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Abstract

Maternal obesity(MO) is rising worldwide, affecting half of all gestations, constituting a
possible risk-factor for some pregnancy-associated liver diseases (PALD) and hepatic diseases.
PALD occur in approximately 3% of pregnancies and are characterized by maternal hepatic
oxidative stress (OS) and mitochondrial dysfunction. Maternal hepatic disease increases
maternal and fetal morbidity and mortality. Understanding the role of MO on liver function and
pathophysiology could be crucial for better understanding the altered pathways leading to
PALD and liver disease, possibly paving the way to prevention and adequate management of
disease. We investigated specific hepatic metabolic alterations in mitochondria and oxidative
stress during MO at late-gestation.

Maternal hepatic tissue was collected at 90% gestation in Control and MO ewes, which
fed 150% of recommended nutrition starting 60 days before conception. Maternal hepatic redox
state, mitochondrial Respiratory Chain (MRC) and OS markers were investigated. MO
decreased MRC complex-II activity and its subunits SDHA and SDHB protein expression,
increased complex-I and complex-IV activities despite reduced complex-IV subunit mtCO1
protein expression, and increased ATP synthase ATPS5a subunit. Hepatic MO-metabolic
remodeling was characterized by decreased ANT-1/2 and VDAC protein expression and PKA
activity (p<0.01), and augmented NAD+/NADH ratio due to reduced NADH levels (p<0.01).
MO showed an altered redox state with increased OS, increased lipid peroxidation (p<0.01),
decreased GSH/GSSG ratio (p=0.005), increased SOD(p=0.03) and decreased catalase (p=0.03)
antioxidant enzymatic activities, lower catalase, glutathione peroxidase (Gpx)-4 and glutathione
reductase protein expression (p<0.05), and increased Gpx-1 abundance (p=0.03). MO-related
hepatic changes were more evident in the right lobe, corroborated by the integrative data
analysis.

Hepatic tissue from obese pregnant ewes showed alterations in the redox state,

consistent with OS and MRC and metabolism remodeling. These are hallmarks of PALD and
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hepatic disease, supporting MO as a risk-factor and highlighting OS and mitochondrial

dysfunction as mechanisms responsible for liver disease predisposition.

Clinical Perspectives

e Previous epidemiological studies associated maternal obesity(MO) with increased

maternal disease development during and after gestation, including some pregnancy-
associated liver disecases(PALD) and liver disease. However, the cellular and
molecular mechanisms underlying this association are poorly characterized.

This work shows that MO during pregnancy results in altered maternal hepatic
mitochondrial function and redox state, which potentially predisposes to hepatic
dysfunction. Although a common effect of MO in both hepatic liver lobes exists,
some of the differences observed are lobe-specific.

Monitoring liver function during the challenging pregnancy period can provide new
insights to understand and prevent complications in both the mother and offspring
throughout/after gestation, while the found lobe distinct dysfunctions can be critical
in liver disease diagnosis, biopsies analysis, and liver transplantation if extended to

other hepatic pathologies.
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Abbreviations

AFLP - Acute fatty liver pregnancy
ALT - Alanine Aminotransferase

BSA - Bovine Serum Albumin

C - Controls

complex III - Cytochrome c reductase
Complex-I - NADH dehydrogenase
complex-II - Succinate dehydrogenase
complex-1V - Cytochrome c oxidase
CS - Citrate Synthase

CytB - Cytochrome b

DHA - Docosahexaenoic acid

FAS - Fatty-Acid Synthase

FATP1 - Fatty-Acid Transport Protein 1
GPx - Glutathione peroxidase

GR - Glutathione reductase

GSH - Reduced Glutathione

GSSG - Oxidized Glutathione

HELLP syndrome - Hemolysis, elevated liver enzymes, low platelets syndrome
ICP - Intrahepatic cholestasis of pregnancy
LPL - Lipoprotein Lipase

MDA - Malondialdehyde

ML - Maternal liver

MLL - Maternal left liver lobe

MLR - Maternal right liver lobe

MO - Maternal obesity

MRC - Mitochondrial Respiratory Chain
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NAFLD - Non-alcoholic fatty liver disease

NRC - National Research Council

OXPHOS - Oxidative phosphorylation system
PALD - Pregnancy-associated liver diseases

PCA - Principal Component Analysis

PKA - Protein Kinase A

PPAR - Peroxisome Proliferator-Activated Receptor
ROS - Reactive oxygen species

SREBP - Sterol Regulatory Element Binding Protein

YWHAZ - Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
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Introduction

The incidence of obesity is rising exponentially worldwide among all age groups,
including women of reproductive age[1]. More than 50% of pregnancies occur in overweight
women[2]. Maternal obesity (MO) is associated with an increased risk of maternal (e.g.,
gestational diabetes, pre-eclampsia)[3], fetal (e.g., metabolic disease predisposition)[4], and
pregnancy-related (e.g., abortion, stillbirth, postpartum hemorrhage)[3] comorbidities. MO can
trigger maternal liver disease or exacerbate a pre-existing metabolic condition, leading to
hepatic dysfunction throughout and/or after gestation[5].

The liver is crucial to maintain metabolic homeostasis throughout gestation-related
increases in nutrient and energetic requirements[6]. During early pregnancy, the liver increases
energy storage through triglyceride synthesis[7]. In late-gestation, hepatic fatty-acid oxidation
increases to fulfill maternal energy requirements[7]. Pregnancy-associated liver diseases
(PALD), including acute fatty liver pregnancy (AFLP), hemolysis, elevated liver enzymes, low
platelets (HELLP) syndrome, and intrahepatic cholestasis of pregnancy (ICP). These clinical
conditions are associated with higher morbidity and mortality rates and occur in up to 3% of
pregnancies, Among PALD, obesity is considered a risk factor for HELLP syndrome and is a
frequent comorbidity in women with ICP. Other reports also suggest that obesity, as well as
being underweight, may be potential risk factors for ICP [6,8—11].

In rodents at 90% gestation (0.9G), MO induces an increase in maternal hepatic fat
content, which positively correlates with protein abundance of Fatty-Acid Transport Protein 1
(FATP1), Peroxisome Proliferator-Activated Receptor (PPAR) vy, and Sterol Regulatory
Element Binding Protein (SREBP)[12], accompanied with liver damage[13]. At 0.9G, but not
0.76G, maternal lipogenic Fatty-Acid Synthase (FAS) and Lipoprotein Lipase (LPL) protein
expression were increased, whereas PPAR a protein abundance was decreased[14]. PPARa KO
pregnant dams have increased circulating concentrations of serum fatty acids and their
metabolites, including docosahexaenoic acid (DHA) and palmitate, and decreased pB-

hydroxybutyrate and lactate serum concentrations[15]. After birth, livers from obese mothers
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show increased mono-unsaturated (omega-9/omega-7) fatty acids and decreased saturated and
polyunsaturated (omega-3/omega-6) fatty acids concentrations[16], concomitantly with
decreased plasma and hepatic C12 acylcarnitine levels[17]. Similar observations have been
described in other hepatic metabolic diseases such as non-alcoholic fatty liver disease
(NAFLD)[18,19], in which hepatic mitochondrial dysfunction and increased oxidative stress
have been reported[20]. Systemic oxidative stress is observed even during healthy
pregnancies[21]. AFLP is also related to mitochondrial dysfunction, usually associated with
oxidative stress[22]. Increased liver inflammation, diffused hepatic steatosis, lower rough-
surfaced endoplasmic reticula, dilated and swollen mitochondria, and broken mitochondrial
cristae have been reported in HELLP syndrome[23].

Hepatic fibrosis and fat accumulation affect heterogeneously adult liver lobes in
NAFLD[24-26]. Furthermore, hepatic drug distribution and uptake also appear to be lobe-
dependent[27,28]. Different liver regions play different functions, a process called zonation[29].
Hepatocyte function differs depending on the distance to the closest blood supply, resulting
from local oxygen tension variations[29]. Blood supply during fetal development is different
between the fetal left and right lobes[30]. The right lobe presents lower pO, than the left lobe,
resulting in functional cellular differences[31]. Other studies have revealed that hypoxia during
fetal development results in epigenetic alterations, which change liver susceptibility to
metabolic diseases in adulthood[32-34]. Together, these reports indicate potential lobe-
dependent functional differences in the adult liver, contrasting with the prevailing idea that liver
parenchyma was homogeneously functional throughout the solid organ.

We hypothesize that an obese mother’s liver has an impaired ability to cope with the
metabolic pregnancy challenge and that the burden of obesity during gestation can trigger
hepatic metabolic imbalance with different impacts on the liver's right and left lobes. The
contribution of MO- -related hepatic mitochondrial dysfunction and oxidative stress has not
been explored as a trigger for post-gestational maternal liver disease. This study aimed to
characterize and understand the MO-induced hepatic alterations in mitochondria- and oxidative

stress-related mechanisms that occur during an obese pregnancy that can predispose to liver
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disease development. Using a well-established MO sheep model[35] characterized by glucose
metabolic impairment concomitant with increased glucose, insulin, and cortisol blood
concentration at late gestation [36], we observed MO-induced lobe-dependent maternal hepatic
mitochondrial dysfunction, increased oxidative damage, and impaired antioxidant enzymatic

defense at late-gestation.
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Materials and methods

Reagents

All of the used reagents were of the highest grade of purity available and all the aqueous
solutions were prepared in ultrapure water (type I, Milli-Q Biocel A10 with pre-treatment via
Elix 5, Millipore). For nonaqueous solutions, ethanol (99.5%, Sigma-Aldrich, Barcelona, Spain)
or dimethyl sulfoxide (DMSO, Sigma-Aldrich) were used as solvents.

Table S1 lists all the reagents used in the present work, their suppliers, and commercial

references.

Animal-related protocols

The animal cohort was performed at the University of Wyoming, Laramie, Wyoming,
USA. All animal procedures were approved by the University of Wyoming Animal Use and
Care Committee, and housed in facilities accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (protocol #20141022SF00126-01).

Eighteen nulliparous Western Rambouillet/Columbia ewes of similar morphological
characteristics were randomly divided into two dietary groups. Ewes’ adaption from their
previous diet of mixed legume-grass hay to the experimental diet (Tables S2 and S3) was
performed for one week. Were used healthy animals, without genetic modification or any
previous procedure. All experimental animals were fed the necessary experimental diet to fulfill
100% of the National Research Council (NRC) nutritional recommendations during this period.
After the adaptation period, the animals were randomly divided, grouped into six adjacent pens
in an open-fronted pole barn, and fed according to the experimental groups. Controls (C; n=10 —
an animal is an experimental unit) were fed a highly palatable diet that followed the NRC
recommendations for nutrition[37]. This diet allows the maintenance of constant body weight
and supports an increase of 10-15% in body weight during early gestation. The MO group (n=8)
was fed 150% of NRC recommendations from sixty days before pregnancy, resulting in
increased body weight as reported previously[35] (Figure 1A). The diets were maintained

throughout gestation, adjusted for the body weight, and were entirely consumed. Ewes were fed
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once daily at approximately 4 PM. The sample size was determined by the success of the
conception of each sheep and the healthy pregnancy until 0.9G. Each group (C and MO) was
divided into two pens per dietary treatment to allow replication. According to NRC guidelines,
food amounts were individually calculated based on body weight and were adjusted weekly to
account for body weight increases. An intact ram (white-faced, Rambouillet/Columbia
breeding) bearing a marking harness was continuously maintained in each of the six pens for
approximately six weeks, and on the first day each ewe was marked was considered day 0 of
gestation (Figure 1A). Group allocation was known in every phase and used to better pair the
samples during the experiments leading to the most reliable data. Total body weight was used to

determine the ideal sample size.

Tissue collection

Maternal live weight was recorded. At 0.9G (between 132-140 days of pregnancy;
normal pregnancy: ~150 days), ewes were sedated with Ketamine (22.2 mg/kg body weight)
and maintained under isoflurane inhalation anesthesia (4% induction, 1-2% maintenance).
Under anesthesia, ewes were exsanguinated, and the gravid uterus was quickly removed. The
maternal liver was dissected, and tissue mass was determined. Maternal livers were divided into
right and left lobes, snap-frozen in liquid nitrogen, and stored at -80°C for future use. All the

samples were measured individually throughout all experiments.

Mitochondrial DNA copy number

Total DNA for mitochondrial DNA (mtDNA) copy number quantification was extracted
from frozen liver tissue using the QlAamp DNA mini-kit (Qiagen, Diisseldorf, Germany),
according to the manufacturer’s instructions. Briefly, 20 mg of frozen liver tissue was weighed
and incubated with digestion buffer and proteinase K at 56°C overnight. The obtained lysate
was centrifuged, and the resulting supernatant was treated with RNase A. After incubation, the
lysate was mixed with binding buffer and ethanol, and centrifuged through a silica-based spin

column. Then, bound DNA was eluted by centrifuging elution buffer through the column. The
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extracted DNA samples were quantified spectrophotometrically at 260 nm using a NanoDrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), diluted to 20 ng/uL in
extraction buffer, and stored at —20°C until use.

RT-PCR was performed using the SsoFast Eva Green Supermix, in a CFX96 real-time-
PCR system (Bio-Rad, Hercules, CA, USA), with the primers defined in Table S4 at 500 nM.
Amplification of 25 ng DNA was performed with an initial cycle of 2 min at 98°C, followed by
40 cycles of 5 seconds at 98°C plus 5 seconds at 63°C. At the end of each cycle, Eva Green
fluorescence was recorded to enable the determination of Cq. After amplification, the melting
temperature of the PCR products was determined by performing melting curves for quality
control. For each set of primers, amplification efficiency was assessed, and no template controls
were run. mtDNA copy number was determined in each sample by the ratio between the amount
of the mitochondrial gene cytochrome b (CYTB) and the amount of the nuclear gene tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (YWHAZ), using the

CFX96 Manager software (v. 3.0; Bio-Rad).

Protein Quantification

After tissue homogenization, protein concentration in the lysates was determined using
BioRad-DC protein assay from BioRad (Hercules, USA), according to the manufacturer’s
instructions. Briefly, this assay is based on the reaction of protein amino acids (primarily
tyrosine and tryptophan, but also cystine, cysteine, and histidine) with an alkaline copper
tartrate, followed by the reduction of a Folin substrate that leads to color development. After 15
minutes of reaction, the absorbance at 750 nm was measured using a Cytation 3 multi-mode
microplate reader (BioTek Instruments, Inc.). Standard solutions containing 0.25 to 1.5 mg/mL
Bovine Serum Albumin (BSA) were prepared using tissue homogenization buffer and used to
infer the samples’ protein concentration. Standards and samples were quantified using

duplicates and triplicates, respectively.

Antioxidant enzymes activities
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Catalase activity was determined by following hydrogen peroxide decomposition by
measuring the 240 nm absorbance decrease. Tissue samples were resuspended in 50 mM
Phosphate Buffer 50 mM, pH 7.8 (PB), and homogenized two times for 20 seconds with an
UltraTurrax homogenizer from IKA (Staufen, Germany). Total tissue homogenates’ volumes
equivalent to 4 pg of total protein were diluted with 200 pL. PB in a multi-well plate. The
catalase activity assay was started by the addition of 100 pL. hydrogen peroxide solution at 10
mM, as previously described[38]. The 240 nm absorbance was read every 15 seconds for 3
minutes at 25°C using the Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.).
Purified catalase was used as a positive control. For each sample, separate wells containing the
catalase inhibitor sodium azide were used as negative controls. Samples were measured in
triplicates and negative controls were in duplicates. The first seven absorbance readings in each
sample and respective controls were fitted to an one-phase-decay curve. The maximal catalase
activity was determined using the initial linear part of this fitting curve. Results are expressed in
enzyme units (U) obtained directly from the decomposition of hydrogen peroxide using the
Beer-Lambert law with 1=0.691 cm and € =43.6 M .cm™.

For Glutathione peroxidase (GPx) and Glutathione Reductase (GR) activities, liver
samples were minced with a scalpel on an ice-cold board and repeatedly washed with cold PBS
until almost all the blood clots and other debris were removed. Then all the samples were
homogenized in 800 pL PBS in a pre-cooled Potter Elvehjem glass homogenizer using a tight-
fitting Teflon pestle (wall clearance: 0.10 mm) attached to a mechanical overhead stirrer
(Heidolph, Schwabach, Germany) set to 600 rpm for 50-60 strokes. The samples were
centrifuged at 250 g for 2 min at 4°C. The supernatants were collected and stored at -80°C.

GPx and GR activities were performed as described previously[39]. GPx activity was
evaluated by spectrophotometry, using tert-butylperoxide as substrate[40], through the
quantification of NADPH oxidation at 340 nm. Results are expressed in international units of
enzyme activity (U). GR activity was performed using GSSG as substrate[40], through the
spectrophotometric quantification of NADPH oxidation to NADP' at 340 nm. Results are

expressed in international units of enzyme activity (U).
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Superoxide Dismutase (SOD) activity was measured using a SOD activity kit purchased
from Enzo Life Sciences (Farmingdale, New York). This is a colorimetric-based assay in which
superoxide ions are generated in the presence of molecular oxygen from the conversion of
xanthine to uric acid and hydrogen peroxide by the enzyme xanthine oxidase. The generated
superoxide anions react with WST-1, converting it to WST-1 formazan, a colored product that
absorbs light at 450 nm. When SOD is present, the amount of superoxide ion is reduced and
consequently, the rate of WST-1 formazan formation decreases. The relative SOD activities of
the hepatic tissue from control and obese ewes were expressed as a percentage of inhibition of
the rate of WST-1 formazan formation. The assay was performed according to the kit
manufacturer’s instructions. Briefly, tissue samples were minced and rinsed three times in PBS
to remove blood clots or other debris. The pelleted decanted fragments were resuspended in 1x
extraction buffer supplied with the kit and homogenized for 20 seconds with an UltraTurrax
homogenizer from IKA (Staufen, Germany) two times. The homogenates were kept on ice for
30 minutes and periodically vortexed. The disrupted tissue suspension was centrifuged at
10,000xg for 10 minutes at 4°C to remove insoluble material. The supernatants were recovered,
maintained on ice, and protein concentration was determined by the BioRad-DC protein assay
(Hercules, USA).

SOD activity determination was performed at 25°C using 200 ul of 1X SOD assay
buffer supplemented with WST-1 reagent and xanthine oxidase. The reaction was initiated by
adding xanthine solution and followed for 10 minutes through absorbance readings at 450 nm
every minute using the Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.).
Assays were performed in duplicates, and the results are expressed in enzyme units (U). A
standard curve obtained with the purified SOD supplied with the kit was used to calculate

enzyme activities. All the units are detailed in each plot.

Protein kinase A activity
Protein kinase A (PKA) activity was measured using the PKA kinase activity kit from

Enzo Life Sciences (Farmingdale, New York). This assay is based on a solid-phase enzyme-
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linked immuno-absorbent assay (ELISA). The multi-well plates provided in the kit are pre-
coated with a synthetic peptide that is a specific substrate for PKA. Kinase activity is
determined using a polyclonal antibody that specifically recognizes the phosphorylated form of
the substrate.

Tissue homogenization was performed as described for the catalase activity assay,
although a different extraction buffer was used (20 mM MOPS, 50 mM B-glycerophosphate, 50
mM sodium fluoride, 1 mM sodium orthovanadate, 5 mM EGTA, 2 mM EDTA, 1% NP40, 1
mM dithiothreitol (DTT), and 1mM phenylmethanesulfonylfluoride (PMSF)). Samples were left
on ice for 10 minutes and centrifuged at 15 700 g for 15 minutes. The pellets were discarded,
and the supernatants were used for PKA activity assessment after protein quantification. Briefly,
samples (1 pg of protein) were added to each well, the reaction was started by the addition of
ATP and allowed to occur for 90 minutes at 30°C. The wells were soaked with a solution of the
phosphorylated substrate-specific antibody and incubated for 60 minutes at room temperature.
The wells were washed during 1-2 minutes with the washing buffer provided in the kit a total of
four times. Subsequently, the multi-well plates were incubated with a peroxidase-conjugated
secondary antibody (anti-rabbit [gG: HRP conjugate) at room temperature for 30 minutes. Wells
were rewashed four times as previously described. The assay was completed by adding the
horseradish peroxidase substrate tetramethylbenzidine (TMB), leading to the generation of a
colored product proportional to the PKA phosphotransferase activity. TMB reaction with the
secondary antibody was followed at 650 nm for 45 minutes using Cytation 3. Then, the color
development was stopped by adding an acidic stop solution, and the plates were re-read at 450
nm. PKA activity was assessed either using the slope from the kinetic record or the final
absorbance since they provide similar results. PKA activity was normalized to the average of

the control group.

NAD" and NADH levels
NAD® and NADH (oxidized and reduced nicotinamide adenine dinucleotides,

respectively) levels and their ratio was measured using NAD/NADH-Glo™ Assay purchased
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from Promega Corporation (Madison, Wyoming). This assay uses a NAD cycling enzyme that
converts NAD+ to NADH in a specific substrate provided in the kit. NADH is used by the
enzyme reductase to reduce a proluciferin reductase substrate to form luciferin. Luciferin is
quantified using Ultra-Glo™ Recombinant Luciferase (rLuciferase), and the light signal
produced was proportional to the amount of NAD" or NADH in the sample.

Samples were homogenized as described for the catalase assay but using a bicarbonate
buffer (100 mM sodium carbonate, 20 mM sodium bicarbonate, 10 mM nicotinamide, 0.05%
Triton X-100, pH 10) with 1% dodecyltrimethylammonium bromide (DTAB). Samples were
centrifuged at 15 700 g for 15 minutes and the pellet was discarded. Each sample was split into
two microtubes to measure NAD" with one and NADH with the other. In general, oxidized
forms are selectively destroyed by heating in a basic solution, while reduced forms are not
stable in acidic solutions. To measure NAD" levels, 50 pL of samples (0.4 mg of protein/mL)
were incubated with 25 pL of 0.4 N HCL and heated at 60°C for 15 minutes. Samples were left
for 10 minutes at room temperature before adding 25 pL of 0.5M Trizma base, pH 10.7. For
NADH levels measurement, 50 pL of samples (0.4 mg of protein/mL) were heated at 60°C for
15 minutes. After cooling down the samples for 10 minutes at room temperature, 50 pL of 0.4
M HCI/ 0.5 M Trizma base was added. Then 20 pL of samples were mixed with 20 pL of the
NAD/NADH-Glo™ detection reagent in a Corning 384-well low flange white flat bottom
polystyrene not treated microplate. After 1 h incubation, luminescence was measured in a
Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.). NAD™ and NADH levels
were normalized using the control group values, while their ratio was determined directly from

the raw data.

Malondialdehyde (MDA), Reduced and Oxidized Glutathione (GSH and GSSG),
and Vitamin E quantification

For GSH, GSSG, MDA, and Vitamin E quantifications, the samples’ extraction protocol
was as previously described for the GPx activity determination. Measurements of GSH and

GSSG levels were performed as described previously[39]. The OxisResearch kit (Percipio
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Biosciences Burlingame, CA, USA) was used according to the manufacturer’s instructions. This
assay is based on a method that follows absorbance changes at 420 nm due to the formation of a
chromophoric thione that occurs proportionally to GSH concentration[41]. Results are
expressed as pmol (uM) of GSH or GSSG per pg of protein. Lipid peroxidation was assessed by
quantification of malondialdehyde (MDA) adducts separated by HPLC (Gilson, Lewis Center,
Ohio, USA) using the ClinRep complete kit (Recipe, Munich, Germany) as described by the
manufacturer. Fluorescence readings with emission at 553 nm and excitation at 515 nm were
performed using a Jasco FP-2020/2025 fluorescence detector (Jasco, Tokyo, Japan). Vitamin E
levels were quantified by reverse-phase high-performance liquid chromatography (HPLC) using
an analytic column Spherisorb S10w (250 x 4.6mm). Elution was performed with 0.9%
methanol in n-hexane at a flow of 1.5 mL/min. Vitamin E was quantified using absorbance

reading at 287 nm and internal standards.

Mitochondrial Respiratory Chain (MRC) complexes and Citrate Synthase (CS)
enzymatic activities

The samples were homogenized as described for the catalase assay, except that 50 mM
phosphate buffer (pH 7.0) was used as a buffer. Citrate synthase activity was measured
according to a previously described protocol[42]. The reaction was started by the addition of 30
puL of each sample (2 mg/mL) to the wells containing 80 pL of 1 mM 5,5’-Dithiobis(2-
nitrobenzoic acid) (DTNB), 10 pL of 4 mM acetyl-CoA, 10 pL of 1% Triton X-100 (in 50 mM
phosphate buffer pH 7.0) and 20 pL of 10 mM oxaloacetate. The reaction was followed by the
absorbance increase at 412 nm due to the consumption of DTNB and the formation of 5-
Mercapto-2-nitrobenzoic acid (TNB). The baseline activity was measured for 2 minutes and the
increase of absorbance was followed for 5 minutes after starting the reaction. The assay was
performed in triplicates. Negative controls were obtained by replacing oxaloacetate with 50 mM
phosphate buffer (pH 7.0). Citrate synthase activity was determined using the slope of the

experimental values’ linear regression and was expressed in enzyme units (U) obtained by the
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Beer-Lambert law with 1=0.346 cm and €=13.6 mmol™.cm™. Citrate synthase activity of the
negative controls was subtracted from their respective samples.

MRC Complex I (NADH dehydrogenase) activity was determined according to a
previously described protocol[43]. To each reaction well was added 130 puL H,O, 21 pL
potassium phosphate buffer (PB) 500 mM pH 7.5, 12.6 uL BSA 50 mg/mL, 6 uL. KCN 10 mM,
10 uL NADH 2 mM, and 10 pL of the sample to be tested with a 2 mg/mL protein
concentration (20 pg total protein). The reaction was started by adding 6 uL. decylubiquinone 10
mM and the decrease of absorbance at 340 nm due to oxidation of NADH was followed. The
baseline activity was measured for 5 minutes before de addition of decylubiquinone. The
decrease in absorbance was followed for 10 minutes after starting the reaction. To check the
specificity of the reaction, 12.5 pM of the complex I inhibitor rotenone was added in separate
wells. In the wells, without rotenone, the volume was adjusted with 50 mM PB pH 7.0. Each
sample was measured in triplicates and negative controls were in duplicates. The maximal
activity was determined using the slope of the experimental values’ linear regression and is
expressed in enzyme units (U) obtained by the Beer-Lambert law with 1 = 0.484 cm and € = 6.2
mmol”.cm™”. NADH dehydrogenase activity of the negative controls was subtracted from their
respective samples.

MRC Complex II (succinate dehydrogenase) activity was measured according to a
previously described protocol[43]. An aliquot of 80 pL from the sample homogenate at 2
mg/mL protein was incubated with 12.5 pL PB 25 mM pH 7.5, 5 uL BSA 50 mg/mL, 145 pL
DCPIP 0.015% and 7.5 pL KCN 10 mM. The reaction was started by adding 12.5 pL of the
complex II substrate succinate (400 mM). Succinate dehydrogenase activity was followed by
the decrease of absorbance at 600 nm due to DCPIP reduction. The baseline activity was
measured for 2 minutes and the decrease in absorbance was followed for 3 minutes after starting
the reaction. To check the specificity of the reaction, 10 puL of the complex II inhibitor malonate
(1 M) was added in separate wells. Linear regression of the experimental values was used to

obtain slopes. The slope from the baseline was subtracted from the slope from complex II
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activity. The assay was performed in triplicates. Activities are presented in enzyme units (U)
using the Beer-Lambert law with 1 = 0.628 cm and € =19.1 M".cm™.

Complex I/III activity was measured according to a previously described protocol[43].
An aliquot of 25 pL from the sample homogenate at 2 mg/mL protein concentration was
incubated with 175 pL H,O for 10 minutes. After, a mix containing 25 uLL PB 50 mM pH 7.5, 5
pL BSA 50 mg/mL, 7.5 pL 10 mM KCN, and 2.5 uLL. NADH 10 mM was added to each well.
The reaction was started by the addition of 12.5 pL of cytochrome ¢ 1 mM and followed by the
increase of absorbance at 550 nm due to the reduction of cytochrome c. The baseline activity
was measured for 2 minutes and the decrease in absorbance was followed for 2 minutes after
starting the reaction. To check the specificity of the reaction, negative controls obtained using
2.5 uL of both the complex I and III inhibitors, rotenone (1 mM) and antimycin A (10 mg.mL’
", respectively, were performed in separate wells. Linear regression of the experimental values
was used to obtain slopes. Complex I+III specific activity was obtained by subtracting the
activity of negative controls from the activity of the respective sample. Activity is expressed in
enzyme units using the Beer-Lambert law with 1 = 0.625 cm and € = 18.5 M .cm™.

Complex II/IIT activity was measured according to a previously described protocol[43].
A mix containing 100 pL PB 25 mM pH 7.5, 7.5 uL KCN 10 mM, and 6.25 pL succinate 400
mM was added to 15 pL of sample homogenates with 2 mg/mL protein concentrations. The
reaction was started by adding 12.5 pL of cytochrome ¢ 1 mM and followed by the increase of
absorbance at 550 nm due to the reduction of cytochrome c. The baseline activity was measured
for 2 minutes, and the increase of absorbance was followed for 3 minutes after starting the
reaction. To check the specificity of the reaction, 2.5 pL of complex II inhibitor, malonate (1
M), was added in separate wells. Sample activities were performed in duplicates, and the slope
of the negative control was subtracted from the total slope. Linear regression of the
experimental values was used to obtain slopes. Activity is expressed in enzyme units (U) using
the Beer-Lambert law with 1=0.331 cmand € = 18.5 M".em™.

Complex IV (cytochrome c oxidase) activity was measured according to a previously

described protocol[43]. The reaction was started by the addition of 12 pL of the complex IV
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substrate, reduced cytochrome ¢ 1 mM, to a mix containing 170 pL. PB 50 mM pH 7.0 and 37.5
puL sample homogenates with a 2 mg/mL protein concentration. Cytochrome ¢ was reduced
using sodium dithionite according to a protocol previously described[43]. Briefly, oxidized
cytochrome ¢ was prepared in 20 mM PB pH 7.0. Cytochrome ¢ was reduced, immediately
before use, by mixing with a few grains of sodium dithionite in the tip of a pipette. The
solution’s color changed from brown to red-pink. Cytochrome c reduction was confirmed by
measuring the ratio between absorbance values at 550 nm and 565 nm. A ratio greater than 6
indicates that cytochrome ¢ was successfully reduced and that the solution is adequate to be
used[43]. The MRC complex IV reaction was followed by the decrease of absorbance at 550 nm
due to the oxidation of cytochrome c. The baseline activity was measured for 2 minutes and the
decrease in absorbance was followed for 3 minutes after starting the reaction. To check the
specificity of the reaction, 6 puL of the complex IV inhibitor KCN (10 mM) was added in
separate wells. Linear regression of the experimental values was used to obtain slopes. All the
assays were performed in duplicates, the activity is expressed in enzyme units (U) and was

obtained using the Beer-Lambert law with 1 =0.519 cm and € = 18.5 M .cm™.

Immunoblotting

A piece of tissue with ~30 mg was homogenized two times for 20 seconds with an
Ultra-Turrax homogenizer from IKA (Staufen, Germany) in RIPA buffer (50 mM Tris pH 8,
150 mM NaCl, 5 mM EDTA, 15 mM MgCI2, 1% TritonX-100) supplemented with 0.5 mM
PMSF, 2.5%0 of a protease inhibitor cocktail (104 mM AEBSF, 80 pM Aprotinin, 4 mM
Bestatin, 1.4 mM E-64, 2 mM Leupeptin, and 1.5 mM Pepstatin A), 20 mM NaF, 10 mM NAM,
5 mM Sodium Butyrate, 0.5% DOC and PhosSTOP (phosphatase inhibitor cocktail, Roche,
Sigma -Aldrich Quimica) as described by the supplier. After homogenization, samples were
centrifuged at 250 g for 2 minutes at 4°C, and the pellet was discarded. Protein was quantified,
and the samples were diluted to 2.4 mg/mL with supplemented RIPA buffer. Laemmli buffer 6
times concentrated (375 mM Tris-HCl (pH 6.8), 9% SDS, 50% glycerol, 9% beta-

mercaptoethanol, 0.03% bromophenol blue, and 300 mM DTT) was added to each sample to
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achieve a final protein concentration of 2 mg/mL. Samples were boiled at 95°C for 5 minutes
(except for an aliquot which was used in Oxidative phosphorylation system (OXPHOS) cocktail
protein quantification). Samples were stored at -20°C until future use.

Samples (25 pg of protein) were loaded in 10% or 12% acrylamide gels. In each gel,
Precision Plus Protein Dual Color Standards and a positive control consisting of 25 pg of
protein from HepG2 extracts were run in parallel with the samples. Electrophoresis was
performed at room temperature with running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS),
at constant current intensity (30 mA per gel) in a Mini-PROTEAN tetra Cell (Bio-Rad) for
around 75 minutes. Protein was then transferred to PVDF membranes in a Trans-Blot Turbo
Transfer System (Bio-Rad). PVDF membranes were activated by incubation for 1 minute in
methanol, 5 minutes in ddH2O, and 15 minutes in Trans-Blot Turbo Transfer Buffer (Bio-Rad).
Transference occurred for 10 minutes at constant current intensity (2.5 A). Transfer quality was
assessed by ponceau staining the membranes.

According to the antibodies’ datasheet, membranes were then blocked using 5% free-fat
milk or 5% BSA, in TBS-T buffer (Tris 20 mM, pH 8.0, NaCl 150 mM, Tween-20 0.1% (w/v))
for 2 hours at room temperature. Membranes were washed 3 times with TBS-T, for at least 5
minutes each time and under agitation, and incubated with primary antibody (Table S5)
overnight, under agitation at 4°C. Unless stated otherwise in the supplier documentation,
primary antibodies were prepared in 1% free-fat milk in TBS-T buffer. Membranes were
washed 3 times again as previously described and incubated with the secondary antibody (Table
S6) prepared in TBS-T buffer, for 2 hours, at room temperature and under agitation.

After the incubation with the secondary antibody, membranes were washed 3 times as
previously described, except that TBS (TBS-T without Tween-20) was used instead of TBS-T.
Membranes were then incubated with Clarity Western ECL Substrate (Bio-Rad) for 5 minutes
and images were collected with a UVP BioSpectrum 500 imaging System (UVP, Upland,
California). Images were analyzed with the TotalLab TL120 software (Nonlinear Dynamics,
Newcastle, UK), using the background subtraction method ‘Rolling Ball’ with radius = 50. The

volume of the bands was used to compare protein expression between different lanes. ATP5a
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results from the average quantification of two different protein epitopes. Results were
normalized by B-actin expression or ponceau S staining and are reported relative to the control

group's mean.

Data analysis and statistics

Two-sided statistical tests were always used. Data were analyzed using GraphPad Prism
8.0.2 (GraphPad Software, Irvine, CA. USA) and results are expressed as median, 1¥ quartile
(Q)), and the 3™ quartile (Qs;) with three significant digits. The number of experiments
performed in each assay is represented in each plot.

To measure MO-related differences, comparisons were performed between Control (C)
and Maternal Obesity (MO) values in liver lobes pool (C vs. MO) and each lobe, between
Maternal liver (ML) Left Lobe-Control (MLL-C) and ML Left Lobe-MO (MLL-MO), and
between ML Right Lobe-Control (MLR-C) and ML Right Lobe-MO (MLR-MO). Data points
were excluded if identified as outliers by the ROUT method with Q=1%. The normality of the
results’ distribution was evaluated using the Shapiro-Wilk normality test (0=0.05). If the data
presented a normal distribution, a parametric unpaired t-test was performed. Otherwise, the
Mann—Whitney test was used. To compare liver lobes, comparisons between MLL-C and MLR-
C, and MLL-MO and MLR-MO were performed using paired statistical tests. Wilcoxon test and
parametric paired t-test were used according to data normality. Statistical test values with
p<0.05 were considered statistically significant differences.

The comparison of responders vs. non-responders in the MO group was performed
using a parametric unpaired t-test (p < 0.10 was considered statistically significant) and
performed a Pearson correlation using the weight at the c-section (R > 0.60 or R < -0.60 were
considered statistically significant).

For the computational data analysis, Python 3 version 3.7.3, and the Pandas and SciPy
packages were used. Correlation matrices and cluster maps were plotted using Matplotlib and
Seaborn modules. A correlation value of +1 indicated a total positive linear correlation, —1 a

total negative correlation, and O identifies the inexistence of linear correlation. Cluster maps
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were plotted to relate features (in columns) with instances (in rows), with the color of each cell
representing the normalized level of expression of a particular feature in a specific instance. The
information is grouped both in rows and columns by a two-way hierarchical clustering method
using the squared Euclidean distance metric for both dendrograms. Missing values were

interpolated to the average of the same condition.
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Results

Maternal Obesity Morphometrics Outcomes

Maternal body weight was measured at three time-points: before the diet intervention, at
conception, and before the cesarean section. Similar ewe weights were observed in C and MO
groups at the start of obesogenic diet consumption (p=0.57). However, a significant difference
existed at conception (after 60 days of diet intervention, C.vs.MO: median=69.0kg, Q,=57.9,
Q;=84.0 vs. median= 78.5kg, Q,;=73.5, Q;=94.5; p=0.05; Figure 1A). At 0.9G, MO weight was
still increased (C.vs.MO: median=102kg, Q;=91.3, Q;=115 vs. median=111kg, Q;=105,
Q;=121; p=0.05) and was accompanied by enlarged subcutaneous fat thickness (C.vs.MO:
median=2.00 cm, Q;=2.00, Q;=2.12 vs. median=3.75 cm, Q;=3.50, Q;=4.50; p=0.003; Figure
1B).

No differences in the heart (p=0.90), liver (p=0.20), and brain (p=0.62) absolute weight

were observed between the C and MO groups (Figure 1C).

Effects of Maternal Obesity During Pregnancy on Mitochondrial Biology

Liver disease and some PALD (i.e. HELLP syndrome and AFLD) are associated with
mitochondrial structural and functional modulation resembling NAFLD progression-associated
mitochondrial dysfunction[20,22,23]. We found no alteration in the master-regulator of
mitochondrial biogenesis[44] PGC-1a (p=0.11, Figure S1A) protein amount in the hepatic
tissue. However, hepatic PPARy protein levels, coactivated by PGC-1a, were slightly decreased
(C.vs.MO: median=0.985, Q;=0.820, Q;=1.23 vs. median=0.879, Q,=0.635, Q;=1.07; p=0.057;
Figure S1C) in MO. Interestingly, both PPARy and PGC-1a are more expressed in MLR than in
MLL (Figure 2B) in control (PPAR vy: p<0.0001; PGC-1a: p=0.03) and MO (PPAR v: p=0.003;
PGC-1a: p=0.003) livers. MO-related PGC-1a and PPARY hepatic alterations are also exclusive
to MLR with lower PPAR y (p=0.004) and higher PGC-1a (p=0.01) protein abundance.

To understand whether MO during gestation may trigger liver disease and induces

alterations in MRC, protein expression of different MRC complexes and ATP synthase subunits
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were assessed in a liver lobe pool and in the separated two main liver lobes. MO increased ATP
synthase ATP5a subunit (C.vs.MO: median=0.971, Q;=0.921, Q;=1.07 vs. median=1.08,
Q,=0.961, Q;=1.44; p=0.03; Figure 2C) while decreasing MRC subunits protein expression:
complex-I subunit Ndufs8 (C.vs.MO: median=0.952, Q,;=0.808, Q;=1.20 vs. median=0.882,
Q:=0.696, Q;=0.988; p=0.066), complex-II subunits SDHA (C.vs.MO: median=0.841,
Q=0.652, Q;=1.13 vs. median=0.671, Q,=0.588, Q;=0.797; p=0.048) and SDHB (C.vs.MO:
median=0.957, Q;=0.640, Q;=1.20 vs. median=0.304, Q,=0.202, Q;=0.575; p<0.01), complex-
I subunit UQCRFS1 (C.vs.MO: median=0.887, Q;=0.726, Q;=1.28 vs. median=0.777,
Q,=0.542, Q5=0.991; p=0.062), and complex-IV subunit mtCO1 (C.vs.MO: median=0.924,
Q:=0.778, Q5=1.21 vs. median=0.672, Q;=0.569, Q;=0.867; p<0.01). Complex-III subunits
UQCRCI1 (p=0.13) and UQCRC2 (p=0.56), and complex-IV COX-II (p=0.19) protein
abundance were not altered in MO (Figure 2C).

MO during pregnancy exhibited lobe-specific mitochondrial effects. While SDHB
(MLL-C.vs. MLL-MO: p<0.01; MLR-C.vs. MLR-MO: p<0.01) and mtCO1 (MLL-C.vs.MLL-
MO: p=0.010; MLR-C.vs. MLR-MO: p=0.064) protein expression was equally decreased in
both MO-liver lobes, MO-related decrease in Ndufs8 (p=0.025) and UQCRFS1 (p=0.038) was
more pronounced in the left lobe, while MO-decreased SDHA (p=0.018) and a slight, but not
statistically significant, increase in ATP5a (p=0.087) were predominately observed in MLR
(Figure 2E). MLL presents a lower variation of correlation between MRC subunits due to MO
(Figure 2D, dashed), while more significant correlation differences are observed in MLR
(Figure 2D, delimited). SDHA is implied in the top five losses of positive correlation in MO,
four in the MLR, and one in the MLL (Figure 2D, red). Intriguingly, the correlation between the
two complex-II subunits SDHA and SDHB is one of the most affected (Figure S1B). In
opposition, in the top five of increased correlations in MO, two MRC subunits stand out:
UQCRCI1 with two correlations and the mtDNA-encoded mtCO1 involved in three (Figure 2D,
blue; Figure S1B).

To assess if MO-induced alterations in protein expression translated into altered protein

activity, we measured MRC maximal enzymatic activities. Complex-I activity was 53%
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increased in MO (C.vs.MO: median=2.43, Q;=1.84, Q;=3.62 vs. median=3.99, Q,=3.00,
Q;=5.59; p=0.005; Figure 3A) with similar increases observed in both lobes (MLL-C.vs.MLL-
MO: p=0.073; MLR-C.vs. MLR-MO: p=0.014). The complex-II activity was decreased by 20%
in MO (C.vs.MO: median=108, Q;=94.1, Q;=130 vs. median=87.1, Q;=77.1, Q3=97.7;
p=0.0048) in both lobes (MLL-C.vs.MLL-MO: p=0.0234; MLR-C.vs. MLR-MO: p=0.03;
Figure 3B). No alteration occurred in the combined activity of complex-I/complex-IIl and
complex-II/complex-III in total hepatic tissue nor when comparing liver lobes. MO exhibited a
2-fold increase in complex-IV maximum activity (C.vs.MO: median=1.50, Q;=0.981, Q;=2.27
vs. median=2.62, Q,=1.38, Q;=5.07; p=0.02; Figure 3E) with a greater impact in MLR
(p=0.04).

Despite the changes found in MRC complexes' activities and subunits’ protein
expression the conventional mitochondrial mass indicators determined remained unchanged: CS
activity (p=0.46; Figure 3G), mtDNA copy number (p=0.69; Figure 3H), and mitochondria-
related protein expression (CS: p=0.37; TOM20: p=0.20; Figure 4E). When we correlated MRC
complex activity with the respective subunit protein expression, the top three MO-increased
correlations were Ndufs8, COX-II, and the complex-II catalytic subunit SDHA, all in the MLL
(Figure 3F, delimited; Figure S1D). In contrast, SDHB expression and activity positive
correlation was lost in MLL-MO. Interestingly, none of the top differences were identified in
MLR, suggesting another level of activity regulation rather than protein expression, e.g.

supercomplexes assembly or post-translational modifications.

Hepatic Metabolic Regulation in Obesity During Pregnancy

To clarify the maternal hepatic adaptations in MO vs. C pregnancies, we assessed PKA
activity and the redox state (Figure 4). PKA activity is regulated by cyclic adenosine
monophosphate levels obtained from ATP decomposition, thus is dependent on ATP
concentration and production. PKA activation regulates several cell functions through

phosphorylation, including cell differentiation, growth, development, and metabolism affecting
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mitochondrial dynamics, hepatic lipid accumulation, and MRC complexes activity, including
complex-IV inhibition[45,46].

Despite the unaltered PKA protein abundance (p=0.38; Figure 4E), PKA kinase activity
was 40% decreased in MO total liver tissue (C.vs.MO: median=0.945, Q,=0.775, Q;=1.33 vs.
median=0.477, Q,=0.347, Q;=0.832; p=0.0007; Figure 4A). MO livers had decreased ANT
isoforms 1/2 (C.vs.MO: median=0.996, Q;=0.757, Q;=1.17 vs. median=0.693, Q;=0.567,
Q;=0.891; p=0.0035; Figure 4E) and VDAC (C.vs.MO: median=0.945, Q,=0.763, Q;=1.18 vs.
median=0.708, Q;=0.633, Q;=0.956; p=0.012; Figure 4E) protein expression, advocating that
ATP transport through mitochondrial membranes may be impaired, leading to lower PKA
activity.

The hepatic redox state was also indirectly assessed by the NAD'/NADH ratio, being
35.8% increased in MO (C.vs.MO: median=0.640, Q;=0.595, Q;=0.657 vs. median=0.775,
Q:=0.674, Q;=1.07; p=0.0059; Figure 4D) due to a 19.9% reduction of NADH levels (C.vs.MO:
median=0.977, Q;=0.960, Q;=1.07 vs. median=0.850, Q,=0.769, Q;=0.926; p=0.0004; Figure
4C), rather than by alterations in NAD" levels (p=0.80; Figure 4B).

The MO-associated alterations during pregnancy were lobe-dependent with greater
impact in MLR (Figure 4; Figure S2): PKA kinase activity decrease was more pronounced in
MLR (MLR-C.vs. MLR-MO: median=0.975, Q,=0.858, Q;=1.29 vs. median=0.434, Q,=0.328,
Q;=0.530; p<0.0001) as well as NADH reduced levels (MLR-C.vs. MLR-MO: median=1.02,
Q,=0.954, Qs;=1.08 vs. median=0.806, Q,=0.522, Q;=0.870; p=0.0070), and consequent
NAD'/NADH ratio increase (MLR-C.vs. MLR-MO: median=0.605, Q,=0.508, Q;=0.629 vs.
median=0.987, Q;=0.719, Q;=1.10 p<0.01; Figure 4D). Even though ANT 1/2 protein
expression was decreased in both liver lobes, it was only statistically significant in MLR
(C.vs.MO: MLR—p=0.019, MLL—p=0.096; Figure S2A). The VDAC protein expression was
equally decreased in the liver lobes (C.vs. MO: MLR—p=0.025, MLL—p=0.043; Figure S2A)
being expressed differently between lobes in MO (MLR-MO.vs. MLL-MO, p=0.0024). Lobe-
dependent protein expression in control samples (MLR-C.vs. MLL-C) was also observed for CS

(p=0.0008), TOM20 (p=0.039), and VDAC (p=0.0039; Figure S2A).

28/51



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Obesity in Pregnancy Effects on Hepatic Oxidative Stress

Despite reduced MRC subunits protein expression, obesity-related excessive nutrition,
and complex-I and complex-IV increased activities can lead to increased reactive oxygen
species (ROS) production and oxidative stress state. MDA, a by-product of lipid peroxidation
was increased by 48% in MO livers (C.vs.MO: median=8.22, Q;=6.73, Q;=9.53 vs.
median=12.1, Q;=9.23, Q;=14.2; p<0.01; Figure 5A), being the difference consistent between
liver lobes (C.vs.MO: MLR-p=0.045, MLL-p=0.016). Although no alterations in vitamin E
levels (p=0.81; Figure 5B) were found, MO hepatic tissue presented a decrease in GSH/GSSG
ratio (C.vs.MO: median=6.01, Q;=4.80, Q;=8.36 vs. median=3.37, Q;=2.32, Q3;=4.69;
p=0.0052; Figure SE). The decreased ratio was mainly caused by increased GSSG levels found
in MO livers (median=9.41, Q;=5.73, Q5=12.97 vs. median=14.4, Q,=11.3, Q;=23.9; p=0.011;
Figure 5D) without variation in GSH levels (p=0.28; Figure 5C). A contrasting liver lobe-
selective behavior is observed in the GSH levels in MO: values were elevated in MLL
(p=0.044) and reduced in MLR (p=0.030).

Oxidized glutathione accumulation may be a consequence of a high oxidative
environment, an impairment in the enzymatic glutathione system, or both[47]. GR protein
expression (C.vs.MO: median=0.894, Q;=0.754, Q;=1.22 vs. median=0.739, Q;=0.585,
Q;=0.918; p=0.034; Figure 6E) and activity (C.vs.MO: median=100, Q,;=86.8, Q;=119 vs.
median=75.6, Q;=70.9, Q;=88.9; p=0.067; Figure 6D), as well as Gpx-4 protein expression
(C.vs.MO: median=0.942, Q,=0.698, Q;=1.21 vs. median=0.805, Q,=0.166, Q;=1.01; p=0.024;
Figure 6E), and Gpx activity (C.vs.MO: median=105, Q;=90.3, Q;=133 vs. median=89.0,
Q:=75.9, Q;=110; p=0.084; Figure 6C) were decreased in MO livers, despite increased protein
levels for Gpx-1 (C.vs.MO: median=1.00, Q,=0.846, Q;=1.08 vs. median=1.17, Q;=0.986,
Q;=1.55; p=0.014; Figure 6E). Alterations in glutathione-related proteins were larger in MLR.
Here, decreased Gpx-4 protein levels (p=0.019), and GR activity (p=0.021) and protein levels
(p=0.0031) were observed compared to MLR-C. In fact, decreased GR (p=0.064) and Gpx-4

(p=0.0048) protein expression were already observed in MLR compared with MLL in control
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samples. Although not statistically significant, the same trend was observed in MO livers for
Gpx-4 (p=0.074), while increased GR (p=0.078) was detected in MLR compared with MLL.
MO livers revealed increased total SOD activity (C.vs.MO: median=0.650, Q,=0.310,
Q;=0.874 vs. median=0.908, Q,=0.631, Q;=1.06; p=0.035; Figure 6A), predominantly in MLR
(MLR-C.vs. MLR-MO, p=0.083). Catalase activity (C.vs.MO: median=1708, Q;=1457,
Q;=1973 vs. median=1458, Q,=875, Q;=1755; p=0.028; Figure 6B) and protein expression
(C.vs.MO: median=1.02, Q;=0.898, Q;=1.08 vs. median=0.876, Q,=0.588, Q;=1.08; p=0.031;
Figure 6E) were decreased in MO-liver. The decrease in catalase activity in MO was more
extensive in MLL (MLL-C.vs. MLL-MO, p=0.043) while decreased protein expression was

more significant in MLR (MLR-C.vs. MLL-MO, p=0.015).

Integrative Data Analysis

To deeper comprehend the hepatic impact of obesity during pregnancy on maternal
mitochondrial function and oxidative stress, we plotted the correlation between the assessed
parameters in C (Figure 7A) and MO (Figure 7B). Considerable alterations in the correlation
profile between both groups exist, which are characteristic of metabolic and redox different
hepatic adaptations to pregnancy during MO (Figure 7C).

We performed a Principal Component Analysis (PCA) with all samples, obtaining a
perfect separation between C and MO hepatic samples (Figure S3A). Remarkably, there is also
a significant separation of samples based on the liver lobe. Similar results were obtained when
the dataset was restricted to six samples per group to minimize missing values imputation. By
using the parameters evaluated in this work, the samples naturally clustered according to the
respective group (i.e., C and MO) in an almost perfect way (Figure 7D). Based on this
clustering, we also obtained a notable separation according to the liver lobe, suggesting a liver
lobe-dependent metabolic and redox remodeling in both MO and control samples. The
condition-dependent separation (i.e., MLR-C, MLL-C, MLR-MO, and MLL-MO) was

confirmed in the PCA of the restricted dataset (Figure 8A).
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To understand which parameters were most relevant for separating the samples by
condition (C.vs.MO) during pregnancy, we first identified the features that better discriminate
between C and MO samples in each liver lobe independently, based on the difference between
groups and the p-value observed in the volcano plot (Figure 8B). The most relevant parameters
were PKA activity in MLR, SDHB protein expression in both lobes, GR protein expression in
MLR, and NAD"/NADH ratio. When comparing C and MO hepatic samples, these parameters
were in the top eight features with more significant information gain (Figure S3B). Surprisingly,
four of the five most discriminative parameters are from the MLR. When the comparison
between liver lobes was plotted, the highlighted features were VDAC protein expression in C
and MO, Gpx-4 protein expression in C, and SDHB protein expression and GSH levels in MO
(Figure 8C).

We observed that different parameters are responsible for the spatial distribution of
samples according to the PCA (Figure S3C). Specific features are responsible for clustering the
samples in the respective groups in this PCA (Figure 8D). Interestingly, some of the parameters
that separate the samples according to the group are lobe-dependent (Figure 8E). Thus, we
selected the top five parameters that presented the highest information gain based on the
discrimination between conditions (Figure 8F). By restricting the dataset to these features
(SDHB, VDAC, and ANT1/2 protein expression, NADH levels, and NAD/NADH ratio), we
obtained a perfect clustering of the samples by C vs. MO as well as for each liver lobe
independently (Figure 8G). The PCA corroborates this observation (Figure 8H), suggesting a
distinctive metabolic remodeling in both liver lobes during pregnancy that is present in control
samples and retained in MO. We evaluated the clustering of the samples in the PCA using a
logistic regression algorithm (Figure S3D) which correctly predicted the condition of 23 out of
24 samples, being the unique mismatch wrongly attributed to the MO group of the respective
MLL group (Figure S3E).

We also evaluated the potential bimodal pattern of weight gain and the possibility of the
existence of responders and non-responders in the MO group based on the weight at c-section.

Then we perform a direct comparison between the two groups using very relaxed statistical
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thresholds to evaluate whether the potential bimodal pattern on weight gain has indeed a
molecular and cellular correspondence on the hepatic tissue(Figure S4A-B). We also performed
a simple Pearson correlation coefficient using soft thresholds. Only four features in the right
liver lobe, one feature in the left liver lobe, and one morphological feature showed any relation
with the differential behavior of weight gain in obese pregnant sheep (Figure S4 C-H). There is
no common feature associated with weight at the c-section between lobes. Importantly, all the

correlations are lost when adding the control individuals.
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Discussion

MO during pregnancy represents a major metabolic burden for the organism due to both
the combination of obesity-metabolic impairment and physiological pregnancy-demanding
adaptations. Previous epidemiological studies associated MO with increased maternal disease
development (e.g. diabetes, cardiovascular disease) throughout and after gestation, including
liver disease [3,6]. However, cellular and molecular mechanisms underlying this association are
poorly characterized. To the best of our knowledge, this is the first report identifying the
maternal-specific hepatic metabolic adaptations that are characteristic of an obese pregnancy
and describing the mitochondrial implications in a lobe-dependent fashion.

We studied a well-characterized ewe overfeeding MO model, which induces total body
weight and body fat percentage increase[35]. The present cohort presented a similar increase in
total body weight at conception and c-section and increased subcutaneous fat thickness, the
predominant place of fat accumulation[48]. The no alterations in liver weight during MO
pregnancy are a potential result of pregnancy-induced hepatomegaly, observed in normative
gestations in humans[49] and rodents[50,51], which attenuates the hepatic MO-related increase
in liver size to 14% at 0.9G. Increased Alanine Aminotransferase (ALT) and Alkaline
Phosphatase activities were reported in this model with a greater impact on ALT activity in the

right liver lobe, suggesting higher hepatic damage in MO during pregnancy[13].

MO-Associated Hepatic Oxidative Stress During Gestation

Systemic oxidative stress is common during a healthy pregnancy resulting from a
normal pregnancy-related inflammatory response[7,21]. Several factors impact maternal liver
function during gestation: the placental-related ROS production, the rise in circulating toxic
molecules from fetal origin, the pregnancy-associated metabolic and energetic requirements,
among others[2,6,7]. Hepatic oxidative stress plays a crucial role in HELLP syndrome
pathophysiology[6,23]. MO itself is a major risk factor for liver disease during pregnancy,

probably due to hepatic obesity-exacerbated oxidative stress prior to pregnancy|[8].
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The MRC is one of the significant contributors to ROS generation under stress and
pathological conditions, mainly at complex-I and complex-IlI, where superoxide anion is
formed[52]. Since complex-I activity was increased in obese MLR, ROS production by
complex-I is a plausible contributor to the increased oxidative damage[53]. Accordingly,
increased SOD activity, the enzyme responsible for superoxide anion degradation and H,O,
production, was observed in MO livers, more evident in MLR.

Two enzymatic systems are responsible for further H,O, degradation: catalase and the
glutathione system[52]. Lower catalase expression and activity were observed in MO livers at
late-gestation. Furthermore, we also found differences in the glutathione system due to MO.
Gpx activity was decreased in MO livers, consistent with lower Gpx-4 protein expression. The
results suggest a compromised hepatic H,O, degradation system in MO at term gestation.
Consequently, homeostatic dysregulation towards oxidative stress is expected.

Oxidative stress-derived protein modifications, such as in exposed cysteines and
methionines, can lead to post-translational protein modifications impacting the protein’s
activity, solubility, and stability[54]. Interestingly, hepatic Gpx-1 protein expression is
increased in MO, contrasting with Gpx enzymatic activity, which might result from Gpx activity
inhibition due to modifications caused by high concentrations of H,O,[55]. Potential increased
H,0, concentrations stimulate hydroxyl radical formation through the Fenton reaction[52].
Increased lipid peroxidation and GSSG levels were observed in MO livers at term gestation,
likely due to increased hydroxyl radical formation[56]. Lower GR protein expression and
enzymatic activity can explain glutathione modulation by compromising cell ability to restore
GSH levels[47]. Concomitantly, GSH/GSSG ratios are decreased due to GSSG accumulation
and reduced GSH due to the overall oxidant environment resulting from obesity during
gestation in MLL. The GSH levels decrease, and unchanged GSSG in MLR may result from a
compromised glutathione synthesis.

An increased NAD/NADH ratio due to reduced NADH levels was observed in MO,
exclusively in MLR at late gestation. NAD/NADH ratio and NADH levels are two of the five

more relevant features of integrative data analysis to distinguish between control and MO
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samples and liver lobes. NADH deprivation is associated with elevated nutrient consumption,
increased oxidative phosphorylation and regulation of fatty acid metabolism[57]. The
GSH/GSSG decreased ratio suggests that obesity during pregnancy is associated with ML-redox

state alterations, which potentially can give rise to liver pathologies including NAFLD[58].

MO-Linked Hepatic Mitochondrial Modulation at Term Gestation

Gestation-related metabolic and energetic demands modulate maternal metabolism to
fulfill pregnancy demands, including at the hepatic level[2]. Additionally, overnutrition propels
the liver to shift metabolic pathways by increasing anabolism to manage the excessive
availability of nutrients[59]. When prolonged in time, newly formed lipids accumulate in
hepatocytes, a phenotype typical of NAFLD. We observed lower PPARY and unaltered protein
levels of its coactivator PGC-1a which have been related to the progression of liver fibrosis and
increased collagen production[60]. The maternal hepatic metabolic switch due to MO during
pregnancy may involve hepatic PI3K/AKT signaling pathway leading to mTORC1 signaling
disruption at late-gestation (0.76G and 0.9G)[12,14] and switching hepatic fatty acid
profile[16,17], impacting on PI3K/AKT crosstalk with PKA.

Protein Kinase A is one of the metabolic master-regulator kinases. This kinase is
responsible for the phosphorylation of several enzymes that modulate hepatic metabolism, and
its inhibition is associated with accelerated hepatic lipid accumulation[45,46,61]. Lower PKA
activity was measured in the liver of MO ewes during gestation, exclusively in MLR. PKA
activity also affects mitochondrial function, regulating MRC activity, mitochondrial dynamics,
and apoptosis, through phosphorylation of multiple protein-sites, including DRP inhibition, Bad
suppression, Bim stabilization, and Bax activation[45]. Several studies have shown that PKA
can be translocated to the mitochondrial matrix and phosphorylate numerous PKA substrates
inside mitochondria, including complex-I and complex-IV subunits. PKA inhibition decreased
protein levels of complex-1 subunits NDUFA9, NDUFV2, and NDUFS4, which are rescued by

adding 8-Br-cAMP, a PKA substrate[62]. Similarly, complex-IV subunits I, IV1, and Vb
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phosphorylation by PKA induces their degradation and the consequent decrease in complex-IV
activity, putatively by compromising complex-1V stability[63].

Decreased protein expression of complex-I subunit Ndufs8, complex-II subunits SDHA
and SDHB, complex-III subunit UQCRFS1, and complex-IV subunit mtCO1 were measured in
MO livers at term-pregnancy. Indeed, in the present study, the reduction in complex-I Ndufs8
subunit protein levels and the increased complex-IV activity, possibly resulting from lower
protein degradation in MO hepatic tissue at term pregnancy, might be a consequence of the
observed decrease in PKA activity. On the other hand, this general decrease in MRC complexes
subunits protein expression might potentially result from ROS-related damage accumulation,
verified by increased lipid peroxidation, affecting proteins’ stability, and targeting them to
degradation[64]. Interestingly, mtDNA-encoded MRC subunits mtCO1 and COX-II protein
expression correlated better in MO rather than C in MLR. Both proteins are associated with five
of the top ten most altered correlations in MO hepatic tissue at late-gestation. The complex-I1
catalytic subunit SDHA registered the most significant loss of correlation with the other
subunits assessed in this work due to MO. SDHB decreased protein expression represents one of
the most relevant features in the integrative data analysis that separates the control and MO
hepatic samples at term pregnancy according to the respective condition. Interestingly, only the
complex-III UQCRFS1 subunit is slightly decreased in MO livers; however, UQCRFSI1 is
critical for complex-III maturation and proper function[65].

Potential mechanisms responsible for the general decrease in MRC subunits expression
include mtDNA damage and/or the impairment of the mitochondrial protein import
mechanisms. This scenario would lead to the synthesis of dysfunctional MRC proteins and/or
compromised import of OXPHOS proteins into mitochondria[66,67]. The mtDNA damage can
lead to stoichiometric imbalances between mtDNA- and nuclear-encoded OXPHOS subunits,
potentially jeopardizing the complexes' assembly and decreasing protein levels[67].

The observation of lower hepatic complex-II activity in MO agrees with the decreased
expression of the complex-1I subunits SDHA and SDHB. In opposition, increased complex-I

and complex-IV activities were observed, contrasting with decreased protein expression in late-
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pregnancy MO. The observed unaltered activities of combined complexes I+II1 and II+III are
most likely the result of a saturated quinone pool, which compromises complex-III ideal
stimulation, or a reduced complex-III enzymatic activity compared with complexes-I or -II. In
fact, complex-I and complex-II present, by themselves, different impacts on complex-III
activity[68].

Alterations in MRC protein expression and activities are a well-established mechanism
by which the hepatic redox state is altered, explaining the increased NAD'/NADH ratio in
MLR. We hypothesize that excessive nutrient uptake stimulates hepatocytes to increase their
catabolic rate, accelerating Krebs’ cycle turnover. As a result, more NADH and succinate are
produced, stimulating the OXPHOS, and promoting ATP production. Increased Krebs’ cycle
turnover unsynchronized with OXPHOS can enhance ROS generation, impairing OXPHOS and
emphasizing the dysfunction of this process[69].

Variations in mitochondrial number/mass could explain the differences in OXPHOS
subunits expression and complexes' activities. However, no mitochondrial number differences
nor mitochondrial biogenesis were observed between the experimental groups, as assessed by
mtDNA copy number, CS activity, and TOM20 and PGC-la protein expression levels,
respectively. The apparent contradiction in the results might also be caused by the effects on the
assembly and/or stability of supercomplexes formed by complex-I and complex-IV in MO
livers at 0.9G. A higher mitochondrial efficiency would explain increased enzymatic activity
concomitant with lower protein expression due to the formation of supercomplexes. Indeed, the
formation of supercomplexes containing complex-I, III, and/or IV, but not complex-II, and their
physical association with enzymes involved in mitochondrial fatty acid B-oxidation have been
observed in the liver[70], supporting the reported increase in fatty acid oxidation in late-
pregnancy[7]. It has also been proposed that these molecular associations may modulate the
subtle energy metabolism dysfunction, characteristic of pathologies with increased cellular fatty
acids levels, such as obesity and type 2 diabetes[70]. This mechanism, however, fails to explain
the absence of alterations in complexes-I+IIl activity, considering complexes subunits'

expression and activities observed in this work.
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The apparent lower protein abundance of VDAC and ANT 1/2 in MO livers at late-
gestation, independent of the unaltered mitochondrial mass markers, suggests that the
mitochondria might have a compromised ability to transport metabolites and ions across the
outer mitochondrial membrane. Decreased hepatic ANT may prevent hepatic steatosis and
insulin resistance since ANT depletion is protective against these conditions[71]. Additionally,
these are two parameters with higher information gain in the integrative data analysis to

distinguish the samples between conditions.

Maternal Hepatic Lobe-Dependent Effects of Obesity During Pregnancy

This work shows that the adaptations to maternal obesity during pregnancy in the right
and left liver lobes are distinct. This conclusion is supported by sample clustering analysis,
which clearly distinguished C and MO samples and achieved a significant clustering based on
the liver lobe. Accordingly, PCA resulted in the good separation of the samples related to their
physiological condition and liver lobe (e.g., MLR-C, MLR-MO, MLL-C, and MLL-MO). This
separation becomes almost perfect in a PCA of the dataset with the top five informative
parameters. Moreover, the clustering analysis of the restricted dataset perfectly clustered the
samples according to the condition. This integrative data analysis supports the observations that,
although a common effect of MO during pregnancy at 0.9G exists in both hepatic liver lobes,
some mechanisms are lobe-dependent.

In an obese and pregnant organism, MLR undergoes further metabolic adaptations
compared with MLL, namely in PKA activity, redox state (e.g., NAD+/NADH), and decreased
enzymatic antioxidant capacity (SOD and GR activities; catalase, Gpx-4, and GR protein
levels). The higher protein levels of PPARy and the co-activator PGC-1a observed in MLR in
comparison to MLL might explain the increased flexibility of the right liver lobe to coupe with
the MO stimuli during gestation and modulate downstream pathways, such as MRC subunits
and antioxidant defense protein expression. It has been described that decreasing PPARY protein
levels via PGC-la or NRF-2 modulation ameliorated mitochondrial function and hepatic

steatosis[72,73].
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Conclusions

The emphasis on the consequences of maternal obesity during pregnancy has been on
fetal programming changes. We have provided important data that assess the maternal impact.
Identifying the maternal metabolic adaptations in MO is critical to understand the milieu to
which fetuses were exposed during development and the long-term consequences on the
offspring’s health. Here we describe the exclusive hepatic effects of obesity during pregnancy at
late-gestation, without discriminating the potential contribution of pregnancy per se or the pre-
pregnancy obesity implications. This is the limitation of this work since we cannot evaluate
whether just pregnancy itself can contribute to hepatic disease exacerbation. Despite the
described protective role of pregnancy for other diseases, such as breast and endometrial
cancers.

We show here for the first time that obesity during pregnancy results in altered maternal
hepatic mitochondrial function and redox state at late-gestation, which potentially predisposes
to hepatic dysfunction during and after pregnancy (Figure 9).

In the present work, we found a common MO impact in both hepatic lobes. Obesity
during gestation induced an increase in complex-I and complex-IV activities, possibly caused
by B-oxidation stimulation[70], leading to ROS overproduction and molecular damage, as
observed by lipid peroxidation, decreasing OXPHOS subunits expression. At term gestation, a
more extensive MO-impact on MLR is observed compared to MLL. Obesity during pregnancy
can be an early-event predisposing for maternal hepatic pathophysiology and NAFLD
development. Moreover, the modulation of the maternal endocrine-metabolic axis will have a
critical impact on fetal development and offspring predisposition to metabolic disease[74].

If extended to other hepatic pathologies, this lobe dichotomy can be critical in liver
disease diagnosis, biopsies analysis, and liver transplantation. Monitoring liver function during
the challenging pregnancy period can provide new insights to understand hepatopathology and

prevent complications in both the mother and offspring throughout and after gestation.
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Figures Legends

Figure 1- Maternal morphological parameters from the control group (C) and maternal obesity
group (MO). A: live weight before initiating the diet, conception, and c-section. B:
subcutaneous fat thickness. C: maternal heart, liver, and brain weight at the c-section. The
number of individuals in each group is indicated by the symbols in the plot.

Statistical analysis: Comparison between control and maternal obesity groups was
performed using unpaired t-test in A (after performing Shapiro-Wilk normality test). P-value
lower than 0.05 was considered significant (* p < 0.05; *** p < 0.001; **** p < (0.0001). Blue
violin plot, C; Red violin plot, MO. Median, interquartile distance, minimum and maximum are
depicted. Circles represent that the mother was pregnant with male fetuses and triangles with

female fetuses.

Figure 2 — Impact of obesity during pregnancy (Maternal Obesity, MO) in hepatic metabolic
transcription regulators and oxidative phosphorylation system (OXPHOS) complexes subunit
levels. A: Experimental design applied in this study. B: Liver Lobe-dependent protein
expression of PPARy and PGC-la. C: Alterations induced by MO in OXPHOS complexes
subunits protein expression from the total hepatic tissue of C and MO: Complex-I (Ndufsg),
Complex-1I (SDHA, SDHB), Complex-III (UQCRC1, UQCRC2, UQCRFS1), Complex-IV
(mtCO1, COX-II), and ATP Synthase (ATP5a). D: Difference of the correlation between
complexes subunits protein expression in C and MO in each lobe. Circles show the nuclear
(blue) or mitochondrial (orange) encoded origin of each subunit. Delimited rectangles highlight
the top ten correlations with the largest difference between correlations in C and MO in each
lobe. Dashed rectangles depict the ten correlations with a lower variation.

E: OXPHOS complexes subunits expression in the left and right liver lobes from C and MO.
Protein squares expression was obtained by Western blot, showed in the heat map on the left
(lower expression — blue, higher expression — red, average expression — white). The respective

boxplot is represented on the right (Control — blue, MO — red). The statistics in black represent
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the comparison between C and MO in the same liver lobe, in blue the comparison between both
lobes of control samples, and in red between both lobes of MO. Missing values were replaced
by the group's average in the heatmap but not considered for the boxplot and statistics. Data
were normalized using the reference protein B-actin, while the protein expression was
represented relative to the mean of the C group.

Statistical analysis: Comparison between C and MO groups was performed using the
unpaired t-test except for the groups that did not pass the Shapiro-Wilk normality test (C:
SDHA, UQCRC1, UQCRC2; MO: SDHB; MLL-C: SDHA, UQCRC2; MLL-MO: SDHB,
mtCO1) in which the Mann-Whitney test was performed. Comparison between liver lobes was
assessed using paired t-test or Wilcoxon test according to the normality of the groups compared.
P-values lower than 0.10 were registered (# p < 0.10) and lower than 0.05 were considered
significant (* p < 0.05; ** p <0.01; *** p < 0.001; **** p <0.0001). Blue violin plot, C; Red
violin plot, MO. Median, interquartile distance, minimum and maximum are depicted. Circles

represent that the mother was pregnant with male fetuses and triangles female fetuses.

Figure 3 — Modulation of hepatic enzymatic activities of Mitochondrial Respiratory Chain
(MRC) complexes and mitochondrial mass markers by Maternal Obesity (MO) during
pregnancy. MRC complexes activities were determined in total hepatic tissue from Control (C)
and MO group or considering the contribution of each liver lobe: A: Complex-I, B: Complex-II,
C: Complex-I+III, D: Complex-I1I+III, and E: Complex-IV activities. Data is represented in
Units normalized per mass of protein used in each assay and by the mitochondrial mass marker
citrate synthase activity. F: Difference of correlations between C and MO of complexes subunits
protein expression and enzymatic activity complexes. Surrounded squares represent the five
most significant differences between C and MO. Dashed lines highlight the correlations with a
lower difference. Mitochondrial mass indicators’ modulation due to MO was measured by G:
Citrate synthase activity and H: mtDNA copy number. The number of individuals in each group
is indicated by the number of symbols (circles represent mothers with male fetuses and triangles

represent mothers with female fetuses).
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Statistical analysis: Comparison between C and MO groups was performed using
unpaired t-test in B, C, and D (after performing the Shapiro-Wilk normality test) and Mann-
Whitney test in A and E. Comparison between lobes was assessed using paired t-test or
Wilcoxon test according to the normality of the groups compared. P-values lower than 0.05
were considered significant (* p < 0.05; ** p <0.01). Blue violin plot, C; Red violin plot, MO.

Median, interquartile distance, minimum and maximum are depicted.

Figure 4 — Adaptation of the hepatic metabolic profile linked to Maternal Obesity (MO) during
pregnancy compared to Control (C). A: Protein Kinase A activity; B: NAD" levels; C: NADH
levels; D: NAD/NADH ratio and E: Protein expression of metabolism-related proteins ANT
1/2, citrate synthase, PKA, TOM20, and VDAC. Data is represented relative to the respective C
group mean in A, B, C, and E. Data from Western blot was normalized using the reference
protein B-actin. The number of individuals in each group is indicated by the number of symbols
(circles represent mothers with male fetuses and triangles with female fetuses).

Statistical analysis: Comparison between C and MO groups was performed using
unpaired t-test in A, B, D, and E (ANT 1/2 and PKA), after performing the Shapiro-Wilk
normality test, and Mann-Whitney test in C and E (CS, TOM20 and VDAC). Comparison
between lobes was assessed using paired t-test. P-values lower than 0.05 were considered
significant (* p< 0.05, ** p < 0.01; *** p < 0.001; **** p < 0.0001). Blue violin plot, C; Red

violin plot, MO. Median, interquartile distance, minimum and maximum are depicted.

Figure 5 - Maternal obesity (MO) during pregnancy increased hepatic oxidative stress measured
by A: lipid peroxidation levels, B: vitamin E and E: GSH/GSSG ratio obtained from C: GSH,
and D: GSSG levels. Data is represented in absolute concentrations normalized for the protein
concentration. The number of individuals in each group is indicated by the number of symbols
(circles represent mothers with male fetuses and triangles with female fetuses).

Statistical analysis: comparison between Control (C) and MO groups was performed

using the unpaired t-test after passing the Shapiro-Wilk normality test in A, B, and C and using
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the Mann-Whitney test in D and E. Comparison between lobes was assessed using unpaired t-
test or Wilcoxon test according to the normality of the results. P-values lower than 0.10 were
registered and lower than 0.05 were considered significant (* p < 0.05; ** p < 0.01). Blue violin
plot, C; Red violin plot, MO. Median, interquartile distance, minimum and maximum are

depicted.

Figure 6 — Hepatic antioxidant enzymatic defense modulation in Maternal Obesity (MO) during
pregnancy. Alterations in the enzymatic antioxidant defense A: SOD; B: Catalase, C:
Glutathione Peroxidase, and D: Glutathione Reductase activities. Protein expression variation of
catalase, Gpx-1, Gpx-4, and GR E: in total liver tissue from C and MO groups, and F: the
contribution of each lobe. Sample expression was obtained by Western blot, showed in the heat
map on the left (lower expression — blue, higher expression — red, average expression — white).
The respective boxplot is represented on the right (Control — blue, MO — red). The statistics in
black represent the comparison between C and MO in the same liver lobe, in blue the
comparison between both lobes of control samples, and in red between both lobes of MO.
Missing values were replaced by the group's average in the heatmap, but not considered for the
boxplot and statistical analyses. Data was normalized using the reference protein B-actin and the
protein expression represented relative to the C group mean. The enzymatic activities are
represented in Units normalized per protein mass used in each assay. The number of individuals
in each group is indicated by the number of symbols (circles represent mothers with male
fetuses and triangles with female fetuses).

Statistical analysis: Comparison between C and MO groups was performed using
unpaired t-test, after passing Shapiro-Wilk normality test, except for Gpx and GR activities in
which the Mann-Whitney test was used. Comparison between lobes was assessed using the
Wilcoxon test except for Gpx-4 protein expression and enzymatic activities in which the paired
t-test was performed. P-values lower than 0.10 (# p < 0.10) were registered and lower than 0.05
were considered significant (* p < 0.05; ** p < 0.01). Blue violin plot, C; Red violin plot, MO.

Median, interquartile distance, minimum and maximum are depicted.
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Figure 7 — Relation between the parameters measured to characterize the implications of obesity
during pregnancy in the maternal liver at late-gestation. Correlation between each pair of
analyzed parameters in A: control and B: Maternal obesity samples, and C: the respective
difference between correlations. A correlation value of +1 (red) indicates a total positive linear
correlation, —1 (blue) a total negative correlation, and 0 (white) identifies the inexistence of
linear correlation. D: Heatmap showing the clustering of the samples and the parameters. Each
parameter was normalized for the scale 0 to 1 (highest value in red and lower value in blue) and
is named using the feature analyzed followed by the type of the assay (P stands for protein

quantification, A for activity, Q for quantification, and R for the ratio).

Figure 8 — Analysis of the most relevant parameters to cluster the Control (C) and Maternal
obesity (MO) samples. A: PCA of the dataset restricted to 24 samples (MLL-C — blue, MLL-
MO —red, MLR-C — green, MLR-MO — orange). Volcano plots scoring the most relevant
features in the B: comparison of C and MO samples in each liver lobe individually, and C:
comparison between the liver lobes of each animal. In the PCA, D: some parameters are critical
to distinguish between C and MO samples, and E: some of the features can also split the dataset
according to the liver lobe of the samples. F: Information gain of each parameter to distinguish
between the condition of the samples. G: Samples clustering according to a dataset restricted to
the five most relevant parameters. Each parameter was normalized for the scale 0 to 1 (highest
value in red and lower value in blue). H: PCA of the same restricted dataset showing a clear
separation between the condition of the samples. Each parameter is named using the feature
analyzed followed by the type of the assay (P stands for protein quantification, A for activity, Q

for quantification, and R for the ratio).

Figure 9 — Schematic representation of the results obtained in this experimental study. Maternal
obesity (MO) during pregnancy affects the oxidative phosphorylation system (OXPHOS)by

modulating proteins’ expression and enzymatic activities, leading to alterations in mitochondrial
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1  metabolism and redox state. Obesity during pregnancy is associated with increased oxidative
2 stress markers related to oxidative damage and impaired antioxidant enzymatic activity in a

3 lobe-dependent manner.
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Supplementary tables and figure legends

Table S1 - List of the reagents used in the present work, respective supplier, and

commercial references.

Table S2 - Composition of the diet fed to ewes throughout the study.

Table S3 - Nutrient analysis of the experimental diet.

Table S4 - Sequences of the primers used for the quantification of mtDNA copy

number.

Table S5 - List of primary antibodies used to perform protein determination by Western
blot. ‘Accession number’ represents the UniProt (The Universal Protein Resource;

https://www.uniprot.org/ ) reference of the protein and ‘dilution’ corresponds to the dilution

used for each antibody during incubation.

Table S6 - List of secondary antibodies used in Western blot. *Dilution’ corresponds to

the dilution used for each antibody during incubation.

Figure S1 - Protein expression of transcription regulators of hepatic metabolism and
correlations of hepatic mitochondrial respiratory chain subunits protein expression and
enzymatic activity in Control (C) and Maternal obesity (MO) groups. A: Protein expression of
PPAR y. B: Correlation between complexes subunits protein expression in C and MO in each
lobe. Circles show the nuclear (blue) or mitochondrial (orange) encoded origin of each subunit.
Bordered correlations highlight the top ten correlations with the largest difference between
correlations in C and MO of the respective lobe. Dashed rectangles depict the ten correlations
with the lowest variation. C: Protein expression of PGC-1a. D: Correlation between complexes

subunits protein expression and the complexes' enzymatic activity. Surrounded rectangles
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represent the five most significant differences between C and MO. Dashed lines highlight the
correlations with the lowest difference. A correlation value of +1 indicated a total positive linear
correlation, —1 a total negative correlation, and 0 identifies the inexistence of linear correlation.
Statistical analysis: Comparison between C and MO groups was performed using the
unpaired t-test. P-values lower than 0.10 were registered. Blue violin plot, C; Red violin plot,
MO. Median, interquartile distance, minimum and maximum are depicted. Circles represent that

the mother was pregnant with male fetuses and triangles female fetuses.

Figure S2 - Hepatic metabolic-related protein expression modulation by maternal
obesity during pregnancy. A: Protein levels of ANT 1/2, Citrate Synthase, Protein Kinase A,
TOM 20, and VDAC in each lobe in Control (C) and Maternal Obesity (MO). Protein
expression was obtained by Western blot, shown in the heat map on the left (lower expression —
blue, higher expression — red, unaltered expression — white). The respective boxplot is
represented on the right (Control — blue, MO — red). The statistics in black represent the
comparison between C and MO in the same liver lobe, in blue the comparison between both
lobes of control samples, and in red between both lobes of MO. The group's average replaced
missing values in the heatmap but was not considered for the boxplot and statistics.

Statistical analysis: Comparison between control and MO groups was performed using unpaired
t-test, after passing Shapiro-Wilk normality test, except for the comparison in the left lobe of
VDAC protein expression in which the Mann Whitney test was used. Comparison between
lobes was assessed using the Wilcoxon test except for VDAC (in MO) and CS (in control)
protein expression, in which the unpaired t-test was performed. P-values lower than 0.10 were
registered (#) and lower than 0.05 were considered significant (* p < 0.05; ** p < 0.01; *** p <

0.001).

Figure S3 - Distribution of the results according to integrative data analysis. A: PCA of
all measured parameters and samples. Control samples (blue) and Maternal Obesity (MO)
samples (red) present a great separation. Each number represents the animal, circles are used for

the left liver lobe samples and crosses for the right liver lobe samples. B: Information gain
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obtained for each parameter based on the comparison C vs. MO. C: Parameters weight in each
component of the PCA for the dataset restricted to 24 samples. D: Evaluation of the sample’s
distribution based on the PCA restricted to 24 samples and the five most informative parameters
through a logistic regression algorithm. E: Confusion matrix with the comparison of the
predicted and the observed results of the distribution of samples according to the condition,
based on the logistic regression algorithm. Each parameter is named using the feature analyzed
followed by the type of the assay (P stands for protein quantification, A for activity, Q for

quantification, and R for ratio).

Figure S4 — Bimodal pattern of weight at c-section in the Maternal Obesity (MO)
group. A: Comparison of responders and non-responders in the MO group based on the p-value
of unpaired t-test and Pearson correlation with weight at the c-section for the left liver lobe, B:
and for the right liver lobe. Correlation between weight at the c-section and the significant
parameters: C: Heart weight, D: VDAC, E: MDA, F: TOM20, G: NAD" / NADH, and H:

Ndufs8.
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Table S1 - List of the reagents used in the present work, respective supplier, and commercial

references.

Reagent CAS number Supplier Reference
Acetyl-CoA 102029-73-2 Sigma-Aldrich A2056
Antimycin A 1397-94-0 Sigma-Aldrich A8674
BioRad — DC protein assay - Bio-Rad 5000116
Bioxytech MD kit - OxisResearch 21044
Bromophenol blue 34725-61-6 Sigma-Aldrich B5525
BSA (Bovine Serum Albumin) 9048-46-8 Sigma-Aldrich A7030
Catalase from bovine liver 9001-05-2 Sigma-Aldrich C1345
Clarity Western ECL substrate - Bio-Rad 1705060
Cytochrome C from bovine heart 9007-43-6 Sigma-Aldrich 30398
DCP.IP (2,6-Dichloroindophenol 620-45-1 VWR 930212X
sodium salt)
Decylubiquinone 55486-00-5 Sigma-Aldrich D7911
Dimethyl malonate 108-59-8 Sigma-Aldrich 136441
DMSO (Dimethyl sulfoxide) 67-68-5 Sigma-Aldrich 34869
DNase/RNase-free water - Qiagen 1017979
DTAB
(Dodecyltrimethylammonium 1119-94-4 Thermo Fisher 128271000
bromide)
DTNB (5,5"Dithiobis(2- 69-78-3 Sigma-Aldrich D8130
nitrobenzoic acid)
DTT (DL-1,4-Dithiothreitol) 3483-12-3 Sigma-Aldrich D9779
EDTA
(Ethylenediaminetetraacetic acid 6381-92-6 VWR 20296.291
disodium salt)
EGTA (Ethylene-
bis(oxyethylenenitrilo)tetraacetic 67-42-5 Sigma-Aldrich E4378
acid)
Glycerol 56-81-5 Sigma-Aldrich G6279
Glycine 56-40-6 NZY tech MB01401
GSSG (L-Glutathione oxidized) 27025-41-8 Sigma-Aldrich G4376
HCI (Hydrochloric acid) 7647-01-0 Panreac 131020,1212
Hydrogen Peroxide 7722-84-1 Merck 107210
Isopropanol 67-63-0 Sigma-Aldrich 190764
KsHPO, (Monobasic potassium 7778-77-0 Sigma-Aldrich NIST2008
phosphate)
KCI (Potassium chloride) 7447-40-7 Sigma-Aldrich P9541
KCN (Potassium cyanide) 151-50-8 Fisher Scientific P/4600/50
KH,PO, (Potassium phosphate 7778-77-0 Sigma-Aldrich P0662
monobasic)
KOH (Potassium hydroxide) 1310-58-3 Sigma-Aldrich P5958
Methanol 67-56-1 Sigma-Aldrich M/4000/17
MgCl, (Magnesium chloride) 7786-30-3 Thermo Fisher 223211000
MOPS (4-
Morpholinepropanesulfonic acid 71119-22-7 Alfa Aesar Al17214
sodium salt)
Na;HPO, (Sodium phosphate 7558-79-4 Sigma-Aldrich 5136

dibasic)
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NaCl (Sodium chloride)
NAD/NADH-Glo™ Assay

NADH (B-Nicotinamide adenine

dinucleotide reduced)

NADPH (B-Nicotinamide adenine

dinucleotide 2’-phosphate
reduced tetrasodium salt)

NAF (Sodium fluoride)
NaOH (Sodium hydroxide)
Nicotinamide

NP40

Oxaloacetate

PhosSTOP (phosphatase
inhibitor)
PKA kinase activity kit

PMSF (Phenylmethylsulfonyl
fluoride)

Ponceau S

Potassium carbonate

Precision Plus ProteinTM
Standard Dual Color

Protease inhibitor cocktail
QIAmp DNA mini-kit
Rotenone

SDS (Sodium dodecyl sulfate)
SOD activity kit

Sodium acetate

Sodium azide

Sodium bicarbonate
Sodium butyrate

Sodium dithionite
Sodium orthovanadate
Sodium succinate

SsoFast Eva Green Supermix
TEMED (1,2-
Bis(dimethylamino)ethane)
Tert-butylperoxide

Tris HCI

Triton X-100

Trizma base
Tween-20
B-glycerophosphate

B-mercaptoethanol

7647-14-5

606-68-8

2646-71-1

7681-49-4
1310-73-2
98-92-0
127087-87-0
328-42-7

329-98-6

6226-79-5
584-08-7

83-79-4
151-21-3
127-09-3

26628-22-8
144-55-8
156-54-7

7775-14-6
13721-39-6
6106-21-4

110-18-9
110-05-4
1185-53-1
9002-93-1
77-86-1
9005-64-5
58409-70-4
60-24-2

Fisher Scientific

Promega Corporation

Sigma-Aldrich

Panreac

VWR
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Acros Organics

Sigma-Aldrich

Enzo Life Sciences

Sigma-Aldrich
Sigma-Aldrich
VWR
Bio-Rad
Sigma-Aldrich
Qiagen
Sigma-Aldrich
NZY tech

Enzo Life Sciences

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific
Sigma-Aldrich
Fisher Scientific
Bio-Rad
NZY tech

Sigma-Aldrich
Sigma-Aldrich
Acros Organics
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

S/3160/60
G9071

8129

A1395,0100

27859.293
58045
N0636
NP40S

416600050

4906845001
ADI-EKS-390A
P7626

P3504
26724.291

161-0374

P8340
51304
R8875
MB01501
ADI-900-157
S8750
$2002
56297
B5887
$/3800/53
56508
S/6480/53
172-5201

MBO03501

168521
T3253
327371000
T1503
P9416
G6626
M3148
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Table S2 - Composition of the diet fed to ewes throughout the study.

Ingredients

%

Ground bromegrass hay *
Ground corn

Soybean meal

Liquid molasses
Limestone

Ammonium chloride
Mineralized salt °
Magnesium chloride

ADE premix ©

Rumensin 80

14.02

63.89

13.30

5.60

2.24

0.50

0.24

0.10

0.10

0.02

* Mean particle length = 2.54 cm. ® Contained 13% NaCl, 10% Ca, 10% P, 2% K, 1.5% Mg,

0.28% Fe, 0.27% Zn, 0.12% Mn, 0.01% I, 35 p.p.m. Se, and 20 p.p.m. Co. © Contained 110 000

IU kg-1 vitamin A, 27 500 IU kg -1 vitamin D, 660 IU kg-1 vitamin E.
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Table S3 - Nutrient analysis of the experimental diet.

Analyzed Composition

Dry matter (%)

Neutral detergent fibre (% DM)
Acid detergent fibre (% DM)
Crude protein (% DM)

In vitro dry matter digestibility (% DM)

88.54

24.09

9.99

17.39

93.92
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Table S4 - Sequences of the primers used for the quantification of mtDNA copy number.

Gene Accession number Forward primer Reverse primer

NC_001941.1

CytB CAGGATCCAACAACCCCACA  GTCTCCGAGTAAGTCAGGCG
(14159-15298)

YWHAZ NM_001267887.1 GAGCAGGCTGAGCGATATGA TGACCTACGGGCTCCTACAA
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Table S5 - List of primary antibodies used to perform protein determination by Western blot.

‘Accession

number’

represents  the

UniProt

(The

Universal

Protein

Resource;

https://www.uniprot.org/ ) reference of the protein and ‘dilution’ corresponds to the dilution

used for each antibody during incubation.

. Accession Host MW o
Protein Manufacture code . Dilution
Number Specie (kDa)
Adenosine nucleotide
ANT 1/2 P12235 Abcam 110322 Mouse 33 1:1000
translocator 1/2
ATP synthase subunit Mito
ATPSa P25705 . Ab110273 Mouse 54 1:500
alpha Science
Mito
Cat Catalase P04040 . Ab14754 Mouse 48 1:1000
Science
Cytochrome c oxidase Mito
COX-lI . P00403 . Ab110258 Mouse 22 1:500
subunit 2 Science
. Santa
(&) Citrate synthase 075390 c 390693 Mouse 58 1:1000
ruz
ATP synthase subunit Mito
CVa P05496 . Ab14748 Mouse 55 1:1000
alpha Science
Glutathione Santa
GPx-1 . P07203 133160 Mouse 23 1:500
peroxidase 1 Cruz
Glutathione Santa
GPx-4 . P36969 166570 Mouse 21 1:500
peroxidase 4 Cruz
. Santa
GR Glutathione Reductase P00390 N 133245 Mouse 50 1:1000
ruz
Cytochrome c oxidase
mtCO1 . P00395 Abcam 14705 Mouse 57 1:1000
subunit 1
NADH dehydrogenase Mito
Ndufs8 . . 000217 . Ab110242 Mouse 18 1:1000
iron-sulfur protein 8 Science
Peroxisome
proliferator-activated Santa .
PGC-1a Q9UBK2 13067 Rabbit 90 1:500
receptor gamma Cruz
coactivator 1-alpha
cAMP-dependent Sant
anta
PKA protein kinase P17612 c 28892 Rabbit 40 1:1000
ruz
catalytic subunit alpha
Peroxisome
PPARy proliferator-activated P37231 Abcam 41928 Mouse 58 1:1000
receptor gamma
Succinate
Santa
SDHA dehydrogenase P31040 @ 59687 Mouse 70 1:1000
uz
flavoprotein subunit
Succinate Mit
ito
SDHB dehydrogenase iron- P21912 Sei Ab14714 Mouse 29 1:500
cience
sulfur subunit
Mitochondrial import S
anta
TOM 20 receptor subunit Q15388 c 49760 Rabbit 20 1:1000
ruz
TOM20
Cytochrome b-c1 Mito
UQCRC1 . P31930 . Ab110252 Mouse 49 1:500
complex subunit 1 Science
UQCRC2 Cytochrome b-cl P22695 Mito Ab14754 Mouse 48 1:1000
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UQCRFS1

VDAC

B-actin

complex subunit 2

Cytochrome b-cl

complex subunit

Rieske

Voltage-dependent

anion-selective

channel

protein 1

P47985

P21796

P68133

Science

Abcam Ab14746  Mouse

Mito
Science

Ab14734 Mouse

Millipore MAB1501 Mouse

25

39

43

1:500

1:500

1:5000
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Table S6 - List of secondary antibodies used in Western blot. *Dilution’ corresponds to the

dilution used for each antibody during incubation.

Antibody Description Manufacturer Code Host specie Dilution
Anti-Goat rabbit@goat Santa Cruz 2771 Rabbit 1:5000
Anti-Mouse goat@mouse Santa Cruz 2008 Goat 1:5000
Anti-Rabbit goat@rabbit  Santa Cruz 2007 Goat 1:5000
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Figure S1 - Protein expression of transcription regulators of hepatic metabolism and correlations of
hepatic mitochondrial respiratory chain subunits protein expression and enzymatic activity in Control (C)
and Maternal obesity (MO) groups. A: Protein expression of PPAR y. B: Correlation between complexes
subunits protein expression in C and MO in each lobe. Circles show the nuclear (blue) or mitochondrial
(orange) encoded origin of each subunit. Bordered correlations highlight the top ten correlations with the
largest difference between correlations in C and MO of the respective lobe. Dashed rectangles depict the
ten correlations with the lowest variation. C: Protein expression of PGC-1a. D: Correlation between
complexes subunits protein expression and the complexes' enzymatic activity. Surrounded rectangles
represent the five most significant differences between C and MO. Dashed lines highlight the correlations
with the lowest difference. A correlation value of +1 indicated a total positive linear correlation, —1 a total
negative correlation, and 0 identifies the inexistence of linear correlation.
Statistical analysis: Comparison between C and MO groups was performed using the unpaired t-test. P-
values lower than 0.10 were registered. Blue violin plot, C; Red violin plot, MO. Median, interquartile
distance, minimum and maximum are depicted. Circles represent that the mother was pregnant with male
fetuses and triangles female fetuses.
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Figure S2 - Hepatic metabolic-related protein expression modulation by maternal obesity during
pregnancy. A: Protein levels of ANT 1/2, Citrate Synthase, Protein Kinase A, TOM 20, and VDAC in
each lobe in Control (C) and Maternal Obesity (MO). Protein expression was obtained by Western blot,
shown in the heat map on the left (lower expression — blue, higher expression — red, unaltered expression
— white). The respective boxplot is represented on the right (Control — blue, MO — red). The statistics in
black represent the comparison between C and MO in the same liver lobe, in blue the comparison
between both lobes of control samples, and in red between both lobes of MO. The group's average
replaced missing values in the heatmap but was not considered for the boxplot and statistics.

Statistical analysis: Comparison between control and MO groups was performed using unpaired t-test,
after passing Shapiro-Wilk normality test, except for the comparison in the left lobe of VDAC protein
expression in which the Mann Whitney test was used. Comparison between lobes was assessed using the
Wilcoxon test except for VDAC (in MO) and CS (in control) protein expression, in which the unpaired t-

test was performed. P-values lower than 0.10 were registered (#) and lower than 0.05 were considered
significant (* p < 0.05; ** p < 0.01; *** p <0.001).
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Figure S3 - Distribution of the results according to integrative data analysis. A: PCA of all measured
parameters and samples. Control samples (blue) and Maternal Obesity (MO) samples (red) present a great
separation. Each number represents the animal, circles are used for the left liver lobe samples and crosses
for the right liver lobe samples. B: Information gain obtained for each parameter based on the comparison
C vs. MO. C: Parameters weight in each component of the PCA for the dataset restricted to 24 samples.
D: Evaluation of the sample’s distribution based on the PCA restricted to 24 samples and the five most
informative parameters through a logistic regression algorithm. E: Confusion matrix with the comparison
of the predicted and the observed results of the distribution of samples according to the condition, based
on the logistic regression algorithm. Each parameter is named using the feature analyzed followed by the
type of the assay (P stands for protein quantification, A for activity, Q for quantification, and R for ratio).
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