This effect involves SOD3-induced
DNA demethylation at hepatic gene promoters, leading to
enhanced gene expression and glucose metabolism in off-
spring liver. These results suggest that maternal exercise-
induced placental SOD3 may be a primary means by which
the development of obesity and T2D can be mitigated in
adult offspring

Perturbation of DNA hypermethylation (12,14) and
impaired demethylation of promoters (14,15) are key
epigenetic events contributing to the harmful effects of
maternal HED on offspring. Additionally, two eatlier stud-
ies reported offspring livers of HFD-fed dams have altered
histone H3 lysine 9 trimethylation (H3K9me3) at the pro-
moters of Wntl, Pparg, Ppara, Rxra, and Rora (16,17).
Ten-eleven translocation (TET) methylcytosine demethy-
lase, an enzyme mediating DNA demethylation, is recruited
to specific promoters that have enriched histone H3 lysine
4 (H3K4)me3 (18,19). Therefore, we hypothesize that
maternal exercise results in specific histone modification
leading to TET recruitment and DNA methylation at the
promoters of glucose metabolic genes.

We found that maternal exercise recovered the inhibitory
effects of maternal HFD on H3K4me3 levels at the pro-
moters of the hepatic glucose metabolism genes in offspring.
Altered H3K4me3 was associated with H3K4 methyltrans-
ferase (HKMT) activity and reactive oxygen species (ROS)
production in the offspring livers of HFD-fed dams, and
maternal exercise prevented these harmful effects on pro-
tein function through the protection of WD repeat-contain-
ing protein 82 (WDR82) carbonylation. Exercise-induced
placental SOD3, but not treatment with N-acetylcysteine
(NACQ), rescued the negative impact of maternal HFD on off-
spring liver metabolism.

RESEARCH DESIGN AND METHODS

Placenta-Specific Sod3-Knockout Mice

The Tpbpa/Ada Cre/loxP was used to generate tropho-
blast-specific Sod3-knockout (Sod3~'7) and flox control
(Sod3"") mice (14).

Training Program

Virgin female C57Bl/6 mice (8 weeks old) and Sod3"t
mice (7-12 weeks old) were fed chow (21% kcal from fat,
LabDiet) or an HFD (60% kcal from fat, Research Diets)
for 2 weeks preconception and during gestation. Mice
were divided into two subgroups: trained (housed with
running wheels) and sedentary (housed in static cages).
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Male breeders were 10-week-old C57BL/6 mice or 10- to
12-week-old Sod3”* Tpbpa/Ada Cre™~ (Sod3™'~) seden-
tary mice maintained on the chow diet. Average and
cumulative running distance during both preconception
and gestation were not different between chow- and
HFD-fed C57BL/6 and Sod3”" dams (Supplementary Fig.
1A-D). To control for sire differences, breeding was con-
ducted using harems. Each group contained 6 dams. Lit-
ters were culled to six, and offspring were fed chow and
housed in static cages from birth onward.

Primary Embryonic Hepatoblast and Hepatocyte
Culture

Hepatoblasts and hepatocytes were collected in the random
fed state as previously described (14). The hepatoblasts were
a mixture of male and female fetuses. Transfection of siRNA
duplexes specific to Wdr82 (SR409957A; rCrCrUrArCrUrGr-
CrArArGrArArUrCrGrArArArGrArArCAG, SR423353B; rCrCr
CrUrArGrArArArGrUrCrArCrArArUrCrUrUrGrAAA, SR423353C;
rCrCrUrGrCrArArUrArArGrAYArGrUrArArArGrArCrCrAAG,  Ori-
gene) and control (SR30004, Origene) was performed using
Lipofectamine RNAIMAX (13778-030, Invitrogen) for 24 h.
Transfection of pcDNA3-Myc-Wdr82 was performed using
jetPEI-Hepatocyte (102-05N, Polyplus-transfection).

In Vitro Glucose Production Assay

Hepatic glucose production was determined as previously
described (14). Glucose in culture medium was normal-
ized to total protein levels.

Chromatin Immunoprecipitation

Hepatoblasts (1 x 10°) isolated from embryonic day (E) 13.5
livers of sedentary or trained dams were analyzed as previ-
ously described (14). Antibodies against H3K4me3 (9751,
CST) or rabbit IgG (2729, CST) were captured on Dynabeads
M-280 anti-rabbit IgG (11203D, Thermo Fisher). Primer
sequences are listed in Supplementary Table 2.

Methylation-Specific PCR
DNA methylation levels were analyzed as previously
described (14).

Real-Time Quantitative PCR

Gene expression was analyzed as previously described (14).
Each mRNA expression was calculated relative to that of
Rpl13a. Primer sequences are listed in Supplementary Table
3 or were previously presented (14).

Biochemical Assays

HKMT activity was analyzed by EpiSeeker Histone Methyl-
transferase H3 (K4) Activity Quantification Assay Kit
(ab113452, Abcam). Cellular ROS was determined by Oxi-
Select In Vitro ROS/RNS Assay (STA-347, Cell Biolabs).
Antioxidant capacity was determined using the Total Anti-
oxidant Capacity Assay (ab65329, Abcam). Total protein
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carbonylation was analyzed by OxiSelect Protein Carbonyl
ELISA (STA-310, Cell Biolabs).

Immunoprecipitation

Hepatoblasts were incubated in PBS with 20 mmol/L
dimethyl pimelimidate for 1 h at 37°C. WDR82 antibody
(99715, CST) or IgG (2729, CST) were captured with Dyna-
beads Protein G (10003D, Thermo Fisher) in PBS at room
temperature for 40 min. Following immunoprecipitation
methods were performed as previously described (14).

Western Blotting

Lysates were analyzed as previously described (14). Pri-
mary antibodies against H3K4me3 (9751), H3K9me3
(13969), H3K27me3 (9733), H3K27ac (8173), histone-H3
(4499), WDR82 (99715), AMPKa (5831), and phospho-
AMPKa (2535) were obtained from CST. Carbonylated
proteins were detected using OxiSelect Protein Carbonyl
Immunoblot (STA-308, Cell Biolabs).

Protein Sequence Analysis by Liquid
Chromatography-Tandem Mass Spectrometry

Gel pieces of 25 and 35 kDa upon Western blotting with
the DNP antibody were analyzed by proteomics, as previ-
ously described (14). We assessed both values to exclude
any potential error that may occur when only using a sum
intensity measurement. Since we used samples only from
the offspring livers from HFD-fed dams, there was no sta-
tistical analysis. We screened the candidates based on
total peptides and sum intensity.

Intraperitoneal Glucose Tolerance Test
Glucose metabolism was analyzed as previously described
(14).

Purification of SOD3 Protein

Human SOD3 (hSOD3) ¢DNA was obtained from Origene
(RC204156) and was doned into p3xFLAG-CMV8 vector
(E9908, Sigma-Aldrich). Recombinant hSOD3 was pro-
duced by transient transfection of p3xFLAG-CMV8-hSOD3
in ExpiCHO Expression System (A29133, Gibco). FLAG-
tagged hSOD3 proteins were captured with anti-FLAG-M2
Magnetic Beads affinity isolated antibody (M8823, Sigma-
Aldrich) and eluted with 5 mg/mL 3x-FLAG-Peptide
(F4799, Sigma-Aldrich) in TBS (pH 7.4). The amount of
hSOD3 was measured by ELISA (ELH-SOD3-1, RayBio-
tech), and hSOD3 activity was evaluated with the SOD
assay kit-WST (S311, Dojindo).

Exo Utero Developmental System

Manipulation was performed as previously described
(14,20). C57BL/6 female mice (8 weeks old) were fed
the HFD for 2 weeks preconception and during gesta-
tion. For each dam, three embryos on one side of the
uterine horn were designated the experimental group
(hSOD3 or NAC), and three embryos on the other side
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of the uterine horn were designated controls (saline). NAC
was dissolved in 20 mmol/L in water. Eluted hSOD3 was
dissolved in TBS (20 pg/mL, pH 7.4); then, 1 pL of solu-
tion was injected near the liver of each embryo through
the fetal membrane. To analyze embryonic livers, fetuses
were collected at E15.5. To analyze adult livers, embryos at
E18.5 were removed from the abdomen, and the resusci-
tated newborns were parented by C57BL/6 foster mothers.
Litters were culled to three mice per treatment, and off-
spring were fed chow and housed in static cages from birth
onward.

Statistical Analysis

All data are reported as means + SEM. Statistical signifi-
cance was defined as P < 0.025 or 0.01 and determined
by one- or two-way ANOVA, with Tukey and Bonferroni
post hoc analysis. For experiments conducted at various
ages, statistical analyses were determined based on the
control group at each time point, and comparisons among
ages were not performed.

Data and Resource Availability

Comprehensive data that show the list of all carbonylated
proteins in this study are available in Supplementary
Table 1.

RESULTS

Maternal Exercise Increases H3K4me3 Levels at the
Promoters of Glucose Metabolism Genes in Livers of
Offspring

We measured total H3K4me3, H3K9me3, H3K27me3, and
H3K27ac, which represent active or inactive promoters
(21), in the livers of 52-week-old offspring of dams that
were sedentary chow fed, trained chow fed, sedentary HED
fed, or trained HFD fed (Fig. 1A and B). Maternal exercise
increased hepatic H3K4me3 in the offspring from chow-fed
dams. Conversely, offspring livers of sedentary HFD-fed
dams had significantly lower H3K4me3 levels. The suppres-
sive effects of maternal HFD on offspring liver H3K4me3
were partially reversed toward the levels of chow-fed
dams when the HFD-fed dams were trained. H3K9me3,
H3K27me3, and H3K27ac levels were unaffected by mater-
nal diet and exercise. The influence of maternal exercise on
H3K4me3 status was present in offspring livers at 4 weeks,
day 0, and E13.5 (Fig. 1C). Next, we performed H3K4me3
chromatin immunoprecipitation-quantitative PCR of key
glucose metabolism genes in the livers of E13.5 offspring.
These genes are regulated by maternal exercise (14) and
diet (Supplementary Fig. 2A and B) and have an apparent
H3K4me3 peak in the —1,000 upstream region as deter-
mined from the University of California Santa Cruz geno-
mic database. The H3K4me3 levels at the promoters of
specific genes involved in pyruvate metabolism (Pfkl),
Krebs cycle activity (Pdhal, Ogdh), and fatty acid metabo-
lism (Acoxl, Cptla, Lcad) were significantly increased in
E13.5 and 52-week-old offspring livers of trained dams
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Figure 1—Maternal exercise increases H3K4me3 at the promoters of offspring hepatic genes. A: Schematic illustration of the maternal
exercise and diet program. B: H3K4me3, H3K9me3, H3K27me3, and H3K27ac levels in livers of 52-week-old offspring of chow- or HFD-
fed and sedentary (Sed) or trained dams. C: H3K4me3 levels in livers of 4-week-old, day 0, and E13.5 offspring of chow- or HDS-fed and
sedentary or trained dams. H3K4me3 levels at promoters of glucose metabolism genes in livers of E13.5 (D) and 52-week-old (E) offspring
of chow- or HFD-fed and sedentary or trained dams (n = 6). All data are reported as means + SEM. *P < 0.025 vs. Chow-Sed; **P < 0.01
vs. Chow-Sed; ***P < 0.001 vs. Chow-Sed; ****P < 0.0001 vs. Chow-Sed; TP < 0.025 High Fat-Sed vs. High Fat-Train; P < 0.01 High
Fat-Sed vs. High Fat-Train; 1P < 0.01 High Fat-Sed vs. High Fat-Train. Statistical significance was determined by one- or two-way
ANOVA, with Tukey and Bonferroni post hoc analysis.
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compared with sedentary dams, whereas offspring from
HFD-fed dams had markedly decreased H3K4 trimethyla-
tion at these sites (Fig. 1D and E). Maternal exercise in
HFD-fed dams partially restored H3K4 trimethylation to
baseline levels in offspring livers. Neither maternal HED
nor exercise affected the H3K4me3 levels at the promoters
of the housekeeping genes Gapdh and Thp. Furthermore,
DNA methylation levels and H3K4me3 levels at Ogdh and
Cptla promoters were significantly correlated in E13.5 off-
spring livers (Supplementary Fig. 2C). These data indicate
that maternal exercise upregulates H3K4me3 levels at the
promoters of glucose metabolism genes in the offspring liv-
ers of chow- or HFD-fed dams.

Maternal Exercise Increases HKMT Activity and
Decreases ROS-Induced Protein Carbonylation in
Offspring Livers

Total HKMT activity was significantly decreased in E13.5 off-
spring livers of HFD-fed dams and significantly increased in
livers from exercise-trained chow- and HFD-fed dams (Fig.
2A), effects not due to changes in gene expression of HKMT's
(Kmt2a, Kmt2b, Kmt2c, Kmt2d, Kmt2e, Setdla, and Setd1b)
(22) (Fig. 2B). Protein carbonylation is a posttranslational
modification resulting in protein dysfunction (23). With
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HEFD, carbonylation is generally caused by the ROS genera-
tion (24,25). Hence, we hypothesized the HFD-activated
ROS/carbonylation axis disrupts HKMT activity. We found
that E13.5 offspring livers of HFD-fed dams had significantly
higher ROS levels (Fig. 2C). Conversely, maternal exercise
reduced hepatic ROS levels in the offspring of chow- and
HFD-fed dams. Total hepatic antioxidant capacity was
increased in offspring of trained chow-fed dams, and the
suppressive effects of maternal HFD on the antioxidant
capacity were reversed by maternal exercise (Fig. 2D). Total
hepatic protein carbonylation was significantly higher in the
offspring of HFD-fed dams than in those of chow-fed dams,
while hepatic protein carbonylation was suppressed by
maternal exercise in the offspring of both chow- and HED-
fed dams (Fig. 2E). These data suggest that maternal exercise
protects the offspring liver of HFD-fed dams from ROS-
induced carbonylation.

Maternal Exercise Reverses the Detrimental Effects of

Maternal HFD Feeding on HKMT Activity via Protection
From WDR82 Carbonylation

To identify the specific carbonylated proteins in the offspring
liver regulated by maternal diet and exercise, we labeled
lysates of E13.5 offspring livers with dinitrophenylhydrazine
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Figure 2—Maternal exercise promotes H3K4 methyltransferase activity and protects against ROS-induced protein carbonylation in offspring
livers. Enzymatic activity of total H3K4 methyltransferase (A), mRNA expression of histone methylation-related gene expression (B), ROS
level (C), Trolox equivalent capacity (D), and carbonylated protein content (E) in livers of E13.5 offspring of chow- or HFD-fed and sedentary
(Sed) or trained dams (n = 6). All data are reported as means + SEM. *P < 0.025 vs. Chow-Sed; **P < 0.01 vs. Chow-Sed; ****P < 0.0001
vs. Chow-Sed; P < 0.01 High Fat-Sed vs. High Fat-Train; 1P < 0.01 High Fat-Sed vs. High Fat-Train. Statistical significance was deter-
mined by one- or two-way ANOVA, with Tukey and Bonferroni post hoc analysis.
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(DNPH), which forms hydrazone with carbonylated proteins
(26). Immunoblotting with DNP antibody detected DNPH-
derivatized proteins and showed that maternal HFD strongly
induced carbonylation of proteins of ~35 and 25 kDa in the
E13.5 offspring liver (Fig. 3A and Supplementary Table 1).
An effect was not present in offspring livers from HFD-fed
dams that were exercise trained.

We then isolated hepatic carbonylated proteins from the
offspring of HFD-fed dams by DNPH labeling and DNP-
immunoprecipitation and analyzed these proteins by liquid
chromatography-tandem mass spectrometry. There were
44 proteins identified in the 35-kDa samples and 38 pro-
teins in the 25-kDa samples (Fig. 3A and Supplementary
Table 1). Of these, only WDR82 is recognized as an impor-
tant regulator of histone-trimethylation (27,28). Neither
maternal diet nor maternal exercise affected WDR82 pro-
tein expression in offspring livers (Fig. 3B). To evaluate
WDR82 carbonylation, we immunoprecipitated lysates of
the E13.5 and 24-week-old offspring livers with WDR82
antibodies and blotted the immunoprecipitants with DNP
antibody. The E13.5 offspring livers of sedentary HFD-fed
dams had increased levels of carbonylated WDR82, and the
effects of maternal HFD on offspring liver WDR82 carbon-
ylation were reversed by maternal exercise (Fig. 3C). How-
ever, WDR82 carbonylation was not changed by maternal
diet or exercise at 24 weeks old (Supplementary Fig. 4).
Next, we isolated primary hepatoblasts from the E13.5
embryos of chow- or HFD-fed dams and transfected them
with Wdr82 overexpression vectors (Fig. 3D). The primary
hepatoblasts from the offspring of HFD-fed dams showed
low H3K4me3 levels. Wdr82 overexpression upregulated
H3K4me3 levels in the offspring hepatoblasts of HFD-fed
dams. Moreover, Wdr82 overexpression promoted HKMT
activity (Fig. 3E) and mRNA expression of Pfkl, Pdhal,
Ogdh, Acox1, Cptla, and Lead (Fig. 3F) in the offspring hep-
atoblasts of chow- or HFD-fed dams. Transient transfec-
tion of hepatoblasts with Wdr82-specific siRNA suppressed
H3K4me3 levels (Fig. 3G) and hepatic gene expression
(Fig. 3H). Taken together, these results indicate that
maternal exercise recovers HKMT activity by protecting
against WDR82 carbonylation in the offspring liver of
HFD-fed dams.

Exercise-Induced, Placenta-Derived SOD3 Mediates
the Protective Effects of Maternal Exercise on Glucose
Metabolism in the Offspring Livers From HFD-fed
Dams

We set out to determine whether placental SOD3 (14) was
necessary for the effects of maternal exercise to reverse the
detrimental effects of HFD on offspring metabolism. The
detrimental effects of maternal HFD on glucose tolerance
were worse in 24-week-old male and female Sod3™/~
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offspring compared with Sod3”* (Supplementary Fig 5A and
B and Fig. 4A and B). Maternal exercise improved glucose
tolerance in male and female Sod3” offspring of HFD-fed
dams. However, there was no effect of maternal exercise to
improve glucose tolerance in Sod3™/~ offspring. Basal and
(4-chlorophenylthio)adenosine 3',5'-cyclic monophosphate
(pCPT-cAMP)-mediated glucose production was increased in
hepatocytes from 16-week-old male and female Sod3”* off-
spring of HFD-fed dams (Fig. 4C and D). Sod3 ™/~ hepato-
cytes had impaired function compared with Sod3”%, and the
beneficial effects of maternal exercise to decrease glucose
production were not present in Sod3™/~. Hepatocytes
from 16-week-old male and female Sod3~'~ offspring of
HFD-fed dams showed decreased gene expression (Supp-
lementary Fig. 5C and D) and reduced H3K4me3 levels at
the promoter of Pfkl, Pdhal, Ogdh, Acox1, Cptla, and Lcad
(Fig. 4E). The positive effects of maternal exercise on gene
expression and H3K4me3 levels at the promoters of hepatic
genes were also diminished in Sod3 /" offspring. HKMT
activity was attenuated in Sod3 /" offspring livers from
both chow- and HFD-fed dams (Fig. 4F). The levels of ROS
(Fig. 4G), total carbonylated proteins (Fig. 4H), and WDR82
carbonylation (Fig. 4I) were significantly higher in Sod3 ™/~
offspring livers than Sod3”® of HFD-fed dams. These data
demonstrate that maternal exercise did not improve these
harmful effects of maternal HFD on offspring livers in
Sod3 ™'~ Placental SOD3 is indispensable for the protection
of offspring from the metabolic dysfunction caused by
maternal HFD-induced HKMT dysfunction and WDR82
carbonylation.

Benefits of Placental SOD3 for Offspring Hepatic
Function Are Not Provided by an Antioxidant

SOD3 has been recognized as a redox enzyme that
reduces the potential toxicity of ROS-induced cellular
damage (29). To determine whether antioxidant reagents
can substitute for SOD3 to protect offspring metabolism
from maternal HFD-induced ROS reaction in offspring
livers, we compared the effects of recombinant SOD3 pro-
tein and the antioxidant NAC (30) on offspring hepatic
function of HFD-fed dams. E13.5 offspring livers were
injected with SOD3, NAC, or saline using an exo utero
developmental system (14,20). Dams were fed the HFD
for 5 days after these injections. Offspring were delivered
by caesarean section on E18.5 and were parented by
chow-fed foster mothers (Fig. 5A). The recombinant
SOD3 treatment decreased glucose production in the hep-
atocytes from 4-week-old male and female offspring; how-
ever, the NAC treatment had no effect (Fig. 5B and C). To
investigate why NAC did not alter glucose production,
dams were fed the HFD preconception and during gesta-
tion. SOD3, NAC, or saline were injected into the

Chow-Con (Wdr82-); TP < 0.025 High Fat-Wdr82— vs. High Fat-Wdr82 overexpression (Wdr81+); P < 0.01 High Fat-Con (Wdr82—) vs.
High Fat-Wdr82+; t1P < 0.001 High Fat-Wdr82— vs. High Fat-Wdr82 +). Effects of Wdr82 knockdown on H3K4me3 levels (G) and mRNA
expression of glucose metabolism genes (H) in primary hepatoblasts (n = 3). All data are reported as means + SEM. **P < 0.001;
***P < 0.001. Statistical significance was determined by one- or two-way ANOVA, with Tukey and Bonferroni post hoc analysis.



https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927
https://doi.org/10.2337/figshare.19337927

diabetesjournals.org/diabetes

Kusuyama and Associates

1

500 500 § §

< 450 T 450 F} P

S 400 ‘E 400
o E 350 gg 350 % T **
O & 300 & 300
< 1 250 - 5 250
£ 2 200 = E 200
o £ 150 O35 150

D 100 g 100 i

£ 50 : = 50 B

0 n r— n n 0 wor
Maternal [~ Sed Train Sed Train Sed Train Sed Train Maternal [~ Sed Train Sed Train Sed Train Sed Train
Treatment™ §oq3”t  Sod3~ Sod3"  Sod3”-  Treatment™ gogait  Sod3-  Sod3™  Sod3
Chow High Fat Chow High Fat

24-week-old male offspring

16-week-old male offspring
§

C D

Glucose (nmol/ng)
Glucose (nmol/ug)

pCPT-cAMP Basal

§

m

24-week-old female offspring

16-week-old female offspring

[ Sod3f- HFD, Sedentary [l Sod3f - HFD, Train
[ Sod3~-- HFD, Sedentary [l Sod3~- - HFD, Train

5 2
o
£ .
® - o .
0 I- . | I-.‘I-I I-I-Z.I-I I'I-Z.I-I e |
Maternal  HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF HF
Treatment & SedTrainSed Train Sed TrainSed Train Sed TrainSed Train Sed TrainSed Train Sed TrainSed Train Sed TrainSed Train
Sod3" Sod3”~ Sod3" Sod3”~ Sod3" Sod3”- Sod3" Sod3”~ Sod3f Sod3”- Sod3ff Sod3-
Pfkl Pdha1 Ogdh Acox1 Cptla Lcad
F H3K4 methyltrans;erase activity G ROS H Protein carbonyl
- ] § §
— 1  _—1
16 e g 1800 - 1.4 -
£ 1; o 3 1500 1 124
5 1] = 2 2 1200 > o 1 ok
& L ¥ E o3
o 0.8 T o o 900 °
> x 0 0.6
= 0.6 @ 600 £
1] = c 04
< 0.4 o
@ 0.2 2 300 0.2
0 0 0
Mat Treat: HF-Sed HF-Train HF-Sed HF-Train Mat Treat: HF-Sed HF-Train HF-Sed HF-Train Mat Treat: HF-Sed HF-Train HF-Sed HF-Train
Sod3ff Sod3- Sod3 Sod3- Sod3f Sod3-
E13.5 liver E13.5 liver s E13.5 liver
 —1
I 3.5 -
IP: WDR82 3
Offspring Genotype: Sod3”  Sod37f Sod3”~ Sod3- S 25 L
Maternal Treatment: HF-Sed HF-Train HF-Sed HF-Train ﬂnt 2 T
anti-DNP [FRETEF. O [=s = e we v o] E 1.5
*kk
WDRB82 [ o s ot ot e | [ o o o ot v | Z 05

0
Mat Treat: HF-Sed HF-Train HF-Sed HF-Train

Sod3ff Sod3--
E13.5 liver

1177

Figure 4—Beneficial effects of maternal exercise on glucose metabolism and WDR82 carbonylation in offspring of HFD-fed dams were
blocked by placenta-specific Sod3 knockout. A and B: Glucose tolerance measured at 24 weeks in Sod3” or Sod3~/~ offspring of dams
that were sedentary or trained and fed chow or the HFD. Glucose area under the curve (AUC) of male (A) and female (B) offspring is shown.
GTT, glucose tolerance test. Data are means + SEM (n = 5-7/group). **P < 0.01 vs. Chow-Sod3"'-Sed; §P < 0.01 effect of genotype;
1P < 0.01 effect of diet. Glucose production in hepatocytes of 16-week-old male (C) and female (D) Sod3"" or Sod3~/~ offspring of dams
that were sedentary (Sed) or trained and fed the HFD. Data are means = SEM (n = 3). **P < 0.01 vs. Sod3"-HFD-Sedentary, §P < 0.01



1178 Maternal Exercise Benefits Offspring Health

offspring livers at day E13.5, and the fetal livers were col-
lected at E15.5 (Fig. 5D). The SOD3 and NAC treatments
significantly decreased ROS levels (Fig. 5E), total carbony-
lated protein (Fig. 5F), and carbonylated WDR82 (Fig. 5G)
in offspring livers, and the reductions were greater in
response to NAC compared with SOD3. The mRNA
expression levels of Pfkl, Pdhal, Ogdh, Acox1, Cptla, and
Lcad were improved by SOD3 treatment in offspring liv-
ers; however, NAC treatment did not affect these gene
expressions (Fig. 5H). Since our previous study showed
that placental SOD3 activates the AMPK/isocitrate dehy-
drogenase (IDH)/TET axis regulating the improvement of
glucose metabolism in offspring (14), we examined this sig-
nal in SOD3- and NAC-treated offspring livers. SOD3 treat-
ment significantly increased AMPKa phosphorylation (Fig.
5I) and mRNA expression of Tetl, Tet2, Idhl, and Idh2
(Fig. 5J) in E15.5 offspring livers; however, NAC had no
effect. Taken together, these results suggest that both
decreased ROS signaling and SOD3-mediated AMPK/TET
signaling are necessary for the beneficial effects of mater-
nal exercise on offspring liver.

DISCUSSION

The detrimental effects of maternal HFD-feeding behavior
on offspring health are difficult to reverse in later life. Epige-
netic mechanisms are implicated in maternal diet-induced
metabolic changes in adult offspring (12,14-16,31). Maternal
exercise protects the offspring against maternal HED-induced
metabolic disorders by reversing maternal HFD-induced dis-
turbances in the epigenetic profiles of offspring. Here, we
establish that the mechanism of this protective effect
involves stabilization of H3K4me3 levels leading to the rever-
sal of altered glucose metabolic gene expressions in offspring
of HFD-fed dams. Maternal exercise prevents WDR82 from
being carbonylated by maternal HFD-induced ROS in off-
spring liver. Placenta-specific Sod3™/~ mice showed higher
protein carbonylation and reduced metabolic function com-
pared with Sod3”, indicating that basal exposure of the fetal
liver to placental SOD3 fundamentally maintains glucose
homeostasis in offspring of HFD-fed dams.

Since mothers and pups did not exercise once the pups
were born in our maternal exercise program, we elimi-
nated the direct effect of postnatal exercise on offspring.
Through recombinant SOD3 injection using the exo utero
developmental system and fostering by sedentary moth-
ers, we also showed that the protective effects of SOD3
on HED-induced ROS production during the embryonic
period are beneficial for offspring metabolism. Previous
studies have indicated that exercise during the gestation
period alone can confer some but not all of the beneficial
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effects to offspring (1,3), and we have reported that mater-
nal exercise can alter the components of breast milk (13).

Most of the H3K4me3 peaks have been shown to be
highly enriched at the active promoters of most genes (32).
We found that maternal HFD decreases H3K4me3 levels at
the promoters of glucose metabolism-related genes in the
offspring liver and that this suppressive effect was elimi-
nated by maternal exercise. These H3K4me3 abundant
sequences overlapped with the maternal exercise-induced
DNA demethylation sites (14). Hypomethylated CpG regions
have been shown to have high levels of H3K4me3, whereas
sites with hypermethylated CpG lacked H3K4me3 (33).
Other work has demonstrated that TETs are specifically
recruited to H3K4me3 elevated sites (18). We found that
neither maternal diet nor exercise affect H3K4me3 levels at
the promoters of housekeeping genes, suggesting that TET
may regulate the selective effects of maternal exercise and
diet on hepatic gene expression in offspring through changes
in H3K4me3 and corresponding DNA demethylation. The
causes of the specific changes to H3K4me3 levels remain
unknown. However, the differences in H3K4me3 domains
between housekeeping and cell-type specific genes may
regulate chromatin accessibility (34,35), and/or enriched
H3K4me3 may control transcriptional activation by inter-
acting with superenhancers (36). Taken together, dynamic
maternal exercise- and diet-induced changes in gene expres-
sion may be related to combined epigenetic regulation via
DNA demethylation and high H3K4me3 sites.

The detrimental effects of the maternal HFD on off-
spring metabolism were caused by ROS accumulation in
fetal offspring livers and were reversed by maternal exer-
cise. Another study investigating the effects of maternal
exercise in mothers with streptozotocin-induced pregesta-
tional diabetes found that maternal diabetes increased ROS
levels in fetal offspring hearts and that maternal exercise
mitigated ROS-induced heart failure (37). Maternal meta-
bolic dysfunction-induced increases in ROS accumulation in
fetal tissues may negatively impact offspring organs, and
maternal exercise offers a promising means to prevent
these harmful phenotypes. ROS exposure in Caenorhabditis
elegans was shown to decrease global levels of H3K4me3 in
early life (38). In accordance with our finding, ROS inhib-
ited HKMT activity rather than the expression of the
HKMT complex in C elegans. These results suggest that
H3K4me3 is a maternal HFD-induced, ROS-sensitive epige-
netic modification affecting gene expression in offspring
organs. Furthermore, maternal exercise prevents ROS-sensi-
tive epigenetic changes during offspring development.

We found that the decrease in H3K4me3 levels in off-
spring livers of HFD-fed dams was caused by ROS-induced

effect of genotype. Effects of placenta-specific Sod3~’~ on mRNA expression of glucose metabolism genes (E), H3K4 methyltransferase
activity (F), ROS levels (G), carbonylated protein content (H), and carbonylated WDR82 levels (/) in livers of E13.5 offspring of sedentary or
trained HFD-fed dams (n = 3). HF, high-fat diet; IP, immunoprecipitation; Mat Treat. Maternal treatment. All data are reported as means +
SEM.**P < 0.01 vs. Sod3"-HF-Sed; ***P < 0.001 vs. Sod3"-HF-Sed; §P < 0.01 effect of genotype. Statistical significance was deter-
mined by one- or two-way ANOVA, with Tukey and Bonferroni post hoc analysis.
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WDRS2 carbonylation. WDR82 is required to target methyl-
ation sites near transcription start sites (27,28). A previous
study reported that WDR-deficient embryos have high apo-
ptotic rates at the blastocyst stage (39), which is interesting
in light of our previous finding that HFD-fed dams pre-
sented with decreased litter size whereas exercise-trained
dams had increased litters (7). This observation may be
related to maternal diet and exercise-regulated WDR82
function during development, suggesting the effects of
maternal HFD on WDR82 in offspring manifests as both
embryonic lethality and offspring metabolic phenotypes.
Other dysfunctional proteins may also contribute to meta-
bolic disorders in adult offspring; however, irreversible
ROS-induced protein carbonylation does not always cause
protein dysfunction (40,41). Our study is the first to estab-
lish a putative relationship between functional abnormali-
ties of WDRS82 carbonylation in the fetus and the risk of
glucose intolerance in adult offspring. Other types of ROS-
induced posttranslational modification, including advanced
protein oxidation and tyrosine-nitration, may be involved
in the harmful effects of ROS accumulation (42). Further
studies are needed to elucidate the deleterious effects of
ROS in offspring livers from HFD-fed dams.

Another important finding of this study is that NAC
antioxidant treatment cannot adequately substitute for the
beneficial effects of exercise-induced placental SOD3 on off-
spring metabolism. SOD3 protein treatment mimicked the
improvements in hepatic function in offspring from trained
dams, whereas no effect of NAC on hepatocyte glucose pro-
duction was observed despite decreased ROS levels. Rela-
tively, human studies have shown that the application of
NAC in sepsis patients reduced oxidative stress but did not
improve disease outcome (43). Previous studies have shown
that NAC treatment does not affect AMPK phosphorylation
in mouse (44) and human (45) skeletal muscle, and we
found that NAC did not activate the AMPK-TET axis, which
regulates the SOD3-induced signals leading to DNA
demethylation (14). Therefore, it is likely that both preven-
tion of high levels of ROS-stimulated protein carbonylation
and AMPK activation are needed for the benefits of mater-
nal exercise on offspring. It should be noted that while an
overactive ROS-protein carbonylation cycle has been linked
to metabolic dysfunction in adults (46,47), ROS-mediated
signaling is essential for maintaining the function of troph-
oblasts (48) and placenta (49), suggesting that a baseline
level of ROS is necessary for normal development. The
importance of a physiological balance between oxidant/anti-
oxidant is also cited as a limitation in the treatment of lung
disease pathogenesis (50). The precise mechanism by which
SOD3 regulates ROS level in the fetal liver is not known
and will be an important area of future investigation.

In conclusion, we have determined the epigenetic mecha-
nisms underlying the effects of maternal exercise to reverse
the deleterious effects of maternal HFD on glucose meta-
bolism in offspring. This reversal occurs through protection
of WDR82 from ROS-induced protein carbonylation, allowing
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for increased H3K4 methyltransferase activity and increased
H3K4me3 levels at the promoter of glucose metabolism
genes. Placental SOD3 is necessary for these effects of mater-
nal exercise on the ROS-mediated carbonylation/H3K4me3
axis and thus has a vital role in regulating offspring epige-
netics and transmitting the benefits of exercise during preg-
nancy to the next generation. These finding may have
enormous dlinical relevance, as maternal exercise is both a
powerful and inexpensive tool for addressing the transmis-
sion of metabolic disease.
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