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Changes in apolipoprotein abundance dominate proteome
responses to prolonged fasting in elephant seals

Jane I. Khudyakov'*, Rachel R. Holser?, Craig A. Vierra', Serena T. Ly’, Theron K. Niel', Basma M. Hasan’,

Daniel E. Crocker® and Daniel P. Costa?

ABSTRACT

Unlike many animals that reduce activity during fasting, northern
elephant seals (NES) undergo prolonged fasting during energy-
intensive life-history stages such as reproduction and molting, fueling
fasting energy needs by mobilizing fat stores accrued during foraging.
NES display several unique metabolic features such as high fasting
metabolic rates, elevated blood lipid and high-density lipoprotein
(HDL) cholesterol levels, efficient protein sparing and resistance to
oxidative stress during fasting. However, the cellular mechanisms that
regulate these adaptations are still not fully understood. To examine
how metabolic coordination is achieved during prolonged fasting, we
profiled changes in blubber, skeletal muscle and plasma proteomes
of adult female NES over a 5 week fast associated with molting. We
found that while blubber and muscle proteomes were remarkably
stable over fasting, over 50 proteins changed in abundance in
plasma, including those associated with lipid storage, mobilization,
oxidation and transport. Apolipoproteins dominated the blubber,
plasma and muscle proteome responses to fasting. APOA4, APOE
and APOC3, which are associated with lipogenesis and triglyceride
accumulation, decreased, while APOA1, APOA2 and APOM, which
are associated with lipid mobilization and HDL function, increased
over fasting. Our findings suggest that changes in apolipoprotein
composition may underlie the maintenance of high HDL levels and,
together with adipokines and hepatokines that facilitate lipid
catabolism, may mediate the metabolic transitions between feeding
and fasting in NES. Many of these proteins have not been previously
studied in this species and provide intriguing hypotheses about
metabolic regulation during prolonged fasting in mammals.

KEY WORDS: Blubber, Muscle, Plasma, Lipid mobilization, Lipid
transport, proteomics

INTRODUCTION

Fasting is a natural and often predictable part of the life history of
many animals. Prolonged fasting may be required for surviving
periods of low food availability or be coupled to life-history stages
such as migration, reproduction, hibernation and molting (Secor and
Carey, 2016). Many animals that fast seasonally reduce energy
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needs during fasting periods by decreasing physical activity,
metabolic rate and body temperature (Mohr et al., 2020). In
contrast, capital-breeding and some migratory species forego food
entirely during energetically demanding life-history stages. One
capital-breeding mammal with remarkable fasting tolerance is the
northern elephant seal (NES), Mirounga angustirostris. Because of
the large distances between their pelagic foraging grounds and
coastal rookeries, NES fast for several months during haul-out
periods associated with breeding, lactation, molting and postnatal
development on land (Champagne et al., 2012). Adult NES undergo
two fasting periods per year. Adult males fast for up to 4 months
during the breeding season while defending territories and breeding
with females. Adult females fast for 4 weeks, during which they
give birth and nurse their young with fat-rich milk. After a short
post-breeding foraging trip, adults return to land to replace the
entirety of their pelage in 4-5 weeks, a process known as
catastrophic molt, while fasting (Holser, 2020; Worthy et al.,
1992). As in other fasting-adapted animals, energy needs during
fasting in NES are fueled by mobilization of large lipid stores that
are accrued during foraging.

Many features of NES fasting metabolism have been described,
such as high rates of fatty acid oxidation and endogenous glucose
production, insulin resistance, and alterations in circulating
corticosteroid, thyroid and adipokine hormones that may facilitate
lipid catabolism and glucose and protein sparing (Fowler et al., 2018;
Martinez et al., 2017; Rzucidlo et al., 2021). Unique features of NES
metabolism that distinguish them from humans and laboratory
mammals include extremely high fasting metabolic rates, efficient
protein sparing despite elevated cortisol levels, low ketoacid
production, maintenance of elevated high-density lipoprotein
(HDL) levels, and resistance to oxidative stress during fasting
(Crocker et al., 2014a; Ensminger et al., 2021; Tift et al., 2011). The
endocrine, cellular and molecular mechanisms that underlie these
features are not yet fully understood, and other unique metabolic
adaptations are likely to be discovered, potentially via non-targeted
and system-wide approaches (e.g. transcriptomics, proteomics).

A handful of studies have used such approaches to profile
changes in global gene expression in response to fasting in NES
tissues. They reported that genes encoding metabolic enzymes and
extracellular matrix components were significantly downregulated
in blubber and skeletal muscle during fasting, suggesting significant
metabolic and structural reprogramming of tissues in response to
food deprivation (Martinez et al., 2018; Wright et al., 2020). We
also previously showed that experimental elevation of cortisol,
which normally increases during fasting, resulted in altered
expression of genes and abundance of proteins associated with
insulin resistance, lipid metabolism, lipid droplet homeostasis and
adipogenesis, among other functions, in NES blubber and skeletal
muscle (Deyarmin et al., 2020, 2019; Khudyakov et al., 2017,
2015). However, more work is necessary to understand how these
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metabolic and cellular adjustments are coordinated within and
across multiple tissues to maintain metabolic homeostasis during
energy-intensive fasting periods in NES.

In this study, we examined the effects of fasting on the proteome —
the functional output of the transcriptome — across three tissues to
understand how metabolic coordination is achieved during
prolonged fasting. We focused on blubber and skeletal muscle,
the major source and sink of energy substrates, respectively, and
plasma, which reflects the activity of the liver and other organs
that cannot be easily sampled from free-ranging animals. We
collected these tissues from five adult female NES at the beginning
and end of a 5 week fasting period associated with catastrophic
molting and compared protein abundance between early and late
molt samples using label-free protein quantification by LC-MS/MS.
We hypothesized that adipokines and enzymes associated with
glucose oxidation and insulin signaling would decrease in
abundance over fasting, while those associated with lipid
catabolism and insulin resistance would increase. We found that
the blubber and muscle proteomes remained remarkably stable,
while over 50 proteins were differentially abundant in plasma over
fasting. Apolipoproteins dominated the suite of proteins that
responded to fasting, which also included adipokines and
hepatokines associated with lipid mobilization, transport and
catabolism. Many of the proteins that we identified have not been
previously studied in NES, and lead to intriguing hypotheses about
metabolic regulation during fasting that can be tested in future
studies.

MATERIALS AND METHODS

Study animals

Samples were collected from adult female NES, Mirounga
angustirostris (Gill 1866) (n=5), at Afo Nuevo State Reserve
(San Mateo County, CA, USA) during the May—June 2016 molting
period. Animals were sampled within a few days of arrival at the
rookery (early molt, 0% molted) and again several days before
departure from the rookery (late molt, 100% molted). Two animals
(5572 and 9678) were re-sampled upon returning to the rookery for
breeding in January 2017. Animal metadata are shown in Table S1.
All animal handling procedures were approved by the University of
California, Santa Cruz, and Sonoma State University Institutional
Animal Care and Use Committees and were conducted under
National Marine Fisheries Service marine mammal permit no.
19108.

Sample collection

Study animals were chemically immobilized by intramuscular
injection of Telazol (tiletamine/zolazepam HCI, Fort Dodge Labs)
at a dosage of ~1 mg kg~! as described previously (Fowler et al.,
2016; Robinson et al., 2012), and maintained with ~25-50 mg
bolus intravenous injections of Telazol. Blood samples were
collected from the extradural vein into serum and EDTA-treated
vacutainer tubes using an 18 gauge, 3.5 inch needle and chilled until
return to the laboratory. Blood was centrifuged at 3000 g for 15 min
at 4°C, and isolated serum and plasma were stored at —80°C.
Blubber and muscle samples were collected from the posterior flank
of each animal using a 6.0 mm diameter biopsy punch (Integra
Miltex). Muscle samples were not obtained for one of the study
animals (6762). Blubber samples were cut in half to separate outer
(closest to skin) and inner (closest to muscle) layers, which were
stored separately. Tissue samples were minced and incubated in
RNAl/ater™ Stabilization Solution (1.5 ml per ~300 mg tissue;
Invitrogen) and kept on ice until return to the laboratory. After 24 h

of incubation at 4°C, RNA/ater™ was removed from blubber and
muscle samples prior to storage at —80°C until further processing.

Mass was measured using a tripod, canvas sling and scale (+1 kg;
MSI). Body composition ( percent adiposity) was determined by the
truncated cones method using morphometric and ultrasound
measurements of blubber thickness (Gales and Burton, 1987).
Adiposity was not obtained for animal 4448 at late molt. At the end
of the procedure, seals received rear flipper tags (Dalton, Henley-
on-Thames, Oxon, UK), and were allowed to recover from
anesthesia and resume normal activity.

Protein extraction from blubber and muscle

Muscle and blubber tissues were processed to simultaneously
extract protein and RNA. We used the inner half of each blubber
sample in this study as this layer is considered more metabolically
active than outer blubber in marine mammals (Ball et al., 2017,
Struntz et al., 2004). Inner blubber tissue (~100 mg) was minced
with a sterile scalpel on dry ice and homogenized in 1 ml of Qiazol
(Qiagen) by bead beating in a Bullet Blender Storm 24 instrument
(Next Advance) for two cycles of 2 min each. Muscle tissue
(~50 mg) was processed similarly using 1 ml of Trizol (Invitrogen).
Tissue homogenates were further disrupted using a 23 gauge needle
and syringe. Following chloroform phase extraction, proteins were
precipitated from the organic phase using isopropanol. Protein
pellets were washed with 0.3 mol 1=! guanidine hydrochloride in
95% ethanol and stored at —20°C until further processing.

Sample preparation for mass spectrometry

Blubber and muscle protein pellets were resuspended in 200 pl
of denaturing buffer [1% w/v sodium deoxycholate (SDC),
8moll™' wurea and S5mmoll™' dithiothreitol (DTT) in
50 mmol 1! ammonium bicarbonate] by vortexing for 1h at
room temperature. Denaturing buffer was added to 5 pl plasma to a
final volume of 200 pul. All samples were denatured for 1 h at 37°C,
followed by alkylation with 15 mmol 1=! iodoacetamide in the dark
at room temperature for 30 min. Alkylation was quenched with
5mmol 17! DTT. Samples were diluted with 50 mmol1~!
ammonium bicarbonate to reduce urea concentration to <1 mol 1!
and protein concentration was estimated using the Pierce BCA
Protein Assay Kit (Thermo Scientific). Proteins were digested in
solution using Pierce™ Trypsin Protease, MS Grade (Thermo
Scientific) at 1:50 pg enzyme to protein ratio for 18 h at 37°C.
Digested peptides were acidified to pH <2 using trifluoroacetic acid
(TFA) to inactivate trypsin and precipitate SDC. Peptides were
lyophilized, resuspended in 300 pl of 0.1% TFA, and desalted using
Pierce™ Peptide Desalting Spin Columns (Thermo Scientific).
Eluted peptides were lyophilized, resuspended in 0.1% formic acid
in LC/MS-grade water, and quantified using Pierce™ Quantitative
Colorimetric Peptide Assay (Thermo Scientific). Samples were
assayed in duplicate [intra-assay coefficient of variation (CV)
<3.0%, inter-assay CV <4.0%]. Peptide concentrations were
determined using a quadratic fit for the standard curve (R’=0.999)
with Prism 8 software (GraphPad, USA).

LC-MS/MS

Peptide samples were diluted to 200 ng ul~! with 0.1% formic acid
in LC/MS-grade water and 5 ul were used per injection (with three
injections per sample) for HPLC as described previously (Deyarmin
et al., 2020). Mass spectrometry analyses were performed using an
Orbitrap Fusion™ Tribrid™ mass spectrometer equipped with an
EASY-Spray™ ion source (Thermo Fisher Scientific) operated in a
data-dependent acquisition (DDA) manner by Xcalibur 4.0 software
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(Thermo Fisher Scientific). MS1 spectra were resolved by the
orbitrap with a resolution of 120,000, scan range of 200—1400 m/z,
RF lens of 60%, AGC target of 1.0e6, and maximum injection time
of 50 ms. Precursor ions selected using DDA were isolated by
quadrupole and fragmented using higher-energy C-trap dissociation
(HCD) with a collision energy of 28+3%. MS2 product ions were
resolved by the orbitrap with resolution of 30,000, AGC target of
5.0e5, first mass of 100 m/z, and maximum injection time of
150 ms.

MS/MS data analyses

Protein identification and label-free quantification were performed
using MaxQuant v1.6.14.0 with default settings. The ‘match
between runs’ function was enabled with a matching time
window of 0.7 min and an alignment time window of 20 min.
Database search was conducted using MaxQuant’s Andromeda
search engine against the UniProtKB Caniformia database
containing 509,245 entries (taxonomy ID: 379584, downloaded
on 25 June 2020) and a MaxQuant contaminant database.
Carbamidomethylation (C) was selected as a fixed modification
and oxidation (M) and deamidation (NQ) were selected as variable
modifications; a maximum of three modifications per peptide were
allowed. False discovery rate (FDR) was determined by searching
the reversed Caniformia and contaminant databases. Only hits
below 1% FDR were retained for further analyses. Proteins with hits
to contaminant or reversed databases and those with no unique
peptides were removed. Protein quantification was conducted based
on precursor ion intensity (median of 3 technical replicates) using
the MaxLFQ algorithm in MaxQuant. Both razor and unique
peptides were used for quantification and the minimum ratio for
quantification was 2. FastLFQ normalization was used and the
‘stabilize large LFQ ratios’ and ‘require MS/MS for LFQ
comparisons’ options were selected.

Lipid and hormone assays

Total cholesterol (TC), HDL and low-density lipoprotein/very low-
density lipoprotein (LDL/VLDL) were measured in NES serum
using EnzyChrom AF HDL and LDL/VLDL Assay Kit (BioAssay
Systems, cat. no. E2ZHL-100, lot no. CA0O9A17). Serum samples
were diluted 1:5 with assay buffer and run in duplicate (mean intra-
assay CV=1.6%). Total triglyceride (TG) levels were measured in
NES plasma using Triglyceride Colorimetric Assay Kit (Cayman
Chemical, cat. no. 10010303, lot no. 0621449). Plasma samples
were diluted 1:2 with standard diluent assay reagent and run in
triplicate (mean intra-assay CV=2.3%). Cortisol levels in NES
serum were measured using ELISA (Alpco, cat. no. 11-CORHU-
EO1, lot no. 202100). All samples were analyzed in duplicate (mean
intra-assay CV=2.5%). Linearity of dilution was assessed using a
series of six 1:2 dilutions of an NES serum sample with high cortisol
levels. The slope of predicted versus measured values was 1.01
(R?=0.99). Parallelism to the standard curve was assessed using
log—logit transformation. The slopes of log—logit curves for diluted
NES serum and the standard curve were not significantly different
(NES serum: —0.62, standard curve: —0.59; ANCOVA: Fg ¢=0.14,
P=0.72). Assay accuracy was assessed by spiking NES serum
samples with 10 and 60 pg d1~! cortisol standards. The mean (+s.d.)
recovery was 100.440.8%.

Statistical analyses

All statistical analyses were conducted using R v3.6.0 (http:/www.
R-project.org/). Pathway overrepresentation analyses of proteome
data were conducted using the clusterProfiler package (Yu et al.,

2012) against the human WikiPathways database version 20210510
(Slenter et al., 2018). Pathways were considered significantly
enriched at Benjamini—-Hochberg adjusted P<0.05 and g¢-value
cutoff of 0.05. Protein expression was summarized using the
pheatmap package (https:/CRAN.R-project.org/package=pheatmap)
with complete clustering of rows and columns by Euclidean
distance. Principal components analyses (PCA) of protein
expression were conducted using the prcomp function in the
psych package (Revelle, 2019) and visualized using the factoextra
package (https:/CRAN.R-project.org/package=factoextra).

For differential protein abundance analyses, LFQ abundance
values were log,-transformed, and proteins with >1 missing value
per sample group were removed. The remaining missing values
were imputed using the llsImpute function (A=150) in the
pcaMethods package (Stacklies et al., 2007). Differential
expression analyses were conducted using limma v3.40.6 (Ritchie
et al., 2015) with blocking by subject to account for repeated
sampling (design=~Subject+Treatment). Proteins with abundances
that differed by more than 20% between groups were considered
differentially abundant at Benjamini—-Hochberg-adjusted P<0.1.

Changes in mass, adiposity, cortisol, TG, TC, HDL and LDL/
VLDL across fasting were assessed using linear mixed-effects
models with fasting stage (levels=early, late) as a fixed effect and
animal ID as a random effect using Ime4 and ImerTest (Bates et al.,
2015; Kuznetsova et al., 2017). Model residuals were assessed for
normality using Shapiro—Wilk’s test and visually to confirm model
homoscedascity. Cortisol was log-transformed to achieve normality
of model residuals.

RESULTS

We sampled five adult female NES twice during their spring fasting
period associated with molting: within a week of arrival at the
rookery (early molt) and at the completion of the molt, after
3344 days (mean=s.d.) of fasting (late molt; Table S1). In addition,
two of the five females were sampled again upon their return to the
rookery for breeding from their post-molt foraging trip, 239 and
230 days after sampling during late molt (early breeding; Table S1).
Females lost 27.843.9% of their body mass over the molt
(F13.1=252.22, P=0.00049; Fig. 1A; Table S1). Percentage body
fat (adiposity) did not differ significantly between early and late
molt (F,5=4.91, P=0.12; Fig. 1B; Table S1). The two females
sampled after their post-molt foraging trip (during early breeding)
had increased mass by 1.71-fold and 1.55-fold, with no appreciable
change in adiposity (Table S1).

To examine molecular mechanisms operating during fasting and
mass loss, we used LC-MS/MS to profile the proteomes of blubber,
muscle and plasma collected early and late in the molting fast from
the animals described above. We identified 1053 protein groups in
blubber, 711 protein groups in muscle and 260 protein groups in
plasma using the UniProt KB Caniformia database (Table S3).
We first examined the functional composition of the proteomes as
they have not been previously described in fasting NES. Pathways
that were significantly enriched (adjusted P<0.05) in the inner
blubber proteome included the VEGFA-VEGFR signaling
pathway, cytoplasmic ribosomal proteins, complement system,
proteasome degradation, electron transport chain, amino acid
metabolism, glycolysis and gluconeogenesis, and Cori cycle,
among others (Fig. 2A). Pathways enriched in the NES skeletal
muscle proteome included the electron transport chain, cytoplasmic
ribosomal proteins, striated muscle contraction pathway, glycolysis
and gluconeogenesis, proteasome degradation, amino acid
metabolism, fatty acid oxidation and TCA cycle, among others
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Fig. 1. Body mass and body fat of northern

© elephant seals during molt. Mass (A) and
adiposity (B) of adult female northern elephant
seals (NES; n=5) sampled at the beginning
(early) and end (late) of their molting fast. Colors
A B denote individual study animals. Adiposity was
not obtained for one animal (4448) during late
450 A molt.
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(Fig. 2B). Pathways enriched in the plasma proteome included
complement and coagulation cascades, selenium micronutrient
network, blood clotting cascade, folate metabolism, vitamin B12
metabolism, oxidative damage, composition of lipid particles, and
metabolic pathway of LDL, HDL and TG, among others (Fig. 2C).
We next assessed whether protein abundance in each tissue was
altered by fasting. After filtering out proteins with more than one
missing value per sample group, we used 440 blubber proteins, 384
muscle proteins and 161 plasma proteins for differential protein
abundance analyses (Table S4). Protein abundance in plasma, and
to a lesser extent in muscle, varied by fasting stage, whereas protein
abundance in blubber was not significantly affected by fasting
(Fig. 3). Only two proteins in blubber — apolipoproteins A4
(APOA4) and E (APOE) — were identified as differentially
abundant; both decreased over the molt (fold-change: APOE
0.19, APOA4 0.19; Fig. 4; Table S5). Five muscle proteins were
differentially abundant between early and late fasting. Ferritin
(FTL) abundance increased (fold-change: 4.82), while abundance
of fructose-bisphosphate aldolase (ALDOA), LIM and cysteine-rich
domains protein 1 (LMCD1), APOA4 and skeletal muscle troponin
C (TNNC2) decreased over fasting (fold-change: TNNC2 0.08,
APOA4 0.14, LMCDI1 0.20, ALDOA 0.39; Fig. 4; Table S5).
The largest number of differentially abundant proteins (DAP;
n=53) was detected in plasma, despite this tissue having the lowest
number of identified proteins compared with the two others. The
abundance of 29 plasma proteins increased, while 24 proteins
decreased over fasting (Figs 4 and 5; Table S5). Plasma proteins that
increased in abundance with fasting were associated with lipid and
steroid transport (apolipoproteins APOA2, APOM and APOAL;
corticosteroid-binding globulin, SERPINAG6), lipid catabolism
(zinc-alpha-2-glycoprotein, AZGP1; CDS5 antigen-like, CDSL;
properdin, CFP; pigment epithelium-derived factor, SERPINF1),
adipogenesis (tetranectin, CLEC3B), complement system (e.g.
complement C3), blood coagulation (e.g. coagulation factor F10),
immune response and inflammation (e.g. immunoglobulin heavy
chain constant mu, IGHM; beta-2-macroglobulin, B2M), biotin
metabolism (biotinidase, BTD) and blood pressure regulation

(angiotensinogen, AGT). Plasma proteins that decreased in
abundance over fasting included apolipoproteins APOE, APOA4
and APOC3, acute phase proteins and hepatokines (alpha-2-
macroglobulin, A2M; orosomucoid, ORMI; hemopexin, HPX;
fetuin B, FETUB), coagulation factors (e.g. fibrinogen, FGA),
proteins involved in iron and oxygen transport (serotransferrin, TF;
hemoglobin subunit A, HBA), and the extracellular chaperone
protein clusterin (CLU), among others (Figs 4 and 5; Table S5).

Lastly, we examined protein abundance in plasma samples
obtained from two of the study animals upon their return to the
rookery at the beginning of the breeding season, after over 7 months
of foraging. Five plasma proteins increased in abundance over
foraging (early breeding versus late molt): apolipoproteins APOE
and APOA4, acute phase proteins ORMI and ITIH4, and
complement component C6 (fold-change: APOE 11.16, APOA4
3.86, ORM1 3.60, ITIH4 2.81, C6 1.96; Fig. 6; Table S5). Six
proteins decreased in abundance over foraging: APOAI1, albumin,
coagulation factor F10, complement component C4A, and proteins
associated with neutrophil degranulation (alpha-1B-glycoprotein,
A1BG) and inflammation (attractin, ATRN; fold-change: F10 0.30,
ATRN 0.41, C4A 0.47, AIBG 0.54, ALB 0.62, APOA1 0.63;
Fig. 6; Table S5).

To assess the potential functional consequences of changes in
abundance of proteins associated with cortisol and lipid transport
over fasting and foraging, we measured circulating levels of cortisol,
TG, TC, HDL and LDL/VLDL in the same animals. Cortisol levels
increased by a mean of 11.90-fold over the molt (F 4,=77.60,
P=0.00092; Table S1) and decreased over foraging (0.62-fold and
0.88-fold). Total TG levels did not differ between early molt and
late molt (£ 40=0.48, P=0.52, Fig. 7A; Table S2), but increased
between late molt and early breeding (2.13-fold and 1.26-fold). TC
levels decreased by a mean of 0.89-fold over the molt (F; 4 o=13.16,
P=0.022; Fig. 7B; Table S2), but did not change appreciably over
foraging (1.11-fold and 0.99-fold). HDL levels did not change
significantly over fasting (F; 40=4.10, P=0.11; Fig. 7C; Table S2).
LDL/VLDL levels decreased marginally, by a mean of 0.82-fold,
over the molt (F 40=6.57, P=0.062; Fig. 7D; Table S2). HDL and
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Fig. 2. Proteome profiles of blubber, muscle and plasma during molt. Metabolic pathways that were significantly overrepresented (adjusted P<0.05) in adult
female NES blubber (A), skeletal muscle (B) and plasma (C) proteomes relative to the human proteome background. Overrepresentation analysis was conducted
using Enrichr against the human WikiPathways database. Size of dots is scaled by the number of identified NES proteins mapping to each pathway, while color is

scaled by adjusted P-value.
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Fig. 3. Principal components analysis (PCA) plots of

A Plasma ! proteome data during molt. Plasma (A), skeletal muscle
! (B) and blubber (C) proteome data from adult female NES (n=5
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LDL/VLDL levels did not change consistently over foraging in the
two animals sampled during early breeding (HDL: 0.88-fold and
1.07-fold; LDL/VLDL: 1.29-fold and 1.07-fold).

DISCUSSION

Capital-breeding marine mammals such as NES have adapted to
undergo periods of foraging and fattening at sea followed by
extended periods of complete fasting on land. The latter is remarkable
in that elephant seals do not reduce energy expenditure during fasting.
They maintain high rates of lipid oxidation and low rates of protein
catabolism for its duration, which can last up to 4 months in breeding
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adult males (Champagne et al., 2012). Some of the endocrine and
molecular mechanisms that regulate fasting metabolism in seals have
been identified, including increases in corticosteroid and thyroid
hormones, insulin resistance, alteration in adipokine signaling and
expression of metabolic enzymes and transporters, and antioxidant
defenses (Ensminger et al., 2021; Fowler et al., 2018; Rzucidlo et al.,
2021). However, they have not been examined at the systems level in
multiple tissues simultaneously. In this study, we used a non-targeted
approach to identify changes in protein abundance across three
tissues — blubber, muscle and plasma — over a fasting period
associated with molting in adult female NES.
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Mass loss during fasting

Females lost a third of their body mass, or approximately 3 kg per
day, during 5 weeks of fasting coupled with extremely rapid
(‘catastrophic’) molting. However, body composition did not
change significantly over the molt, as has been previously
reported in this species (Worthy et al., 1992). Of the total mass
lost by adult female NES during the molt, 41% has been attributed
to fat, 14% to pelage, 25% to water and 20% to fat-free mass, which
contributes additional water (Worthy et al., 1992; Wright et al.,
2020). Water flux measurements have determined that over 90% of
metabolic demands were met by lipid oxidation in molting seals,
with some protein turnover serving to support rapid pelage synthesis
(Worthy et al., 1992). We hypothesized that mechanisms that
regulate fat-based metabolism and limit net protein loss during
fasting would be reflected in proteomes of the main energy-
provisioning and energy-utilizing tissues in NES.

Proteome analyses

We identified 1053 protein groups in blubber, 711 in muscle and
260 in plasma of fasting NES, many of which have not been
previously studied in this species. Surprisingly, we found that NES
blubber and muscle proteomes were remarkably stable over
28-37 days of fasting. This suggests that protein turnover in these
tissues may be tightly controlled in a mammal adapted to prolonged
fasting. Alternatively, the relatively high abundance of structural
proteins, such as extracellular matrix components in blubber and
contractile proteins in muscle, may have reduced the sensitivity of
detection of metabolic enzymes and signaling molecules, which are
produced in lower abundance. A small sample size and high
individual variability also constrained our power to detect additional
differences between early and late fasting in muscle and blubber.
Despite these limitations, we detected highly consistent changes in
apolipoprotein abundance across three tissues and identified over 50
differentially abundant proteins in the plasma of fasting seals

(Fig. 8).

Skeletal muscle response to fasting

The proteins that were differentially abundant over fasting in
skeletal muscle of NES suggest metabolic and structural
adjustments to fasting and inactivity and putative protective
mechanisms against oxidative damage. The sole protein that

Fig. 6. Plasma protein abundance from molt to early breeding.
Heatmap showing log,-transformed and scaled abundance of
plasma proteins (rows) of two adult female NES sampled early
1.0 and late in their molting fast (early molt, late molt) and upon return
from a ~9 month post-molting foraging trip (early breeding). Rows
were hierarchically clustered by Euclidean distance.

increased in abundance in muscle during fasting was FTL. This
transport protein sequesters free iron inside cells to prevent the
generation of reactive oxygen species (Halon-Golabek et al., 2019).
FTL may be a key component of antioxidant defense in seal muscle,
which has some of the largest myoglobin stores, and thus iron
content, in mammals (Hassrick et al., 2010). Studies in mice have
also shown that impairment of the insulin signaling pathway or
treatment with adiponectin causes an upregulation of FTL,
increasing cellular resistance to oxidative stress (Halon-Golabek
et al., 2019; Tkegami et al., 2009). We hypothesize that the increase
in FTL abundance, potentially due to insulin resistance, may
contribute to the remarkable tolerance to oxidative damage in
fasting seals (Ensminger et al, 2021). Muscle proteins that
decreased in abundance during fasting included ALDOA,
LMCD1 and TNNC2. ALDOA transcripts were also
downregulated in the muscle of the same animals over fasting
(Wright et al., 2020), suggesting that this glycolytic enzyme may be
regulated, in part, at the transcriptional level. Aldolase
downregulation may play a role in shifting substrate utilization
from carbohydrates to lipids and is consistent with the decrease in
glucose oxidation reported in late-fasted NES (Houser et al., 2012).
LMCDI1 is a positive regulator of muscle mass that stimulates
protein synthesis by activating IRS1 and AKT (Ferreira et al., 2019),
which decrease during fasting in NES (Viscarra et al., 2011). A
decrease in LMCD1 abundance may serve to limit protein synthesis
in muscle during molting in order to preserve amino acids for skin
and hair growth. TNNC2, a sarcoplasmic protein that regulates
muscle contraction, increases in abundance in response to exercise
in humans (Vann et al., 2020), and decreases in abundance during
fasting in fish (Zhang et al., 2021). Its decline in seal muscle during
fasting is consistent with reduced activity during terrestrial molting
(compared with foraging) in NES. Together, these data suggest
potential shifts in carbohydrate metabolism, antioxidant defenses
and energy-sparing mechanisms in NES muscle during fasting.

Apolipoprotein dynamics during fasting and feeding

Alterations in apolipoprotein abundance dominated blubber,
plasma and muscle proteome responses to fasting and the plasma
response to feeding. Apolipoproteins associated with lipogenesis
and TG accumulation (APOA4, APOE, APOC3) decreased, while
those associated with lipid mobilization and HDL function
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(APOA1, APOA2, APOM) increased over fasting in NES.
Apolipoproteins AIV and E emerged as the most definitive
markers of nutritional state in NES. Their abundance decreased in
plasma and blubber over fasting and increased in plasma after
foraging. APOA4 also declined in skeletal muscle over fasting. In
mice and humans, APOA4 is expressed primarily by enterocytes of
the small intestine in response to lipid ingestion (Su and Peng,
2020); its expression in other tissues has not been described. It
mediates chylomicron assembly in the small intestine and stimulates
lipid uptake into cells by increasing the activity of lipoprotein lipase
(LPL) (Qu et al., 2021; Zhu et al., 2020). APOA4 levels increase
with feeding and decrease with fasting in mice (Wang et al., 2015),
similar to our NES results. Recent studies have shown that APOA4
is also involved in stimulating insulin secretion, promoting glucose
uptake by peripheral tissues via the PI3K—Akt pathway, inhibiting
hepatic gluconeogenesis, and suppressing food intake (Li et al.,
2017; Quetal., 2019; Wang et al., 2015). Its decrease during fasting
in NES may contribute to glucose sparing during prolonged fasting
and is consistent with the hypoinsulinemia, insulin resistance, a high
rate of endogenous glucose production and a fasting-associated
decrease in Akt phosphorylation described in this species (Fowler
etal., 2018; Viscarraetal., 2011). A decline in APOA4 levels across
multiple tissues may also serve as one of the orexigenic signals for
departure from the rookery at the end of the fast.

APOE, a major component of VLDL, is expressed in liver and
adipose tissue and has been shown to mediate triglyceride
accumulation, lipogenesis and adipogenesis in humans and mice
(Su and Peng, 2020). APOE expression increases in response to a
high-fat diet and decreases in response to caloric restriction and
fasting in mice (Huang et al., 2007). Specific APOE ablation in
mouse adipose tissue enhances lipolysis, fatty acid oxidation and
insulin sensitivity, and increases the expression of adiponectin, an
adipokine that stimulates fatty acid catabolism (Jiang et al., 2021).
Our previous work showed that adiponectin expression in blubber
increases over the molting fast in adult female NES (Khudyakov
etal., 2019). A decline in APOE levels over fasting may contribute
to adiponectin upregulation and the high rates of lipid catabolism
seen in fasting NES (Fowler et al., 2018). While a higher abundance
of APOE in early fasting may promote insulin resistance, decreased
levels in late fasting may increase insulin sensitivity in preparation
for foraging and fattening at sea. In contrast, an increase in APOE
(and APOA4) abundance over foraging likely facilitates fat
deposition and accumulation.

APOC3 levels decreased, while APOA1, APOA2 and APOM
increased in plasma over fasting. In contrast, APOA1 abundance
decreased after foraging. APOC3, a constituent of VLDL, is a known
inhibitor of LPL and lipolysis of triglyceride-rich lipoproteins in
humans (Borén et al.,, 2020). APOC3 overexpression in mice
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stimulates de novo lipogenesis and VLDL production, while its loss
of function results in reduced TG accumulation (Su and Peng,
2020). APOA1l, APOA2 and APOM are HDL components
associated with lipid turnover in mice and humans. APOAI1
upregulates lipases and increases fatty acid oxidation, while
APOM inhibits TG uptake by adipose tissue and promotes insulin
resistance; both reduce hepatic TG accumulation (Christoffersen
et al.,, 2018; Hajny et al., 2021; Su and Peng, 2020). APOM
expression in adipose tissue increases with caloric restriction, and
decreases with obesity in humans (Sramkova et al., 2019), similar to
our findings in NES. Lastly, APOA2 has been positively correlated
with circulating free fatty acid levels and insulin resistance in
humans (Weng and Breslow, 1996). Together, the alterations in
apolipoproteins described in this study suggest additional
mechanisms that regulate lipid metabolism and sensitivity to
insulin in fasting and feeding NES (Fowler et al., 2018).
Specifically, apolipoproteins likely contribute to suppression of
lipogenesis and maintenance of high levels of lipid mobilization
during fasting.

Plasma response to fasting

Other plasma proteins that responded to fasting in NES have known
roles in lipid metabolism. Those that increased in abundance over
fasting included cytokines, adipokines and complement proteins
associated with lipid catabolism and insulin resistance (CDSL,
AZGP1, SERPINF, CFP, CLEC3B), while those that decreased
were associated with lipid storage, adipogenesis, obesity and insulin
sensitivity (ORM1, HPX, FETUB, CLU). ORM1 was also one of
the proteins that increased in abundance over foraging. CD5L
(AIM), the second most highly increased protein in plasma, is a
cytokine produced by adipose tissue-associated macrophages that
stimulates lipolysis and decreases lipid droplet size by inhibiting
fatty acid synthase in mice (Kurokawa et al., 2010). AZGP1 and
SERPINF are adipokines that promote lipolysis and insulin
resistance in mice and humans (Huang et al., 2018; Wei et al.,
2019). Circulating AZGP1 levels in humans are correlated with [gM
(Weietal., 2019), which also increased in abundance over fasting in

Fig. 8. Summary of differentially
abundant proteins (DAP) that were
identified in adult female NES over

5 weeks of fasting. Skeletal muscle (left),
blood plasma (center; not all plasma DAP
are shown) and blubber (right). DAP that
increased in abundance over fasting are
shown in yellow, while those that
decreased are shown in blue. Putative
functions of DAP were inferred from the
literature. DAP that were identified in
multiple tissues are indicated by a bold
outline. Together, changes in protein
abundance likely facilitate lipid catabolism
and insulin resistance during fasting.
Triglyceride-rich lipoprotein: chylomicron,
VLDL. BP, blood pressure. Created with
BioRender.com.

Blubber

Y
’

lipid storage
insulin sensitivity

NES. The complement protein CFP inhibits fatty acid uptake and
TG synthesis in mouse adipocytes (Gauvreau et al., 2012). In
contrast, the acute phase protein ORMI inhibits lipolysis and
promotes insulin sensitivity in mice (Lee et al., 2010). HPX is a
heme-scavenging plasma protein that increases in response to a
high-fat diet and stimulates adipogenesis in mice (Lawson et al.,
2017). The hepatokine FETUB is associated with liver steatosis in
humans (Meex et al., 2015). CLU is a molecular chaperone of
secreted proteins that is positively associated with adiposity and
liver steatosis and negatively associated with APOAI1 levels in
humans and mice (Wittwer and Bradley, 2021). Together, lipolysis
during fasting in NES may be stimulated, in part, by an increase in
abundance of pro-lipolytic factors such as AZGP1 and a decrease in
abundance of anti-lipolytic proteins such as ORMI. Lipid
mobilization may also be facilitated by a reduction in abundance
of lipogenic factors such as CLU. In contrast, an increase in ORM1
abundance during foraging likely facilitates lipid storage.

Other differentially abundant plasma proteins of interest included
SERPINAG6 (CBG) and AGT, which increased over fasting. Cortisol
increases across most NES haul-out periods and may promote the
high rates of lipolysis that characterize fasting in this species
(Crocker et al., 2014b). Cortisol also increased significantly over
fasting in this study; a parallel increase in CBG levels across fasting
may regulate accessibility of this hormone, which has significant
impacts on immune and reproductive function, to some tissues
(Sapolsky et al., 2000). An increase in CBG at the end of the molting
fast in adult female NES may facilitate embryo implantation by
buffering reproductive tissues from prolonged exposure to high
cortisol levels. AGT is produced by the liver, adipose tissue and
kidneys and serves as the substrate for the renin—angiotensin—
aldosterone system (RAAS), which regulates blood pressure (Lu
et al., 2016). The increase in circulating AGT over the molt in adult
female NES was consistent with previous work showing that Ang II,
another component of the RAAS, increased across fasting in adult
males (Ortiz et al., 2006). In contrast, adipose, muscle and plasma
AGT levels decreased during fasting in weaned NES pups (Suzuki
et al., 2013). The discrepancy between our data and that of Suzuki
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etal. (2013) may be explained by differences in physiology between
pups and adults as well as differences in sensitivity of analytical
methods (LC-MS/MS versus western blot). While increases in AGT
and other RAAS components may serve to maintain plasma volume
and osmolarity during fasting, they have recently been implicated in
obesity, insulin resistance and inflammation in humans and
laboratory systems (Lu et al., 2016). Further work will be
necessary to untangle the role of this system in marine mammal
fasting physiology.

Changes in circulating lipids during fasting

Coincident with changes in apolipoprotein abundance, we found
that TC and VLDL/LDL concentrations significantly declined,
while HDL and TG levels were unaffected by fasting in adult female
NES. Other studies of molting females have shown that TG levels
do not decrease significantly over fasting, presumably because of a
high rate of fatty acid re-esterification, which is typical in fasting
mammals (Crocker et al., 2014a; Fowler et al., 2016). Similar effects
of fasting on lipid profiles have been reported for adult male NES,
although a decrease in TC and LDL levels was only noted during
breeding, but not during the molting fast (Tift et al., 2011). In mice,
fasting decreases the expression of enzymes involved in cholesterol
synthesis by downregulating the transcription factors SREBPI and
SREBP2 (Horton et al., 1998). The decrease in TC levels observed
in fasting NES may result from a similar reduction in cholesterol
synthesis. The marginal decrease in VLDL/LDL levels observed in
this study may be attributed to cholesterol mobilization for
steroidogenesis, as corticosteroid levels generally increase over
fasting in NES (Fowler et al., 2018). In addition, delayed
implantation of an egg fertilized at the end of the previous
breeding season is thought to occur at some point during the molting
fast (Ling and Thomas, 1967), which would necessitate increased
synthesis of progesterone. In contrast, HDL was maintained at high
levels during the molting fast in adult female NES, similar to males,
potentially as a protective mechanism against oxidative stress
associated with prolonged fasting and sleep apneas on land (Brites
etal., 2017; Ensminger et al., 2021). We propose that an increase in
abundance of APOAl, APOA2 and APOM over fasting may
contribute to the maintenance of high HDL levels and its
antioxidant properties in NES (Brites et al., 2017).

Conclusions

This study is the first to use LC-MS/MS to examine changes in
protein abundance in multiple tissues over prolonged fasting in a
free-ranging marine mammal. While the blubber and muscle
proteomes were surprisingly stable over fasting, we identified
changes in abundance of many circulating proteins that are secreted
by the liver and other tissues which cannot be easily sampled from
free-ranging marine mammals. Our findings suggest that changes
in abundance of a suite of apolipoproteins, adipokines and
hepatokines may underlie metabolic transitions between feeding
and fasting. These changes include a decrease in the abundance of
proteins associated with lipogenesis and an increase in the
abundance of proteins associated with lipid catabolism over
fasting. Together, these data provide insights into metabolic
regulation during prolonged fasting in mammals, as well as
protein sequence data for further studies in marine mammals.
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