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True, phocid seals have the shortest known lactations relative to body mass, during which mass transfer of adipose stores from mother to offspring occurs at an unrivalled rate and extent. The mothers of most species of seal fast until weaning whilst their pups gorge on the most fat-rich milks known. This results in a dramatic reduction in maternal blubber mass while pups may triple their body weights before weaning. Mothers mobilise their blubber fat, transport it via blood to their mammary glands and into milk, whilst pups transfer fat in the opposite direction, from their intestines, via blood, to their blubber. Using proteomic analysis of mother and pup sera from Atlantic grey seals, we find that this mirror image flux of lipids between mothers and pups is reflected in an almost inverse relationship in the proteins in their blood specialised to transport fats, lipids, and fat-soluble vitamins. For instance, apolipoproteins ApoB-48/100, ApoA-II and ApoA-IV, which are structural components of the main lipid carrier complexes such as chylomicrons and HDL particles, occur at much higher levels in pups than mothers. Meanwhile, carriers of fat-soluble vitamins such as retinol- and vitamin D-binding proteins are lower in pups and gradually build towards weaning. In contrast, sex hormone-binding globulin occurs at remarkably high relative concentrations in pups. There are therefore dramatic differences between, and an unrealised complexity in, the balance of proteins involved in the rapid transfer of fats and other lipids from mother to pups in preparing their offspring for their post-weaning fasts on land and eventual survival at sea before they can feed again.
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Introduction

True, phocid, seals engage in the most rapid transfer of adipose body mass from mother to offspring known among mammals, and have amongst the highest concentrations of fats in their milks (Berta et al., 2015; Crocker and Mcdonald, 2016). During their uniquely short lactation periods for their size, mother seals transfer sufficient nourishment to more than double their pups’ body masses (Berta et al., 2015; Crocker and Mcdonald, 2016), and this is achieved in most phocids while the mothers do not themselves feed (Schulz and Bowen, 2004; Rosen and Hindle, 2016). Mothers and pups have inverse fat mobilisation fluxes – mothers mobilise blubber fat into their blood, use it for fuel and also translocate it to milk - pups consume milk fats, digest, chemically process, and package them for release into blood, and thence for use as fuel or to build their blubber stores. At each stage the bulk of fat and other insoluble lipids are suspended in the aqueous phase by association with specific apolipoproteins and incorporated into large lipoprotein complexes. The proteins that do this in blood and milk are different, but their emulsification activities are similar. While the amount of lipids in transit to the mammary glands in a mother’s circulation may be similar in total to that in transit to blubber in their pups, the latter’s blood volumes are smaller, resulting in the need for pups to cope with higher fat concentrations in their sera. The fat and lipid transporter protein profiles may therefore be dramatically different between mothers and pups and change as lactation proceeds to its conclusion.

Blubber is a vascularized layer of subcutaneous adipose tissue found in all pinnipeds, sirenians and cetaceans to varying degrees according to differences in function. While it is the main lipid (and thus energy) store, the degree to which it is present can influence insulation, buoyancy, hydrodynamics and in some cases sound propagation [e.g. cetaceans; (Struntz et al., 2004)]. Most phocid species, with few exceptions (monk seals), live in temperate or polar seas, and many raise their pups exclusively on ice (e.g. Weddell, leopard, harp, hooded seals) (Schulz and Bowen, 2004). Mother seals must balance retention of sufficient blubber mass for survival during nursing and subsequent return to cold seas against providing their offspring with sufficient reserves to survive their own period of post-weaning fast before going to sea independently (Berta et al., 2015; Crocker and Mcdonald, 2016). At sea, seal pups have greater need for insulation and metabolic heating than adults because they have a higher surface area to volume ratio and consequent greater heat loss (Burns and Castellini, 1996; Noren et al., 2005). Moreover, since pups are not accompanied by their mothers they need to endure a period of time before they can hunt efficiently to replenish and enlarge their own blubber layers (Carter et al., 2017). Quite why phocids exhibit such short lactations remains in debate but is nevertheless compensated by the provision of such fat-rich milks. And the pups ingesting it must have sufficient means to process, package and distribute remarkably high levels of ingested fats through their blood to their own blubber.

Triglyceride fats ingested by pups will be emulsified by bile salts in their intestines, where they are hydrolysed to free fatty acids and monoacylglycerols (Sesorova et al., 2021). Along with cholesterol esters, these will be taken into enterocytes where monoacylglycerols will be synthesised back into triacylglycerols, loaded into lipid-rich particles that are rendered soluble by association with apolipoproteins, released into intestinal lacteals that feed into lymph entering the thoracic duct, and hence into the venous blood close to the heart (Sesorova et al., 2021). This route from the intestine to the blood avoids the portal vein and liver directly such that lipids can mostly bypass the active fat metabolism in the liver to reach adipocytes of the blubber. Smaller lipids, such as free fatty acids, may dissolve in the lipid cores of lipoprotein particles or be transported in proteins such as serum albumin that are not part of large lipoprotein complexes. Material in this route will also supply muscle, immune system, heart, and brain that need lipid for energy metabolism, cell growth, and development, and also provide developmentally important signalling lipids such as eicosanoids, lipidic hormones, and vitamins.

The Atlantic grey seal Halichoerus grypus is a typical capital-breeding phocid where mothers fast while rapidly provisioning offspring. In this species a pup may treble its initial body mass in eighteen days of nursing, during which a mother relies on stored reserves to maintain herself and her pup. Mothers consequently lose about 40% of their body mass comprising predominately lipid and protein stores (Pomeroy et al., 1999; Smout et al., 2020). We have examined the lipid transporter proteins engaged in the mass transfer of fats, those that carry small lipids such as fatty acids, and water-insoluble (“fat soluble”) vitamins and hormones in both mother and pup grey seals, from soon after birth until weaning. We found distinct differences in proportions of all these classes of transport proteins between mothers and pups, and there were dramatic changes in most of them from birth to weaning in pups. This highlights the dynamic complexity of the rapid provisioning by mothers and how their pups deal with an unrivalled flux of fats and developmentally important small lipids in a highly specialized lactation strategy.



Materials and methods


Animals and serum samples

Blood samples were collected from five free-ranging mother/pup pairs (see Supplementary A for details of animals sampled) on the Isle of May, Scotland (56.18°N 2.55°W), three of which were selected for serum proteomics. Four samples were collected from each mother and pup on days 2, 7, 13, and 17 or 18 or 19 days after birth – for simplicity, samples taken 17, 18, or 19 days are presented as being from day 18 throughout this report. In this species, mothers wean their pups between about 16 and 23 days after birth and return to sea, leaving their pups in the natal colony to continue development before they themselves go to sea independently after a further period of up to 40 days, during which time they do not feed (Bennett et al., 2010). All five pups had growth rates and weaned at masses within the normal range for grey seals in the British Isles (Pomeroy et al., 1996; Pomeroy et al., 1999). Their minimum durations of suckling ranged from 18-21 days. To avoid desertions by the mothers immediately after birth, the earliest samples were taken on day 2 post-partum. Mothers were tranquilised with an intramuscular mass-adjusted dose of Zoletil 100 (Virbac, Bury St Edmunds, Suffolk, UK), followed by intravenous oxytocin to stimulate milk let-down to provide milk samples as part of a larger study, blood was taken, and given a mass-adjusted intramuscular prophylactic dose of tetracycline after the day 7 and day 18 samples, as reported previously (Lowe et al., 2017; Watson et al., 2020; Watson et al., 2021; Mcgill et al., 2022). Blood was collected by venepuncture of either extradural vein or hind flipper plexus using 3.5in 16G spinal needle or 2in 19G Microlance needle (Becton Dickinson, UK) as appropriate into plain vacutainers and allowed to clot. Serum was separated by centrifugation within four hours of collection, frozen at -20°C and stored at that temperature or below and while sent to Glasgow for analysis. Samples from all five mother/pup pairs (pairs A to E) were collected, and three pairs (B, D and E) were selected for the proteomics. At each capture, mothers and pups were checked externally for signs of ill health or abnormal growth of pups which may have indicated underlying problems. Pups on breeding colonies risk being bitten or suffer injuries from neighbouring adults resulting in infections or trauma - no evidence of such was detected in our sample.



Tandem Mass Tag proteomics

This multiplex comparative proteomics technique provides relative abundances of detected proteins between six samples in one analysis run, and the technique used here is identical to that described in our previous paper (Mcgill et al., 2022). That paper used data acquired from the same three mother/pup pairs as here, having been selected from field observations indicating that birth had occurred within 36 hours after birth, and also that the final sample day occurred on the last day of lactation (pair E) or within three days of its termination (pairs B and D). Serum samples from a given mother that were taken on days 2, 7 and 18 after birth were analysed along with samples taken on the same days from her pup. This method thereby provides relative abundances (not absolute values) of serum proteins as they change in a mother and her pup within a single six-sample comparative multiplex run.

The overall protein concentrations in the sera of grey seal pups increases over time, most clearly due to immunoglobulin and other defence protein changes (Mcgill et al., 2022). We therefore chose to submit equal volumes of serum for TMT proteomics rather than equal amounts of protein in order to more accurately detect changes in individual proteins. Tryptic peptides were generated from each serum sample using the Filter-Assisted Samples Preparation (FASP) method (Wisniewski et al., 2009), omitting LysC enzyme digestion steps and using a 30kDa ultrafiltration spin column. Equal volumes of the resulting peptide samples were labelled with TMT 6-plex reagents according to the manufacturer’s instructions (Thermo Scientific). Each of the six samples derived from each mother/pup pair were labelled with a set of six isobaric TMT reagents. Samples were then combined in equal volumes to constitute three separate 6-plex sets, comprising sera from one mother and her pup. 6ug mixed, TMT-labelled peptides were dried and resolubilized in 20 µL 5% acetonitrile with 0.5% formic acid using the auto-sampler of a nanoflow uHPLC system (Thermo Scientific RSLCnano). Online detection of peptide ions was by electrospray ionisation (ESI) mass spectrometry MS/MS with an Orbitrap Elite MS (Thermo Scientific). Ionisation of LC eluent was performed by interfacing the LC coupling device to a NanoMate Triversa (Advion Bioscience) with an electrospray voltage of 1.7 kV. An injection volume of 5 µL of the reconstituted protein digest was desalted and concentrated for 12 min on trap column (0.3 × 5 mm) using a flow rate of 25 µl/min with 1% acetonitrile with 0.1% formic acid. Peptide separation was performed on a Pepmap C18 reversed phase column (50 cm × 75 µm, particle size 3 µm, pore size 100 Å, Thermo Scientific) using a solvent gradient at a fixed solvent flow rate of 0.3 μl/min for the analytical column. The solvent composition was A) 0.1% formic acid in water B) 0.08% formic acid in 80% acetonitrile 20% water. The solvent gradient was 4% B for 10 min, 4 to 60% for 170 min, 60 to 99% for 15 min, held at 99% for 5 min. A further 10 minutes at initial conditions for column re-equilibration were used before the next injection. The Orbitrap Elite was set to acquire a high-resolution precursor scan at 60 000 RP (over a mass range of m/z 380 – 1800) followed by CID fragmentation and detection of the top 3 precursor ions from the MS scan in the linear ion trap. The 3 precursor ions are also subjected to HCD in the HCD collision cell followed by detection in the Orbitrap. Singly charged ions were excluded from selection, while selected precursors were added to a dynamic exclusion list for 180 seconds.

MS/MS spectra were analysed for protein identification and quantification using Proteome Discoverer software 2.4 (Thermo Scientific). Protein identifications were assigned using the Mascot search engine (v2.6.2, Matrix Science) to interrogate protein sequences in the NCBIprot database using the taxonomy Caniformia and Phocidae datasets with a precursor mass tolerance of 10 ppm and fragment ion mass tolerance of 0.3 Da. Set modifications were addition of TMT 6-plex labels to lysines and N-termini, carbamidomethylation of cysteine (fixed) and methionine oxidation (variable), allowing for the possibility of iodination of tyrosines, deamination of asparagines and glutamines, and carbamidomethylation of peptide N-termini. Two missed cleavages for the trypsin digestion were permitted. Unique peptides were allowed for protein quantification in the consensus workflow, and normalization was designated for the total peptide amount with a scaling mode based on channels average per file. The quantification ratios were filtered based on fold change threshold equal to or greater than 1.5. The false discovery rate (FDR) was set at 5%.



Statistical analysis and graphing

Heatmaps with hierarchical clustering, variable importance projection (VIP) analysis, and Principal Component Analysis (PCA) were carried out using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/), for which the data were assembled for upload in MS Excel and then log transformed and normalised online with MetaboAnalyst 5.0. ANOVA with Tukey’s procedure and graphing were carried out using MetaboAnalyst and OriginPro 2021 software (OriginLab, Northampton, Massachusetts, USA), and both were used to create the figures and graphs. The Excel file in Supplementary B provides all the original data and statistical analysis from MetaboloAnalyst. OriginPro was used to create the statistical results tables for all of the graphs in the main text and are available in Supplementary A.




Results and discussion


Inverse abundances of lipid carrier proteins in the sera of mother and pups

The visual appearance of the serum of mother and pup grey seals taken from soon after birth to near weaning illustrates the dramatic differences in their fat concentrations and how they change with time (Figure 1). The earliest samples from pups are visibly less turbid than later (albeit also affected by recency of feeding), epitomised here by seal pup D (Figure 1). The differences in appearance likely reflect the concentrations of lipids, fats in particular, chemical modifications of the lipids in transit, or how they are packaged and emulsified for transport. An immediate question is how, if the quantities of fats in the bloodstream of pups are derived from fats transiting from blubber to mammary glands of the mothers, are maternal sera so much less turbid? This could be due at least partially to blood volume differences, but also how the lipids are transported in each. Triglyceride fats are particularly insoluble so are emulsified for transport in blood by inclusion in large, light-scattering, lipoprotein particles such as chylomicrons, LDL and HDL (Mehta and Shapiro, 2021), the structural components of which are the several apolipoproteins dealt with below. While we do not currently have direct measurements of fat content of mother and pup sera during lactation, and are aware of no published information on this for any phocid seal, the dramatic visual differences alone shown in Figure 1 prompt questions that can start to be answered by understanding the proteins involved in the mass distribution of fats in mothers and pups.




Figure 1 | Appearance of serum samples of mother and pup Atlantic grey seals at the times indicated after birth. Pups’ sera showed initial and increasing turbidity with time (also likely affected by time since suckling), indicative of increasing content of fats and other lipids, whereas maternal sera show little change. The turbidity of sera will be affected by both the content of fats and other lipids and how they are emulsified by incorporation into lipoprotein particles. The samples had been stored frozen until thawed. Adapted from supplement to ref. (Watson et al., 2020).



We used tandem mass tag (TMT) proteomics to compare lipid transporter proteins in mother and pup sera. This technique yields the relative abundance of a given protein species, but not absolute concentrations, between a set of six samples analysed simultaneously. We collected samples from three mother and pup pairs of grey seals. Each individual was sampled on three occasions from shortly after birth to near weaning, and the three samples from each mother together with the three samples from her pup were examined in parallel, in the same analytical run. For this we chose a time shortly after lactation had begun (day 2), when main phase lactation would likely have established (day 7), and as weaning may be imminent (day 18), omitting day 13 as likely similar to day 7. Our analysis was confined to lactating mothers and how their protein levels compare with resting levels in non-breeding females, or during season changes, remains to be established. Our methods do, however, follow changes in mothers relative to their pups throughout lactation.

Principal component analysis (PCA) reveals a dramatic divergence between lipid carrier proteins in mother and pup sera at all times between birth and weaning (Figure 2A). This is further emphasised in a heatmap of relative abundances of individual protein types shown in Figure 2B, which also includes hierarchical clustering dendrograms that clearly separate mother and pup sera, in addition to demarcating the proteins into two groups. Some proteins are clearly at higher abundances in pups relative to their mothers, and others exhibit the opposite. Variable importance projection analysis (VIP) of the data identifies proteins that best segregate mother and pup sera - those with VIP scores greater than unity are potentially the best discriminators (Figure 2C). These comprise a mixture of proteins involved in bulk transport of lipids and fats (apolipoproteins) along with proteins that are not involved in such complexes but bind small insoluble lipids such as fatty acids, fat-soluble vitamins, and sex hormones. These proteins are considered as three main groups below and we examine how individual proteins within a group change with time.




Figure 2 | Contrasting profiles of serum lipid carrier proteins in mother and pup grey seals with time after birth. (A) Principal component analysls based on log transformed relative abundance data for the proteins listed in (B). Values were obtained from TMT proteomics from three mother and pup pairs (pairs B, D and E) see Supplementary B) sampled on days 2, 7, and 18 after birth. (B) Heatmap with hierarchical clustering of the lipid carrier proteins. The heatmap was created with group averages (three pups on the given day after birth, three mothers on the given day). Note how the cluster dendrogram above the heatmap differentiates mothers’ sera from pups on all days. The day order is as automatically determined in the analaysis in comparing the overall protein balance in the grouped samples. A similar heatmap from the same dataset but for individual mothers and pups is given in Supplementary Figure S1. (C) Variable importance projection analysis (VIP) of the data. Proteins that have scores greater than 1 (indicated by the dotted blue line) best segregate mother and pup sera.





Lipid particle apolipoproteins

The main lipid-carrier particles in blood are, in descending size order and increasing density, chylomicrons, very low density lipoproteins (VLDL), low density lipoproteins (LDL), and high density lipoproteins (HDL) (Wasan et al., 2008). These comprise lipid-rich cores containing triglycerides, phospholipids, non-polar lipids, and cholesterol derivatives, held together by peripheral, surface-embedded apolipoproteins that may differ in content and proportion between particle types (Mehta and Shapiro, 2021). The proteins serve as structural components of the particles and allow them to be soluble but also act as agents in the exchange of lipids between different lipoprotein particles, bind to receptors on cell surfaces, and activate or suppress enzymatic modifications of lipids (Wasan et al., 2008).

Chylomicrons have the highest proportion of triacylglycerol fats to protein, are mainly produced in the intestine and liver, and contain isoforms of ApoA, ApoB, ApoC, and ApoE (Wasan et al., 2008; Mehta and Shapiro, 2021). Isoforms ApoA-II, ApoA-IV, and ApoB-48/100 are of particular note, all of which occurred at higher levels in pups than mothers, with ApoE increasing with time (Figure 3).




Figure 3 | Changes in apolipoproteins that contribute to lipoprotein particles - chylomicrons (the largest lipoprotein particles), LDL, HDL, etc. ApoB-48 is the main component of chylomicrons synthesised in the intestine as an abbreviated form of ApoB-100 which is instead mainly produced in the liver - interrogation of genome databases with the TMT proteomics data amalgamates the two proteins. The data for ApoA-1 shown here were obtained using TMT proteomic searches that identified this protein from the Weddell seal genome, and data indicating a less distinct trend as derived from the harbour seal genome are given in Figure S2; the amino acid sequences of ApoA-1 are at least 97% identical or identical between these and grey seals. See Supplementary Files A, B for for the statistical analysis of differences between mothers and pups for each protein for each sampling day.



The largest protein component of chylomicrons produced in the intestine is ApoB-48, This is encoded in the ApoB-100 gene but its mRNA is truncated by RNA editing to yield a protein comprising the first 48% of ApoB-100’s amino acid sequence (Fisher and Mcleod, 2021; Mehta and Shapiro, 2021). Full length ApoB-100 is synthesised in the liver and is a structural component of VDL and LDL, but not HDL or chylomicrons (Wasan et al., 2008). Both isoforms will be found in circulation, but ApoB-48 will be specific to chylomicrons produced in the intestine (Wasan et al., 2008). A prediction would therefore be that pup sera will be enriched in ApoB-48 to carry lipids from their intestines, while mothers’ sera would be depleted in ApoB-48 because they are fasting. The genome information interrogated with our proteomics data will automatically list both ApoB-48 and ApoB-100 present as the latter. But, when we examined the peptides yielded by the proteomics that were above detection levels in pups and mothers, we found 14 peptides matching ApoB-100, 13 of which are in the ApoB-48 section, so only one from the remainder of ApoB-100 (Supplementary Table S1). This is consistent with pups making more B48 than B100 to cope with bulk absorption and distribution of fats and other lipids, and that mothers make little of either.

The size of chylomicrons in circulation increases in high fat-fed animals (Sesorova et al., 2020) (which may contribute to the turbidity of pup sera seen in Figure 1), so the ratio of ApoB-48 to ApoB-100 may change in pups as the levels of fat in milk change with time [the synthesis ratios of other apolipoproteins in intestine versus liver also change with feeding or withdrawal of fat (Wu and Windmueller, 1979; Windmueller and Wu, 1981)]. The very high levels of ApoB (as ApoB-48/100) in grey seal pups relative to their mothers is also seen in pups of southern elephant seals (Marquez et al., 2007; Tift et al., 2011).

ApoA-1 is present as a major component of HDL particles in circulation (Wasan et al., 2008; Mehta and Shapiro, 2021). It is also present in chylomicrons, but their ApoA-1 is rapidly transferred to HDL particles in the blood (Wasan et al., 2008). Our proteomics searches produced ambivalent trends in mothers and pups with time. In one there was little change in either (Supplementary Figure S2), and in the other the pups had low levels at first that increased with time but did not reach maternal levels by weaning (Figure 3). ApoA-I is a component of HDL, so is involved in transport of cholesterol and phospholipids from the body’s tissues to the liver from where they are redistributed to other tissues (presumably including the mammary gland) (Wasan et al., 2008; Mehta and Shapiro, 2021). It would therefore be understandable for ApoA-I to be higher in mothers than pups, as seen in Figure 3.

ApoA-II was consistently about twice as abundant in pups’ sera than in mothers’. ApoA-II is the second most abundant protein in HDL particles and absent in the others (Wasan et al., 2008). HDLs have the highest proportion of protein to lipid amongst the lipoprotein particles and function to carry lipids from cells and lipoproteins to other tissues (Wasan et al., 2008). HDLs are important in delivering cholesterol to steroidogenic tissues such as the gonads and adrenals (Kuhbandner et al., 2021). Given the contributions of both ApoA-I and ApoA-II to particles such as HDLs, the observed inverse relationship of these two lipoproteins in mother and pup sera is puzzling if true – i.e. that ApoA-II abundance was higher in pups than females, while ApoA-I was higher in females than pups. ApoA-II is absent from chylomicrons, and ApoA-1 is present in those particles only transiently. The answer may therefore lie in the protein composition of HDLs, subclasses of which may have both these proteins or only ApoA-I (Blanchard and Francis, 2021). Or that the two proteins have differing roles in other physiological processes such as metabolic regulation and inflammation, or that there is a different attrition rate of ApoA-I in the kidneys of mothers and pups (Francis, 2016; Blanchard and Francis, 2021), and their abundances thereby differ.

In humans, ApoA-IV, like ApoB-48, is confined to chylomicrons formed in the intestine and, like ApoB-48/100, is more abundant in pups than mothers throughout nursing (Figure 3) (Wu and Windmueller, 1979; Qu et al., 2019)). Synthesis and secretion of ApoA-IV on chylomicrons in the intestine increases dramatically upon ingestion of fat (Windmueller and Wu, 1981; Qu et al., 2019), which may already have begun in pups by the time our first samples were taken. Even though our grey seals mothers are not feeding, they have detectable amounts of ApoA-IV in their sera, which could be due to, for example, mobilising the lipid from their intestinal tissues to contribute to milk fat, or residual amounts still in circulation from before their fast. However, it is not yet known whether seals, like some other mammals (e.g. mice and rats), produce ApoA-IV in their livers (Wu and Windmueller, 1979; Qu et al., 2019).

ApoC-III occurs in the most triglyceride-rich lipoproteins, chylomicrons and VLDLs (Mehta and Shapiro, 2021). It inhibits hepatic lipase and lipoprotein lipase and may reduce hepatic uptake of triglyceride-rich particles such that their passage to pups’ blubber is unimpeded (Mendivil et al., 2010). Indeed, elevated levels of ApoC-III in humans associates with the development of hypertriglyceridemia, and in null variants there is a reduction in plasma triglyceride levels (Mehta and Shapiro, 2021). ApoC-III increases linearly with time in the pups, which may be consistent with increasing levels of fat in their mothers’ milk and triglycerides in circulation (Mehta and Shapiro, 2021). Mothers exhibited similar amounts of ApoC-III on days 2 and 7 after birth, but the levels then dropped dramatically (Figure 3). This may also signal a dramatic change in lipid management as weaning approaches and mothers may be reaching starvation.

We only detected ApoE in two out of three mother/pup pairs, but its abundance nevertheless appeared to increase steadily over lactation in pups, yet decreased in mothers (Figure 3). ApoE occurs in all types of lipoprotein particle (Wasan et al., 2008; Mehta and Shapiro, 2021; Van Valkenburgh et al., 2021) and is important in lipid distribution because it interacts with the LDL-receptor, which is central to cellular acquisition and processing of triglyceride-rich lipoproteins (Wasan et al., 2008; Mehta and Shapiro, 2021). It is also produced by astrocytes of the nervous system and functions as the main vehicle for cholesterol transport to neurons and occurs at higher concentrations in cerebrospinal fluid relative to plasma than do other apolipoproteins (Rhea and Banks, 2021; Van Valkenburgh et al., 2021). But of most direct pertinence to the rapid accumulation of blubber mass in seal pups is that ApoE is directly involved in adipogenesis (Chiba et al., 2003; Zhang et al., 2017), which may explain a match with its increasing levels in pup sera with time.

Our fasting mother grey seals show broadly similar results to those from fasting, moulting adult female elephant seals in which plasma Apo-CIII and ApoE decreased with time, and Apo-I increased, although we did not see a decrease in Apo-IV and an increase in Apo-AII (Khudyakov et al., 2022). While both species were fasting during the sampling periods, fasting during lactation (when milk production is important) and fasting during moulting are likely to involve different apolipoprotein dynamics.



Albumin and related proteins

Free fatty acids and small lipids such as fat-soluble vitamins that are not dissolved within the lipid-rich cores of lipoprotein complexes can be carried in a range of other plasma proteins. The principal carrier of small fatty acids in plasma is serum albumin, which is the most abundant protein in plasma, accounting for about 50% of protein by mass. It also binds and circulates a wide range of compounds such as hormones and bilirubin (Wilton, 1990; Peters and Peters, 1996) - the latter is a potentially toxic breakdown product of haem that occurs at elevated levels in the serum of pup and mother grey seals (Watson et al., 2020). Albumin levels appear to be steady in nursing mothers and their pups throughout lactation in southern elephant seals (Marquez et al., 2007). In grey seals, we find that albumin occurs at similar levels in mothers and pups except the earliest samples in pups (day 2 after birth), in which albumin was substantially higher (Figure 4). This may be residual of high levels of albumin required in uterine life, or reflects other roles for albumin such as regulating the osmotic activity of blood (partly balancing the low total protein levels evident in neonatal pups; (Marquez et al., 2007; Mcgill et al., 2022), or the need for albumin to carry a range of other compounds immediately postpartum.




Figure 4 | Albumin and related proteins. Serum albumin is the most abundant protein in the plasma of mammals and carries fatty acids, other lipids, and a range of other compounds and mineral ions. Afamin and vitamin D-binding protein are evolutionarily related to serum albumin, and each are known to bind lipids, though less is known about them, afamin in particular. Alpha foetoprotein is also in the albumin family, is considered to perform a similar role to albumin in the foetus, is usually found in the serum of mothers and offspring for a period after birth, but was not detected by our proteomic analysis in these grey seal sera.



Serum albumin is evolutionarily related to the proteins afamin, vitamin D-binding protein, and alpha-foetoprotein that transport small apolar compounds. Afamin is poorly understood but is considered to be a vitamin E carrier at least (Dieplinger and Dieplinger, 2015; Altamirano et al., 2018; Tramontana et al., 2018). Vitamin D-binding protein transports this fat-soluble vitamin which is best known for involvement in skeletal development but has a wide range of other activities including in the immune system (White and Cooke, 2000; Kew, 2019; Bouillon et al., 2020). Unlike albumin, however, these two proteins occurred at levels about half of maternal levels throughout the nursing period in grey seals (Figure 4). Alpha-foetoprotein is the most abundant plasma protein in the human foetus and is considered to be the functional equivalent of albumin in utero (Glowska-Ciemny et al., 2022). In some mammals it is thought to bind and sequester sex hormones so as to avoid aberrant development of gonadal tissue and brain (Bakker and Baum, 2008). In humans, alpha-foetoprotein decreases rapidly after birth in both neonates and mothers (Glowska-Ciemny et al., 2022). But, despite its presumed abundance in seal foetuses, we did not detect it in the serum of either pups or mothers.



Vitamin and hormone-binding proteins

Unexpectedly high relative levels of sex hormone binding globulin (SHBG) were found in pups on day 2 after birth, but SHBG fell to near maternal levels by weaning (Figure 5). Hormones such as testosterone and oestradiol bind to and circulate in both albumin and SHBG, with very little free in the aqueous phase (Simons et al., 2021). SHBG thereby sequesters these hormones and regulates their bioavailability that may otherwise have inappropriate effects in development of tissues including gonads and the brain (Simons et al., 2021). In contrast to pups, levels of SHBG in maternal serum were stable throughout the nursing period. Without reference samples from non-breeding adult females or males, however, it is not possible to determine the significance of its low abundance (relative to pups) and steady presence in lactating females during lactation.




Figure 5 | Vitamin and hormone-binding proteins. Sex hormone-binding globulin is present at substantially higher levels in pups than in mothers. Retinol (vitamin A)-binding protein (RBP4 isoform) carries retinol in plasma and is found non-covalently associated with transthyretin (which carries the thyroid hormone thyroxine), the resulting complex being large enough to prevent retinol binding protein passing through the kidney filter and excreted. See Supplementary Figure S2 for a graph of the relative concentrations of retinol-binding protein and transthyretin showing similar trends.



Retinol (vitamin A)-binding protein 4 (RBP4) levels were stable in mothers, whilst pups had low levels at first that eventually increased to maternal levels. Retinol has critical roles in physiology, development, and the immune system, in addition to providing the precursor for visual pigment, retinal (Steinhoff et al., 2022). It is also a precursor of a range of retinoic acid isoforms that are involved in development, cellular differentiation, and the immune system (Steinhoff et al., 2022). RBP4 is the main carrier of retinol in blood and is highly specific for its ligand (Steinhoff et al., 2022). Retinol is water-insoluble and highly susceptible to oxidation, so RBP4 is crucial to its safe distribution to cells and tissues requiring it (Steinhoff et al., 2022). RBP4 is a relatively small protein (~21,000 Da) that would pass through the kidney glomerular filter and be lost to urine were it not in complex with transthyretin, the thyroxine transporter, resulting in a 1:1 stoichiometric complex of about 80 kDa in mass that is above the kidney threshold (Cioffi et al., 2021). The gradual rise in RBP4 levels in pups was mirrored by that of transthyretin (Figure S3). This rise in RBP4 may accommodate or explain the increasing concentration of retinol in phocid seal milk as lactation proceeds (Simms and Ross, 2000; Debier et al., 2012), where it is then stored in blubber and liver (Mos and Ross, 2002), presumably to support developmental needs during both lactation and the post-weaning fast.

Intriguingly, RBP4 is now also recognised as an adipokine with several roles in metabolism including insulin regulation (Aigner and Datz, 2011; Nankam and Blueher, 2021; Flores-Cortez et al., 2022; Ji et al., 2022). It is secreted by the liver and adipocytes such that the increase in serum RBP4 in pups with time could be directly due to the increase in blubber adipocyte mass, and it may play other important roles in controlling the metabolism in pups as they accumulate extensive body stores in preparation for weaning.



Concluding remarks

Phocid seals exhibit a highly specialized lactation strategy in the quantity and rapidity with which they transfer lipid stores from mother to offspring. We asked in what ways the near inverse route of lipid flux (from blubber via blood to mammary glands in mothers/intestines via blood to blubber in pups) is reflected in the balance of lipid carrier proteins in their respective sera.

We found dramatic differences along with progressive changes in pups until weaning. Consistent with highly active absorption of fat from the intestines of pups, and its mass export from the intestines to the circulation of pups, the apolipoproteins that were persistently elevated in their sera were those associated with chylomicrons, and were at low levels in their fasting mothers. This prompts a question for future studies - how do the protein profiles in pups change when their fat-rich food supply abruptly terminates, and they enter and endure a post-weaning fast. Is there a full conversion to profiles similar to their fasting mothers as pups consume rather than build their blubber stores (Rosen and Hindle, 2016; Secor and Carey, 2016)?

The lipid carrier protein profiles we describe should be indicative of the state of the gut - highly active in the pups, quiescent in the mothers. Intestinal tissue mass in mothers may regress during lactation, and that may then apply also to pups during the post-weaning fast, perhaps alongside changes in their gut microbiomes. So, would the apolipoproteins they produce abruptly change upon weaning? For instance, do the intestine and chylomicron-specific ApoB-48 and ApoA-IV disappear from circulation in fasting pups, and the only form of ApoB-48/100 to persist is ApoB-100?

The increasing and continued presence of lipophilic pollutants such as polychlorinated biphenyls (PCBs) in polar mammals including seals is increasingly concerning (Debier et al., 2003a; Debier et al., 2003b; Wolkers et al., 2004; Mos et al., 2007; Vanden Berghe et al., 2010; Debier et al., 2012; Vanden Berghe et al., 2013). These toxins partition into adipocyte stores and are mobilised to lethal or hormone-disruptive effect under starvation conditions. Such pollutants that accumulate in blubber stores of mother seals may be mobilised into their blood, transferred via their fat-rich milk to pups, accumulate in their blubber, then released during post-weaning fast. The proteins considered here, the apolipoproteins and the lipidic particles they build, are likely the main conduits of the transfer of a potentially lethal legacy from milk to the blubber stores of seal pups.

While our focus here is on the lipid transporting activities of the apolipoproteins, they and their receptors on cells ranging from adipocytes to brain cells are involved in immune defence or as conduits for entry of viruses into cells (Clark et al., 2022). Isoforms of ApoE, for instance, are inhibitors of C1q, which is an early component of the classical pathway of complement, but not of the alternative or lectin pathways (Yin et al., 2019). C1q is activated by antigen:antibody complexes [though immunoglobulin levels are unusually low in seal pups (King et al., 1994; Mcgill et al., 2022)], or by C-reactive protein [associated with inflammation and also at low relative levels in grey seal pups (Mcgill et al., 2022)], to trigger cell lysis or opsonisation of pathogens, or initiate inflammatory reactions (Parham, 2021). It could therefore be that the elevated levels of ApoE in pups act to control inappropriate activation of C1q, which would align with our previous finding that complement and certain proteins of the innate immune system are of reduced capacity in grey seal pups (Mcgill et al., 2022). ApoA-1 is similarly involved in aspects of innate immunity, being involved in the control of inflammatory reactions (Yao et al., 2016); it binds bacterial lipopolysaccharide (Ma et al., 2004; Li et al., 2008), and, in humans, it is involved in the killing of trypanosomes (Harrington et al., 2009). In contrast to the activity of apolipoproteins in immune defence is the role of their cell surface receptors in infection - VLDL and ApoE, for instance, are known to facilitate cellular infections by alphaviruses (Clark et al., 2022).

The remarkable differences between the apolipoprotein profiles of mother and pup seals, and their time courses from birth to weaning, may not only be relevant to understanding the specialized lactation strategy of phocids, but could also have implications for the transfer of pollutants to pups, and their susceptibility to infections. Cessation of maternal feeding in advance of and during lactation is unusual amongst mammals, phocid seals, some cetaceans, and hibernating bears being notable exceptions (Crocker and Mcdonald, 2016). Although the brevity of lactations in phocids remains unique. It is tempting to consider that the changing pattern of lipid transporter protein profiles we found in true seals may also apply to these other groups of marine mammals, albeit with different time scales.
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