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PHYSICAL AND CHEMICAL CHARACTERIZATION OF THE SERUM LIPOPROTEINS OF
' MARINE MAMMALS :

(Abstract) Donald Lawrence Puppione

S

I have characterized some of the chemical and physical properties of

.L_the ultracentrifugal serum lipoprotein distributions of cetaceans (dolphins,

porpoises, and whales) and pinnipeds (seals, sea lions, walruses). The com-
plete ulfracentrifugal distributions of the seruﬁ lipoproteins.ére presented
in terms of fuily corfectéd schlieren diagrams. Data on the chemical com-
position and serum concentration of the lipid moieties of the three major
classes of lipoproteins (total very low density lipdproteins, VLDL,-d < 1.006
gm/cc; low density lipoproteins, LDL, d: 1.006-1.C63 gn/cc; high density
lipoproteins, HDL, d: 1.063-1.21 gm/cc) are pfesented.

In these marineimammals more than TO%‘of the lipids were found to be

aséociated with the HDL class. In both orders, serun concentrations of lipo-

- proteins in the total VIDL class were low. Distinct differences in the chemi-

cal and physical propertieshéf-serum lipoproteins were found between cetaceans

..fand pinnipeds. Serum concentrations of HDL and of total lipids Were higher

in the sera of pinnipeds. In both the low and the high density lipoprotéin

distributions, the flotation peaks of the major components of cetaceans had

‘higher rates. Furthermore, in the case of certain cetaceans, cholesteryi

;ester rather than phospholipid was the predominant lipid of the HDL class.

A comparison of these data with similar data for terrestial mammals was made.

Differences between mammals were noted in terms of the predominant lipid in

‘both the IDL and the HDL classes. In all the marine mammals as well as the

- cow, the triglyceride content of the HDL lipid moiety was very low.
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I also carried out an evaluation of the relative distribﬁtions of
sefum lipoproteins in marine_and.terrestial mammals. The mammals were
categorried according to their generaliy presumed diét in the wild state
(i.e. herbivores, omnivores and carnivorés). I was able to suggest that
hepatic synthesis and secretion of triglycerides as influenéed by_the com-
position of the diet might bé a possibie factor in controlling the serunm
level of LDL.

The effect of fat ingestion on the chemical and physical properties
of the serum lipoproteins of seals was also studied. Very little fluctua-
tion was observed in the concentratidns and the chemical compositions of
IDL and HDL. The chief changes in serum lipids were increased triglyceride
concentrafions in the total VIDL class. A major difference between seal
| and human responses:ﬁb‘a high fat intake was the extent of the increase
in serum'concentration of S% 20-L00 lipoproteins. ‘In humans about 75% of
the serum ébncentration increase in the total VIDL class appears in the
84 20-400 class. This percentage ranged in values from 15% to 38% in the

seals. It was suggested that a rapid uptake of'cﬁylomicron fatty acids by
‘adipose tissue migﬁiwggbiain fhis difference between man and seals.

Another difference in serum lipids between seals and humans following
fat ingestion was in the cheﬁical composition of HDL. Unlike humens, there
. was no significanﬁ uptake of triglycerides by seal HDL. ﬁptéke»of tri-
glycerides by -human HDL has beenlassociatéd with the activity of the serum
enzyme, lecithin cholesterol acyl transferase, ILCAT. In vitro enzyme activ-
ity leads to a réciprocal transfer of triglycefides from VIDL to HDL and of
cholestéryl esters from HDL to VLDL. The éhemical compositibns of HDL and

- VIDL of marine mammals suggest that this transfer does notbtake place. More

unesterified than esterfied cholesterol was noted in the total VLDL class




-v-
of marine mammals. In addition, the serum concentration of triglycerides
in the HDL class of fasting and fed animals was low. Incubation studies
to evaluate the presence of ICAT in the sera of different marine mammals

indicated that there was no significant activity.
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‘insulator appears'to be 1ess.2

INTRODUCTION .

There are many maimmals whose neutral fat depots serve both as insulaﬁors

against heat loss andAas_energy reservoirs, especially during periods of
starvation, for essential endergonic processes. Such reliance upon
triglycerides, which comprise more thén 99% of the depot fat, is best

exemplified by two orders of marine mammals, the.cetaceans and the pinni-

peds, who not only live ih'the harsh environment of the ocean but also,

-in the case of certain species, fast for prolonged periods.

.Because the ocean is colder than their bodies and has a themmal

conductivity much higher than that of air, the need of marine memmals

" for heat insulation is readily apparent. To meet this need, these

~animels deposit triglycerides in a continuous layer of subcutaneous’

-1
adipose tissue.l There are no intra-abdominal fat cores. Pinnipeds
also have a coat of hair which varies in thickness with species and

affords them additional protection. Among_SPeCiGS possessing thick fur,

" the blubber is not as thick, and this reliénce on stored fat as an

Y

Besides serving as an insulator; depot fat appears to be the chief

source of energy for these marine mammals. This dépendence on depot

frilecerides is best demonstrated by those marine mammals which fast

for long periods,' Such animals are different from fasting, hibernating

'mamméls, which make physiological adjustments to conserve their fat.

'During hibernation the temperatures of these animals drop to about SOC,

3

and their metabolic rates are lowered. Rather than utilize their pro-

'

- tective subcutaneous fat, they derive most of thelr energy from the
intra-abdominal fat stores which completely disappear by the end of

. . 2 . i ' . . .
hikernation. - Hibernators also have brown adipose tissue which generates

the heat necessary to warm their bodies to 3TOC on arcmsal.l‘L In contrast,



mafine mammals are éb}euto survife‘sihgiteseossly beth the cold of their
environment and the siarvation of fasting:periods without the benefit of
-alternate fa£ stores or lowered}bpdy temﬁeratgses{v
It should also be noted that marine mammals are not inactive as
. are_the hisernators during their fast. Mest.of the obsef&ations on
s fasting pertain to pinnipeds. Among the,family Otariidae, harem bulls

of the Steller sea lion (Eumetopias jubatus), the Sodthern‘seaflion

(Otaria byronie), the Hooker's sea lion (Phocartos hookeri), and the

' jNorthern fur seal (Callorhlnus ur51nus) have been reported to fast for

>

as long as two months . During thls time, they mate frequently and

defend their terz;p'.tory.5 ,6 Examples of this behavior pattern are also

found in.the familyﬂPhocidae. Both the Southern and Northern elephant

seal (Mirounga leonina and Mirounga angustirostris) males fast and main-
fain harems for periods ef approximately two menths. The females of this

famlly of plnnlpeds also fast: whlle nurs1ng, and fastlng perlods of two

5,7

- weeks are common among several spec1es The Laysan nonk seal

(Monachus schaulnslandl) is belleved to fastldurlng a lactatlon period

>

of five weeks. During this time, the female mdnk seal loses two hundred

pounds whlle the pup gains about a.hundeed pounds. -This lossbof weight
results not only from fasting but also from the pfodsction of milk with
a high fat_gonteﬁt "(the percenﬁ ‘ofimilk fat ranges in value ffoxﬁ 20% to
.50%).5 Com?areble daﬁa eﬁ'fhe-fasfinglofAEeﬁaceans are just beginning to
- be gatherea.. Several species of Mysticeti< (baleen whales) are believea
" to fast whlle.mlgratlng over dlssances of ‘several thousand mlles 8,9

Prolonged periods of fasting have not been reported for any member of the

_suborder, Odontoceti (toothed whales).

Impoftance of dietary fats to marine mammals

To build up the Tat stores, pinnipeds and cetaceans apparenflyvrely




- fat.

v on‘dietary fat. There is a broad 81m11ar1ty between the hlghly unsatu—~

~rated fatty acid dlstrlbutlon of their depot fat and that of fish and
krill fat.lo 11 The percentage of carbohydrate in their food is less
than l% - an amountvtoo low to produce a significant.amodnt of'endogenous
12’;3 The best examole of low carbohydratevlngestlon can be found
‘in pups of certain plnnlpeds.‘ The mllk of the superfamlly Otarloldea is

low in carbohydrate.llL There is no detectable lactose in their milk,

" . and no other carbohydrate has been detected which could serve as a
. possible substitute for lactose. The major component in the diet of
marine mammals;is protein. Mnino acids can be converted into fat. Path--

ways which lead to pyruvi¢ acid can continue on to{acetyl Co A from which

fatty acids can be synthesized de novo. In an animal which has such
low amounts of carbohydrate in its diet, it is more likely that the-

pyruvate is converted into glucose. Only_lencine and isoleucine have

. metabolic pathways which lead to acetyl Co A. Attempts to develop

obese pigs on a high protein diet have proved to be difficult}JS

| 4The diet of the walrus, on the other hand, consists mostly of
protein and carbohydrate. The'wairus is known to ingest large amounts
of mollusks some of yhlch have a glycogen content greater than 10% of
5, 13

the dry welght The walrus most probably relies on 1ts dietary

carbohydrate for 1ts fat stores. Although no fatty acid analysis has

-been done on walrus fat, the expectation would be that it would be

15

relatively more saturated.

‘Data from enzyme studies are also suggestive that marine mammals

rely principally on dietary fat for'their adipose stores.. Enzyme assays

" have been carried out by Fried et al. on tissues (1iver, adipose, muscle,

kidney, heart, and brain) of the"Weddell_seal_(Leptonychotes weddelli).16

Y . :
They found that the activity of glucose-6-phosphate dehydrogenase was




. lower 'in the Weddell seal than in other mammals. This enzyme is involved
vln the first step of the shunt pathway for the dlrect oxidation of
glucose and yields the coenzyme, nicotinamide adenlne nucleotide phosphate,
which is required for the synthesis of fatty acids. Although these
~ workers recognized'thap.phds eoenzyme eould belgenerated by other pathways,
their results do suggest that the tissue of the Weddell seal might not

be capable of de novo fapty acid synthesis. To settle this issue,

further enzyme studles certalnly need to be done on other marine mammals.
lkNevertheless, 1t would appear that these anlmals have a llmlted llpogenle

eapacity and that theif adipoSe cells‘eontain primarllyddletary fats.

;Cthiderapions of the dieﬁ of these animals along with the above

mentioned‘enzymaticbstudieSvpoiht“out.phat mafine mammals have a - limited
lipogenic capacityvand.thap the fat in their adipose cells is primarily'
‘dietary in origin. The reliance of marine mammals on adipose tissue

as an insdlator and an energy source has already_been discussed. Although
detailed studies on thevspecific pathwayS'in fat metabolism in marine
mammals have not been done, it is reasonable to assume that comparable
mechanisms which have been found in other animais also exist in marine
manmals . The following is a brief diSCussion of some of these mechanisms

relating to the ingestion and transport of dietary fats in man and

animals.

Fate of dietary fats in the-bodyA .
| Dietary.fats, Which~are principally triglycefddes, are digested in
the small ihtestine. In the intestinal lumen, the triglycerides are
hydrolyzedvaStly to unesterified fatty acids and monoglycerides through
the action of u pahcreatic lipase. The long chain fatty aeids are absorbed

into the intestinul mucosul cells and are reesterified into triglycerides

The trig ]ycerlde, apparently then coalesce into a fut droplet and receive:
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a coat of protein. The protein coat is considered necessary not only to
stabilize the fat droplet in an aqueous medium, but also, as will be
discussed shortly, to somehow effect the release of the triglycerides

from the cell. The coated fat droplets'are'released into the lymphatics i

~and eventually enter the systemi¢ circulation yia the thoracic duct.

These particles when derived from lymph or blood are called chylomicra.
Several excellent reviews describing the digestion and absorption of
fat have been published.lT’ 18

Once in the blood stream, these triglycerides are then transported.

to body tissue. Either at the capillary surface or on entering tissue

. cells the triglycerides are hydrolyzed through the éction of lipoprotein

'lipase. ‘The constituent fatty acids are then reformed into other esters

or are degraded for energy purpdses insidevtheftissue cells.

| In the adipose cells, the fatty acids are~féincorporated into tri-
glycerides. Activated'giycerol,'albha—glycérol phosphate, is necessary
for trigl&ceride syntheéis. In thié regard, itvshould'be noted_that in
the enzymatic stgdi§§ gf Fried_gi al., the éétiﬁity of alpha glycero-

‘phosphate dehydrogenase in the Weddell seal was found to be roughly two

4.and five times higher in the adipose cells than in the kidney and liver

*cells respectively.l6 This enzyme.is necessary for the formation of

~ ractivated glycerol. The activity of alpha glycerophosphate dehydrogenase

~in the adipose tissue of the Weddell seal was more than twice that of

the adipose tissue of the mouse. This indicates that the Weddell seal

. i1s capable of a high rate of synthesis of'active glycerol for the

storage of fats. “Dependgng on the energy needs of the body, these
triglycerides can later be hydrolyzed. éﬁ%e fatty acids are released !
from the adipose cells into the systemic circulation and are transported

in the blood in a complex withvalbumin. The degradation of fatty acids



for ehergy purposes takes plaee inside the tissue cells. This degradation
can provide at least one-half of the energy requirements of a normal
19 '

human.

Hepatic synthesis of triglycerides

Blood triglycerides can also be cemposed of fatty acids resulting

from lipogenic mechanisms. - These fattyiaeidsvare synthesized from

acetyl Ce A aerived from carbohydrates and amino acids. The esterification
tef these fatty acids te form triglycerides occure primarily in the liver.
_Fatty acids complexed to albumin can alse be taken up by the liver and
: esterified. The liver has the capecity_either tq store such triglycerides
or to ineorporate them.into‘a iipoprotein eorplex for release into the
circulation. |

Physical and chemical differences between the triglyceride bearing

. lipoprotein released by intestinal and hepatic cells

‘Hepatic ceils release a triglyceride contaiﬁing particle which
differs from ehylomidra in physical and chemical properties. The data
" at this time indicate that in humans chylomicra have densities less

than 0.94 gm/cc, renge in diameter from 0.1 micron or greater, and

have the following chemical_composition: 81-89% triglycerides (TG),
6-10% total cholesterol (IC), 4-7% phospholipid (PL), and 1-2%

protein. On the other hand, the particles containing hepatogenous
triglycerideé have densities between 0.94-1.006 gm/cc, range in diameter

from 300-TO0A°, and have the following chemical composition: 57-68%
21

s

G, 15-18% TC, 12-14% PL, and 5-12%,protein.20’

The role of the protein moiety in triglyceride transport

Immunochemical studies have shown that at least two proteins are
normally present on the triglyceride containing particles released from

bdtp the intestinal and hepatic cells. It has also been demonstrated

Y
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that these two proteins are the ﬁrotein moieties of two distinct classés
of lipoproteins which have densities greater than 1.006 gm/cc.22 The
A and the B'proteins form the proteiﬁ moieties of alpha and beta lipo-
proteins respectively. The use of the terms alpha and beta liboproteins
is derived from the cht that'the’respéctive lipoproteins have the same
electrophoretic. mogility as.the alpha and beta globulins. The relation
between'thehelectrophoretic and ultracentrifﬁgal t%rminoloéy used to
descfibe serum lipoproteins willvbe discussed later.

The current theory of the role of the A and B proteihs in tri-
glyceride transportvis‘based on the following evidence. In humans,
the syndrome, abetalipoproteinemia, is associated with a defect in
releasing triglycerides from ceils.22 When such subjects are given
dietary fats, they are able to absorb the fat aﬁdtﬁo synthesize tri-
glyceride; in the mucosat cell. However, chylomié;a are not released -
intc the l§mphatics. Furthermbre on. a high carpphydrate diet, syn?hesis
of friglycerides willibécurvin:théir hépatic-célls, but no triglyceride
containing particles aré.released. iﬂvboth’cases, the intestinal and
hepatic cells become'engorged.with fat. A'marked reduction of.circu-
lating betavlipoproteinsnand £he aevelopment of fatty livers can also
be induced in rats by administering orotic acid with {;heir diet.23_
Orotic acid is an intermediatelin the biosyntheéis of pyrimidines, a
basic‘unit of nucleic acids. Interestingly enough, their inteétinal-
cells are apparentiy not‘affecfed. -Oral administration of fat to
these animals produced a transient hypeflipemia. Levy et al. contend
that abétaliboproteinemics are unable ﬁo synthesize or release thé B
prqtein and hence are unable to fOrm beta Iipoproteins.EM On the

other hahd, Lees has presented immunochemical eﬁidencé that a form

. ‘ - 2
of. B protein is present in the blood system of abetalipoproteinemics.5
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.Leeé:feels-that.tﬁé defect‘éaus;ﬁé abetéiiéoprotéinemia is due ﬁo an
inability of this B proteinrto combine.with lipid at fhe site of glyceride
,productién. Nevertheless, therg is general agreement that the B proﬁein Has

Va specifi¢ function in the transport of bo£h exogenous and endogenous
glycerides from tiséue cellé to the blood. The role of A brbtein is less
“clear. .One possible function is suggested by two qbservations in Tangiers
disease, a human syndrome characterizgd by low levels of an abnormal

_ lipoprotein;22 In this disease; éohcentrations of circulating triglycerides'
in fastihg subjecté are abnormallyihigh even Qﬁ regular diets.26 'On a

high carbohydraté.diet, thé triglyceride concentration will rise to
values}between 300 to 600 mg/lOOml within 3 éo HIdays Qhereas in nine
'normalfhumans.the mean maximum éoncentration of triglycerides of 260 mg/EDml

was reached in gpproximately six days. Following fat ingestion, the

triglyceride concentratiors attain values that are higher than in normals,

and the duration.of the alimentary lipemia is‘also longer than in normals.22

ig jiﬁéé studies have shown that the ?resence of an A protein phospho—

lipid complex is necessary for the enzyme lipoprotein lipase to hydrolyzé

a éoconut oii emuision.27 Based on such evidence, one possible role for

A protéin in lipid transport is somehow to facilitate the action of >//_\\\'

lipoprotein.lipase and the uptake of triglycefides by tissue cells.

Ultracentrifugal distribution of serum lipoproﬁeins

Because serum lipoproteins contain appreciable iipid (40% orAgfeéter),
»4their hydrated densities are much less than those‘of the serum proteinsi
" Their hydrated densities raﬁge.in value from 0.92 gm/cc to 1.21 gm/cc.
‘Lipoproteins species of different densities can be conveniently isolated
:inﬁo specific density classes by flotation utilizing preparative ultra-

. 2L
centrifugation. Once isolated, each class car be further analyzed by

%

.appropriate physical and chemical techniques.

N




‘Three major density classea pf-lipop:oteins~are‘the total very low
‘density lipoproteins,VLﬁL (hydratad aansitiés léss than 1.006 gm/cc),
"the low density lipoproteins, LDL (hydrated densities between 1.006 gm/cc
and 1.063 gm/cc), and the high density lipoprotains, HDL (hydrated
densities between 1.063 gm/cc and 1.21 gm/cc). The total VLIL class
eontain the chief carriérs of triglycerides. Tha LDL and HDL classes
correspond to the electrophoretic bétavlipoproteins and alpha lipoproteins
respectivelyl ”Through the use of the analytical ultracentrifuge?vthe con-
centration distribution of serum lipoprotéins as a function of flotation
rate can be determined for each of these.dansity classes, with the |
_iaxception of those lipoproteins with hydrafed densities iess than 0.9%
gm/cc. This lattér group of lipoproteins, sometimes referred to as the
~.chylomicron class, can not be‘measuréd by the method of analytical
ultracentrifugation; In general practice, the flotation ﬁroperties and
éonqentrations,of serum lipoproteins are determined ih sait solutions
at two,spééﬁfic denaities, 1.063 gm/éc'and 1.21 gm/gc. The analysis 5f
“-the resulting schlieren patterna ana the applicatianiof a compufer for

27

calculations in this analysis have been déséribed elsevhere.”' A
receﬁtly defeloped camputerAprogram.at Donﬁer Laboratory can provide a
graphic representation of a fully corrected schlieren pattern.28
'Figures of ultracentrifugal distributiéns of serum lipoproteins to be
shown in this thesis are such computer-derived representations. The
resulting data from analyses ?erformed at these'tWngensities give two
distributions, the low density and the high density distributions.

Typical distributions for human males and females are shown in Figure 1.

In the iow¢density distribution, the LDI, correspond to lipoproteins
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: * , : .
in the flotation rate interval S; 0-20 and the VLDL minus the chylomicron
class to the interval sg 20-400. The high density distribution is also

divided into two classes, those with flotation rates in the interval

SR 3.5-9 designated HDL,, and those in the interval Fl 20'0-3.5

1.20 2

designated HDL.,. The concentrations of serum-lipoproteins in specified

3"

 flotation fate intervais are shown in units of mg/lOO ml in the lower

left hand corners of the distributions.

Statistical interrelationships between the ultracentrifugal classes

of serum lipoproteins

There is considerable evidence that £hé.protein moieties of LDL and
. HDL participate:in the structure of serum VLDL. The presence of the A

. and the B proteins on the triglyceride containing particles 5f the total
VLDL class has already been diScuésed.. Furthermore, the broposed roles
of the A and the B protein in fat metabolism were also discussed. Possible
metabolic relationSﬁipé among méjor lipoprotein classes have been suggested
by statistical studies on the ultracentrifugal distributions of serum |
lipoproteins in normal npn-fasting humahs; A statisticdl inverse rela-
ﬁionsﬂip has been shown tq exist bétween the serum concentraﬁions of VLDL
and HDL in normal.humansfeo Thié inverse relationship is also dgmonstrate@,
Lin sevéral hu@hn diséases; fanibaLexogenoué'hypertriglyceridemia, xanthomé
tuberosum, and nephrosis. 'In eagh of these diseases, ther¢ are extremely
_-highvlevels of VLDL. Exoéenoﬁg hypértfiglyceridemics have a deficiency
.of the enzyme lipoprotein lipase, and as a;fesult, hypertriglyceridemics

have very high concentration of lipoproteins with S; values greater than » ':

'*%; rate without a subscript refers to low density lipoprotein ml%ra—
tion rate (against.the centrifugal field) expressed as Svedbergs
cm/sec/dyne/gm) of flotation in & NaCl medium of density 1. 063 gmﬁxl at
260 ¢ (1.748 molalgNaCl) Lipoprotein concentrations within the low den-
sity group that have been corrected for,SF versus concentration and Johnstai-
Ogston effects are referred to as SF or "Standard" lipoprotein values.

F rate denotes a flotation rate measured at any other density, signified
by & subscript, e.g. Fy.o0-
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LOW-DENSITY LIPOPROTEIN DISTRIBUTION HIGH-DENSITY LIPOPROTEIN DISTRIBUTION
100 20 12 020 ‘ 0

o LIVERMORE C
NON-FASTING MALES
(16 cases)
54 HDL,

36 ] 63 409 222 HDI,

LIVERMORE 8
NON-FASTING FEMALES .

(16 cases)
172 HDL,
6 30 323 204 HDL,

* DBL €89-5458

Figure 1 Average ultracentrifugal distribution of serum lipo-
proteins in the sera of non-fasting male and female humans.

The flotation rates of the low density distribution are desig-
o .

nated in-Sf units along the abscissa. The flotation rates

of the high density distribution are designated in F1 20 units.

[~} .
The Sf apd F1,20 units aré defined in the text.
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400. The defect associated with xanthoma tuberosum has not yet been
défined. In nephrosis, the build up in concentration of VLDL and the

lowering in coﬁcentration‘of HDL, appear to be correlated with proteinuriar

© It is possible that the protein lost in thé urine contains a.significant

amount of A proﬂein; The lower concentrations of serum HDL encountered
iﬁ éach of these'hypertriglyceridémic‘states might also be considered to
give further suppoft to the propoéed role of the-A p;otein in fhe tissue
uptake of triglycerides.

Pmp%ebftMssUﬁy

The immunoﬁhemical studies of the protein moieties of serum 1ipo-
proteins together'with statistiqél studies indicate'interreiationships
’among the triglyceride coﬁtaining.particles'Qf.the total VLDL class and
the 5ther serum lipoprdteins. Any'inveéfigation of the transport of
eXogenous fats in the bl5od stream requires information on the total dis-
tribution of serum lipoproteins. Hence, in the firbt phase of my investi-
: gatioh?ffatvtranspbrt in marine-gaﬁmals,:l.chéractefizéd the chemiéal
and physical prqperties of the_mgjof ciaé;es of fhe entire serum lipopro-
teinvdistributioﬁ,.,Ip'tﬁg feé?nd phase charried_oﬁt similar studies on
harbér seals énd elepﬁént seals éuring the course of active absqrptioﬁ
fénd;tranSpoft-of £figlycerides!in the bloéa stream.

‘I embarked on this study not énly to gain some insight into the ‘
mechanisms of fat fransbort-in fHesé éniﬁais.but.also to add some dafa to
the rathér meager amount of‘available information on serum 1ipopfotein§ in
various mammals. The serum lipoproteiﬁ data obtained on méiine mammals

will be compared with available ultracentrifugal data on terrestial mammals.
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CHARACTERIZATION OF THE SERUM LIPOPROTEINS OF MARINE MAMMALS

i

I. STUDIES ON SERUM iIPIDS AND LIPOPROTEINS OF MARINE MAMMALS PERFORMED

PRIOR TO THIS WORK.

As was pointed out in the introductioﬁ, marine memma 1s apparently
rely on their diet to maintain their fat stores. The importaat role of
lipoproteins in the transport of‘dietary fat was also discussed. In my
survey of the litérature, I found é'vef§“limited amount of information
on the cﬁaracterization of the structure and function of the:sergm'
lipoproféins of marine mammals. Aside from the ultracentrifugal character-
ization Qf the serum lipoprotein distribution of one killer whale (Orcinus
gzgg), no other such study had previoﬁsly been done on marine mémmals.
For the killer whale, the serum.iipoprotein disﬁribution was found to
be the following: 399 mg/100 ml (HDL), 45 mg/100 ml (LDL), and Sk mg/100
ml (VLD'L).31 Blood lipid studies on other marine mammals were restricted
to the determination of-total‘blasmavor serum cholesterol coﬁcentrations
for different cetaceans and pinnipeds; Table I lists the resqlts.of

some of these studies. These data indicate the presence of higher con-

centrations'of cholesterol in the sera of pinnipeds when compared with

the sere of cetaceans. The basis for this difference will become clear

when the lipid concentrations associated with the three major serum

lipoprotein classes are bompared in the Results Section.
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Table 1 ‘Total Cholesterol Concentrations in Serum /Plasma of Marine Mammals

* Plasma’

Aﬁimal Concentration Ranges References
) (mg/100 ml)ﬂ
;
‘Pinnipeds
Southern Elephant Seal
Female (3) 350-&50 v,3u
Male (2) 420-570 "3k
Weddell Seal v
Female (6) 180-460 3
Male (11) 110'-350: 3k
Ceiacaans
killer Whale
Female (1) _i60% 31
Male (1 280 32
Atlantic Dolphin (7) " 140-270" 33
pacific Dolphin (4)** 140-180" 33
Dall Porpoise (5)** | 146-160" 33

' . ) ‘ - v S
%% The sexes of the dolphins and porpoises were not cited in the reference.
The numbers. in parentheses represent the number of animals tested.

”
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. II. MARINE MAMMALS STUDIED IN THIS WORK

. In general, the term, marine mammals, includes members of the following

orders: (Cetacea (dolphins, porpoises, and vhales), Pinnipedia (seals, sea

lions, and wélruses), and Sirenia (dugongs and manatees). The sea otter,

* a member of the order Carnivora, is also considered to be a marine mammal.

In my studies, serum lipoprotein analyses were pefformed only on cetaceans

and pinnipeds. Because my studiés were concerned with the transport of

ingested fat in the blood of marine mammals, no attempt was made to obtain

- blood from the hefbivorous sirenians. Sea otters are foo rare to do any

' study on them.

Various fadtors limited me to the types of animals that were finally

investigated. With the exception of the Northern“fur‘seals,;the Weddell

seals, and one cetacean, a delphinus, all the animals studies were
captive. The large animals are kept in zoos and_oceahariums, and in these
situdtions it was very difficult to isolate them for purposes of obtain-

ing blood. 1In spite of these factors, I obtained blood samplés from at

‘least one member of each of the three families of pinnipeds and from sev-

eral cetéceans.belonging to the suborder, Odontoceti. I was unable to
obtain blood samples from members of the suborder, Mysticeti.
Blood samples were obtained from the following pinnipeds: ‘harbor

seal, Weddell seal, California sea lion, Northern fur seal, Steller sea

lion, and walrus. In addition, blood samples were obtained from a group
 of Steller sea lion pups. The cetaceans studies were: the Dall porpoise,

~the Pacific white stfipgd porpoise, the Atlantic bottlenose dolphin, the

Pacific bottlenose dolphin,rthe delphinus, and‘fhe killer whale.
Blood was obtained from the Nbrthern fur seals on the Pribilof

Islands and ffomithe Weddell seal in the Antartic. The delphinus was

captured off the coast of California and was bled aboard ship.

The sex, age, and weight data for all the captive animals are given

in Appendix I.
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IIT, METHODS
’a; Dietary Background of Marine Mammals in This:Study
Both pinnipeds and cetaceans daiiy were fed fish (usually mackerel
and herring) in amounts roughly equivalent to 5% of their body weight With

the exception of” elephant seal I, the walrus pup, and the killer ‘whale,

‘samples were obtained from animals that had not been fed for at least sixteen -

to twenty—four hours. Elephant seal I had been in captivity for two daya
and had not been fed before the blood sampIes were drawnd The Steller pups
also had not been fed before blood was drawn. The'walrus pup had been in
captivity for twelve days. Itihad been fasting seven days before it arrived
at the Stanford Research Institute's Bioeonar Facility. Beforedbeing bled,
it had been given (twice daily) for three days a formula diet.* The animal
was fasting 18 hours prior to the time when the blood sample was drawn. |
The killer whale had delivered a still born caif six days before being bled
and had refused to eat from the time follow1ng the delivery until the day
she was bled. She died a week later from complications associated with
pneumonia. |

No attempt was made to determine the nature of the diet of the wild

.animals studied in this thesis. The probable diet of wild pinnipeds has

>

"been,described elsewhere. A reasonable expectation would be that the
diet ‘of aldelphinus consists mostly of fish. |

.b. éieeding Procedure

Before bleeding a pinniped the animal was‘immobilized either through
the use of restraints or through the use of anesthesia. Suff1c1ent '

"restralnt was applied by two or more men holding the animal. For large

“animals, a safer procedure inVolved strappingAthem in a trough. Figure

*Walrus diet consisted of 600 cc of water, 100 cc of cod liver oil,
800 cc of pastry whipping cream, 90 gms of calcium’ caseinate, 3.5 gms of

-~ U.8.P. Salt lh,'215 mg of Tetracycline, 8 vitamin and mineral tablets,

and 7.5 ozs of canned minced clams.
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2 shows the various steps involved in getting the animal into the trough.
The animal is first trapped inside a net,‘and then it is hoisted and placed
in the trough. While sfill in the net, the animal is then strappéd down,
The net is opened from the'ﬁop; and ﬁhe énimal is ready to béxbled. As

. fs-demoﬁstrated by these pictures, a hSC pound animal can be handled in
this'ﬁahger._' | | |
| Once the pinniped has been immobilized, bigbd was obtained in the

' fpllowing“way.u Phocids and walruses were bled from the intra vertebral

35 The blood of

ext;adural véin-according to the methods 5f Harrisén.
.otarids waé obtained fromrthe ahterior Qena cava.v'In the case of the fur
’seal.and the Steller sea lions, theirliﬁterdigital web veins of the
Eentral webs of the rear flippers are lafgé enough to be usédAas'a'source
of blood (See Figure 3). During this work, the Steller pups were the

on}y animals bled from the interdigital web ;éin. The California sea
lion was the only animal that was anesthetized. The anesthetic was
methoxyflugfane. »

It iévpossible to bleed cetaceans in shallow water by hol@ing the
animél's tail aboye wvater. ﬁowever,vif the animal can first Se hoisted
from its tankvahd placed on a cushioned table,hthe bleeding can be done
much more easily. Unless the ahimal is‘very active, two or three men
are suffiéient to hold the animal steady on the table. Blood was
obtained”ffom the fluke veins (See Figure U).

~ In the bleeding of all the animéls except thetphocids,'blood was.
" drawn with a syringe and then released slowly into a vial. An 18 guage
l’l/2vinch hypodermic needle was used in.obtaining blbod,from the inter-

digital web vein, and ‘a 16 gauge 6 inch needle was used to obtain blood

" from the vena éava. A 20 gauge 1 1/2 inch or an'18vgéhge 1 1/2 inch
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NETTING THE ANIMAL Y PR \ SWYNG TH, i

-y

XBB 688-4680

Figure 2. Sequence of steps used in the netting and bleeding of a
large pinniped.
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XBB 688-4678

Figure 3. The drawing of blood from the interdigital web vein of
the central web of the rear flipper.
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XBB 688-4679

Figure 4. The drawing ofblood from the fluke vein of a dolphin.
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needle were used on the fluke'relnsbof dolphins and‘porpoises,:and an.

118 gauge 1 1/2 inch needle was used on the fluke ve1n of the klller

whale. In the case of the elephant seals and harbor seals, blood was

drawn us1ng a disposable blood draw1ng set spe01ally adapted for bleedlng
'va seal. The set normally con51sted of two stalnless steel needles connected
. by 2 l/2 feet of plastlc tubing.- Since the needles in the set-were too

short to penetrate "the blubber of the anlmal, one of the needles was cut

' .¢r' 4
&

, away. A teflon adaptor, Wthh formed an . a1r tlght connectlon, was
inserted 1nto the»cut-off end._ A16 gauge 6 1nch stalnless steel hypoe
.dermic needly was inserted lnto the_anlmal, Then lO ml of blood were
'withdrawn into‘a disposable sjringe and discarded. This was done to
'flush out any’tlssue entrapped in the needle The teflon adapter, now
attached to the tubing, was. 1mmed1ately 1nserted into the head of the
hypodermlc needle, and the: remaining needle at the other end of the tublng
-was‘inserted into a 30 ml evacuated rubberestoppered glass tube.
The tubes fllled w1th blood were then chilled with ice and transported
.to the laboratory._ Two to three hours after the bleedlng, the tubes were
_reamed 1ns1de with a glass stlrrlng rod to release the clot and they
' then were centrifuged at‘350x:g for 25 minutes. The supernatant was
pipetted off and transferred lnto 12 ml conicalvcentrifuge tubes . Centri-
r-'.fugatlon at 800 x g for 25 mlnutes followed to remove any cells or clot
, fragments that might still have remained in the serum‘ The sera obtained
';from fasting anlmals were always clear, and no turbid layerverer floated
to the top of the tubes.
Two interesting phenomena were encountered in obtaining blood from
the animals. For reasoﬁs currently unknown, the red.blood cells of

marine memmals were found to be subject to hemolysis during the bleeding

Jgprocedure. This occurred most frequently when the blood was drawn with
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a‘syringe; But no serious difficulties were encountered in the subsequent

ranalysis of hemolyzed serum. The othen phenomenon was a long whole blood

&
3
%,

-Clotting time,obserVed in bottlenose dolphins: The blood of these animals

’vhas.a clotting time of four hours or more. Such prolonged expoSure of

4

'the blood to room temperature could enhance the possibility of lipid
-oxidationl The problem can be av01ded somewhat by centrifuging the
'blood 1mmed1ately after bleeding, remov1ng the plasma, and storing it 1n .

' a chilled capped glass vial. The flbrin clot can subsequently be

T

removed after eight hours w1th a glass stirring rod
e, Lipoprotein Analys1sv;p

. 1. Chemical analy51s of whole serum lipids

.In each of the marlne mammals studied sera were set aside for -

',:'determlnation of the lipid constituents The lipids were extracted

: according to a modiflcatlon of the method of éperry and Brand.

1 lipids were also stored under nitrogen and refrigcrate

36 In this
modified procedure used at Donner, l ml of lipoprotein containing solutlon

is placedlin a hO ml vlal Then 8 5 ml of methanol and 8. 5 ml of choloro-

~ form are added to the vial. The vial is capped, sw1rled gently, and placed

‘1nto a heated block for twenty minutes at a temperature between 65 and

»TOO'C., Because marine fats contain large amounts of polyunsaturated

k3

. fatty ac1ds, heat was not used in the extracting of llpids for most of

the animals in order to reduce the\possibility of lipid oxidation at

-. these temperatures. When possible, an additional 1l ml of whole serum

bﬁwas extracted with the heat step included."This was done to ascertain if

the lipid yields in the_heat+free extraction_were_different;. A comparison
of unheated and heated extraction data is‘shown in Table II. The percentage
difference in yield was less than-370%.' Most of:the data in this section

on the chemical composition were obtained for"lipids thatbwere extracted

¥As another precaution against oxidation, all solvent evaporations

were done under nitrogen and at moderate temperatures ého 45°0Y,  The
at -259.Cc. -
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-mammals at the same concentration, viz. 3.0 mg/ml) at 5.8 x 10

23

without heat. Lipids extracted with the heat step included will be desig-
nated as such in the test.

Following'ethaction) the lipids'wefe fractionated by silicic acid

*37

chrematography according to a procedure described by Hirsch and Ahrens.

21

Each fraction was qﬁantified by infrared analysis. No unusual features

were seen in the infrared spectra of the different lipids of the various

“marine mammals with the exception of the phosphblipids from the whole

serum of the klller whale Klller whale phosphollplds showed a low

v absorbance peak (roughly one thlrd of the value noted for other marine

3

nanometers.

An abéorbance peak in the regionvof 9.2 - 9.k x lO3 nanometers indicated

“the preseﬁee of phosphate estefs..Becaﬁse the presence of fatty acid

3

esters would produce an absorbance peak at 5.8 x 10° nanometers, the
_phospholipids of this killer whale were primafily either sphingomyelin or

lysolecithin, but not lecithin. No attembt was made to determine the

. serum concentrations of sphingomyelin or lysolecithin. The serum concen-

tratioh of unesterified fatty acids»ﬁes,not sufficiently elevated to-
;onblude'fhat the absence of leeithin could have resulted from its
degradation.
2. Refrectomet;ic deﬁermination of deeeity of protein-free
serun |

Dufing'this work, density determinations were made on the

K

3protein—ffee sera of a California sea lion and an Atlantic dolphin

%19 ether in hexane was used to elute the cholesteryl esters, 100%
ether was used to elute the triglycerides, the unesterified fatty acids,
and the unesterified cholesterol, and 100% methanol was used to elute

1 . the phospholipids.
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) accordiné to the procedure of Liﬁdgreei éf gl.*38 VThis was done.to ipsure
3;tha£ the background density of,the.sera ef merine mammals did not differ
markedly from the backgreend densitv of human serum. The procedures at this
. laboratory have been developed for ﬂuman serum.‘ In fhevanaiysis of humenv
>serum, the values of the 1ndex of refractlon’range from 1. 334236 to
l.33h37h. The measurements were made at a temperature of 26 Candata
'y;wavelength of 589 3 nanometers.‘ For the Callfornla sea 1ion and Atlantic '
'dolphln, the values of the 1ndex of refractlon were 1. 33&&56 and 1. 33&593
respectlvely, These values correspond to solutlon den31t1es of 1.0068
fend'l.0073 gm/cc. The value of,the'density_ef human‘serum is 17006 gm/ec;
lﬂkThe differenees were not'considered'iarge;enough to werfent a chadge in |
the procedures . o a‘»'ﬁ'i?iff |
' 3.%rUiﬁracentrifugal IsQietion Qf Serum'Lipoproteins for
,.Fiotetionvand ConcenfrationiAﬁaivsis;
'The.peocedures used fer the isoletion and floﬁetion aﬁalysis
-ef serum.llpoprotelns of both the"low and hlgh denm_ty dlstrlbutlons were;"
) those descrlbed by Lindgren et al.?.8 Duringefhe ultraeentrifugal isolation
Vof serum lipeproteins for the determinatiéh;of the low density distribufiom
..fhé concenéraeide of lipopfoteins relative“to their serum concentration is
Vincreased fhreefeld>ip a medig@ ofieeﬁsisy i.0630 gm/cc. 'Duriﬁg the iso-
.}iationvefithe totel high density frection, fhere was no increase in the
eoncenfratiens_of these serum lipeproteinsvreiative ﬁo;tBEir serﬁm con-
g centrations}. In tﬁis case,.the lipoproteins were isolated in a mediuﬁ'
*Fef,this determinatloﬁ, 6v£1 of'seruﬁ were directly centrlfuged for
18 hours at llh 000 x g. At the completion of the .centrifugal run, the
lipoportein fractlon in the top 1 ml is quantltatlvely removed into a 1
‘ml standard volumetric flask. The second top ml, which is free of protein
and lipoprotein, is removed in the same manner for refractometric deter-
" minations. The refractive increment (above Ho0) of this second ml fraction

is then measured for estimation of solution density. The assumption_is made
~that the second ml contains a NaCl solution.
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,fsbf.density l.Qljgm/ce,*A The anaiyses of the uitracentrifuéal schiierep
" patterns were done with the-aid_of the computer program mentioded earlier.
It should be noted_that when the concentration of serum lipoproteins
is below a certain limit a detectable schlieren’pattern mighflnot be
produced.. If serum lipoproteins with a broad range of flotation rates
are present in the serum, as much as 40 mg/100 ml end 60 mg/100 ml may
' not be detected.by analytical ultracentrifugaticn in the lcw density and
‘ ﬁighrdedsity distriburdone respectively. For.a narrover range of flotation
‘_ﬁrate valdes, thevlimit_of:deteccebiiity is éO mg/lOO ml‘in the. low density
: dietributionrand 30 mg/lOO ml iﬁ the high deﬁsit& distributicn. Concen~-
tration data‘for LDL determined by analytical ultracentrifugation often
were less thahfthe results of»chemical determinations. In every case
'jéthis occurred ldw concentraticnq ovaDL were encountered. The differ-
_ences are probably due to the detectablllty limits of analytlcal ultracen-

'trlfugatlon.

'H

h.'_Ultracentrifugal'LiboproteihvIsolation and Chemical
Analysis of the Lipid Moiety;
The procedures. used for the isolation of the three major density

o s A
fractions were those described by Freeman et al. el The same procedures

¥Routine llpoproteln analyses were carried out at 52, 640 rpm in a
Spinco AN-D two place rotor. The temperature during the run was 26° C.

¥*The procedure consists of the following steps. Serum in a 6éml cen-
trifuge tube is centrifuged for 18 hours at 114,000 x g. Because protein-
free serum has a density of 1.006 gm/cc, the llpoprotelns in the total VLDL
class (d<1.006 gm/cc) float to the top of the centrifuge tube. The VLIL
. is removed in a 1 ml volume and transferred to an appropriate vial. The
second ml is removed dnd discarded. The remaining 4 ml in the centrifuge
.tube are brought to a density of 1.070 gm/cc by the addition of an appro-
priate solution of NaCl-NaBr. The tubes ‘dare then ultracentrifuged for 2k
_ hours at. 114,000 x g. Following this ultracentrifugation run, the low den-
‘sity lipoproteins are concentrated in the top 1 ml. As in the first ultra-
centrifugation, the topyl ml containing the LDL 1s removed and saved. The
second ml is also removed and discarded. Finally, another NaCl-NaBr solu-
tion is added to the 4 ml remaining in the ultracentrifuge tube to bring
the density to 1. 218 gm/cc. The tubes are again centrifuged for- 24 hours
- at 114,000 x g. After this final ultracentrifugation, the high density
" lipoproteins are concentrated in the top 1. ml. As in the above two cases,
the top 1L ml is removed and saved. In this manner the three density

. fractions are obtained.
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used.in the extraction and quantification of whole serum lipids were also
applied in the analysis of these fractions.
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Table IL Effect of Heating on Lipid Extraction Yield (in mg)

Animals | . : With Heating | Without Heating
Harbor Seal I 9.698 - 9.877

Harbor Skal IIT 11503 _ 11.609

Calif. Sea Lion 630 ': 6.885
Weddell Fetus II 7;922 o 7.700

Walrus Pup | ) 87766v - 8.696 ’
Killer Whale T k8o  L.heo
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IV. RESULTS a

a. Analysis'of wﬂole Serum Lipids of Pinnipeastand Cetééeans

Data‘gn thé.concentration and percent lipid composition §f lipids in
whole serum are shown in Table IIT. The‘pipnipeds have a highér total
concentratiqn of lipids than the cetaceans.v Tn pinnipeds, phospholipids
are the predominant lipid. In cefaceéns, the whole serum lipid concehtra—
tion is less tﬁan TO0 mg/lOO ml, and the predominant lipid is cholesteryl
esters. Cétaceans also show a higher percentage of tfiglyceridés and
-unesterifiéa fatty acids (UFA) than pinnipeds.

; In tne~caée of the Weddell séals, the fur seals, and the Steller sea
lion,.sufficient blood samples were obtained'to perform only chemical
analyées‘on the whole serum lipids; These data are presented in Table
Xi in Appendix iI' Elevated levels of UFA'were present in the‘sera of

the fur seals and the Steller séa lion pups. The sera of the fur seals

_were«transportéd_from the Pribilof Islands to California without refriger-

ation, and the higher concentration in UFA could_have.resulted-frdm the

' hydrolysis of fafty acid.esters. The higher levels of UFA in the Steller

pups could also be related to an increased energy demand at this early
stage of‘dé&elopment. This might also explain the higher levels of UFA
seen in the walrus, pup in Table III. Ele#ated UFA levels seen in young

A

lambs have been iﬁterpreted as indicative of fat utilization related to
deﬁelobment;39
The importance of UFA in human energy metabolism was .meﬁtioned

earlier. Studies of the energy requirements of marine mammals are needed

before these differences in the serum concentration of UFA caﬁ be under-

- stood.




Table I1I. Lipid Concentration and Composition of Whole Serum of Captive
' Marine Mammals

- Percent Lipid Composition

" Animals Concentration  ¢g  PL TG ue UFA
(mg/100 ml)

Pinnipeds

Harbér Seal I 11050 32.1 55.0 4.2 7.2 | 1.5
ﬁarbor Seal IT 87 32:8 55.9 5.2 6.9 1
Elephant Seal I . 950 ~ 33.6  51.3 L.7 8.8 1.6
Calif. Sea Lion 717' - 35.4 51.1 4.5 8.4 0.6
Walrus Pup 1lho 38.0 ML5,5' 3k 9.k 5.8
Cetaceans
Atlantic Dolphin I 565 ©38.1 Lok 8.0 8.1 3.k
Atlantic Dolphin II Lol 39.3 39.6 9.7 9.7 1.7
Atlantic Dolphin III (690 . 39.8 ' 35.8 1.6 8.8 é.o
" Pacific Dolphin | ?‘6h8 415 36.5 9.8 8.1 'f 4.0"

Killer Whale 547 4.0 27.2- 9.2 13.8° 3.7

Abbreviations: CE (Cholesteryl Esters), PL (Phospholipid), TG (Triglycer- -
ides), UC (Unesterified Cholesterol), UFA (Unesterified Fatty Acids).

S
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.correlated with the concentration of VLDL;.'8 Human males have lower S

major flotation peaks of cetaceans have F
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‘b. Ultracentrifugal Analysis of Serum Lipoprotein Distributions
Ultracentrifugal distributions resulting'from flbtation-analyses of
the serum lipoproteins of the different marine mammals are shown in

Figures 5, 6, and 7. Iﬁ general, both pinnipeds and cetaceans have a pre-

dominance of high density lipoproteins (HDL) At least 70% of the distribu-
'{tioﬁ is in the HDL class. The walrus pup and the killer whale are excep-

““tions. Flotation rate values for the major peaks and the concentration of

LDL and HIL are shown in Table IV. in general, pinnipeds have higher con-
éentrations of HDL than-the cetaéeans.‘ The higﬁest éoncentratipn among the
cetacéans'was 813'mg/100 ml, and the lowest concentration amongfthe'pinni—
peds was 878 mg/100 ml. |

| In both the low depsity and high density distributions; the peak flo-

tation rates for the cetaceans are higher than those for the pinnipeds. As

" can be seen from Table IV, the major peaks of cetaceans in the low density

distribution have_Sg values greater than‘T.O. _Among the pinnipeds, the

‘major peaks have Sg values less than 3.0. The walrus pup, an exception,

has a second peak with an S; value of 8.1. In humans, Sg values of the

- major peaks of the Sﬁ 0-12 lipdproteins havg_been shown to be inversely

0
F

rates;and higher cohcentrations of'VLDL. The opposite'is true for the

females. No such correlation isnobvibus from the analytical ultracentri-

fugal data for marine mammals..

The peak flotation rate differences between these two orders of marine

mammals are not as great in the high density distribution.. In general the

1.20

whereas the pinnipeds have majbr peaks with F

values greater than 3.0

1.20 values_less than 3.0.

The elephant seal I, the Pacific porpoise II, and the killer whale are the

~exceptions. Tt is interesting to note that Atlantic dolphin III and
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Pacific.porpoise II, which are males, have a higher percentage of HDL in

the flotation rate interval F] 50 0-3 than Atlantic dolphin I and II,

and Pacific porpoise I which are females. Minor secondary peaks were

observed in the high density distribution of four female-cetacééns,

‘Atlantic dolphin I and II, the Pacific dolphin, and the killer whale. The

number of animals studied is currently’toolsmall to explain these differ-

~ ences on sex alone.



Table IV Concentration and Flotation Rates of Major Peaks in the Serum Lipoprotein Distribution of Captive Marine Mammals

LDL (mg/100 ml) S; Values of Major HDL (mg/100 mi) Total 1.og Values of
' . ' Peaks a :
F1.2O: 0-3 Fl.EO: 3~20 Major Peaks
PINNIPEDS
Harbor Seal I 200 2.8 603 (Lk) 753 (56) 1356 2.8
Harbor Seal II - 138 1.9 598 (52) 545 (L48) 1143 2.5
Calif. Seal I 102 1.9 352 (40) 526 (60) 878 2.8
Elephant Seal I 186 1.4 224 (20) 879 (80) 1103 L4
Walrus Pup , L6l 2.9 8.1 631 (72) 251 (28) 882 2.9
CETACEANS
Atlantic Dolphin I L 7.5 199 (30) 457 (70) 656 3.4 9.6
Atlantic Dolphin II 96 8.5 128 (30) 304 (70) 432 3.5 7.8
Atlantic Dolphin III 159 7.3 208 (Lk) 270 (56) 478 3.2
Pacific Dolphin 26 9.9 256 (31) 557 (69) 813 3.3 8.2
Pacific Porpoise I 153 8.1 147 (36) 257 (64) Lok 3.4
Pacific Porpoise II 86 7.3 140 (43) 182 (57) 322 2.8
Killer Whale Lhs 8.4 67 (36) 118 (64) 185 1.9

[O2N
T \O

Values in parentheses are percentages based on total lipoprotein concentration in the HDL class.

A%
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Figure 5 Ultracentrifugal distribution of lipoproteins in the
-sera of certain pinnipeds. : '
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HIGH-DENSITY LIPOPROTEIN DISTRIBUTION
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Figure 7 Ultracentrifugal distribution of lipoproteins 'in the sera of certain

cetaceans.
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!
c. Chemical Analysis of ‘the Méjor‘Lipopfotein Fractions

Chemical analyses were performed on the lipid moieties of each of the
three density fractions for mo;t of the marine mammals whose serum 1ipo-
proteins distributions were deécribed in the preceeding section. These
data ére presented in Teble V. The chemical analyses of lipids of marine
_mammals not discussed in the preceeding section are_in Appendix II. The
chemical composition of the iipid moieties‘of the three major lipoprotein
fréctions are'ekpresseg in terms of peréeﬁt of cholestefyl estérs,‘phos-
pholipids, unesterified ;ﬁolesterol, triglycerides, and unesterified fatty
aéids. |

Unfortunatély, the'concehtrations of the total VLDL in some of the
fasting marine mammals were too loﬁ to cérry out accurate analyses. Low
concentrations of LDL encountéred in the serum of the Pacific dolpﬁin also
prevented adequate chemical analyses. )

Among the animals studied, marked differences iﬁ chemical composition .
of the LDL among ﬁinnipeds and>cetaceahs were seenkiﬁ the sera of £he
walrus pﬁp and the killer whale. Only in these two animals was" the per-
céntag; of cholesteryl esters higher than that of bﬁoébholipids. Differ-
ences between thévcetaceans and pinnipeds were noted inthe chemical
fkcomposition of the HDL lipid moiety; .Pinnipeds have a high percentage'Of
phospholiﬁids; and éetaceaﬁs héve a high percentage'of cholesteryl esters.
:‘This high percentage of cholestéryl esters was not founa in all the members
of the order Cetacea (See Table XII, Appendik II). All of the marine
" mammals were found to show.a loﬁ beréentégé of triglyceridé content in the

HIL 1ipid moiety.




Table 'V. . Concentration and Compoéition of the Major De
Serum Lipoproteins of Captive Marine Mammals

1
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nsity Fractions of

‘: . Percent Lipid Composition

Concentration

(mg/100 ml) V‘VCE ‘PL TG ':uc UFA
'PINNIPEDS , , :> VLDL ( d< 1.006 gm/cc)
‘Harbor Seal'iI 9* : .;' ;i.‘ - o
‘Elephant Seal I 61 3,5 2.2 56.5 -12.7 1.1
Calif. Sea Lion 28 8.6 19.9 57.5 12.4 1.5
_ _! LDL'('d{ 1.006~1.063 gm/cc)
'Harbor Seal II 1301-' ;531.4 ©41.8 12.9 13.6 0.3
Elephant Seal I 216 . 39.9 L6.2 2.0 11.7 0.3
Calif. Sea Lion 131, 37.h4 k1.7 7.0 13.5 0.3
Walrus Pup 526 41,6 o 37.4 9.0 11.5 0.5
| . EDL ( d: 1.063-1.21 gm/cc)
 Harbor Seal II 730 '31.5  6l1.2 0.8 6.2 0.2
Elephant Seal I 630 k.2 504 0k 7.1 0.8
Calif. Sea Lion 536 36.6  5k.T 0.9 7.5 0.3
Walrus. Pup Los 3.2 55.7 0.6 75 2.1
CEIACEANS 'V'»%ﬂ VLDLI(”d< i,oo6 gm/éc)
Atlantic Dolphin - I 59, 1500 27.9 W51 11.5 0.7
Atlantic Dolphin II 2k B
;eiifigwgoiphin' Bg* 941 21.7. 56.0 12.1 1.2
iller ale . o R B o
| = LDL‘(d: i.od6-i.o63 gm/cc)
‘Atlantic Dolphin I 80 . '5'51.6” 4ok 13.1 1k 0.7
- Atlantic Dolphin II- 100, 26.L = 36.0 21.6 15.6 0.4
~ Pacific Dolphin 3L E T B _ o
Killer Whale‘ ‘ T 362 W67 2h.6 11.2 17.0 0.4
B | o mDL d: 1.063-1.21 gm/cc)
Atlantic Dolphin I 356 50.2 - 4.9 1.2 6.0 0.6
- Atlantic Dolphin II 249 k9.6 - k2.0 1.b 6.8 0.3
Atlantic Dolphin IIT 304° " 52,6 39.4 1.2 6.6 0.2
Pacific Dolphin Le6 ' 54.8 36.5° 0.8 6.4 1.4
Killer Whale L 117 60.4  25.2 1.6  11.4 1.k

il
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Table V coﬁt.

Because only a,small quantity of blood was obtained, the amount of the ex-
tracted lipid was not large enough for chemical analysis. The value for
concentration was determined by gravimetric means.

These data are for lipoproteins with density less than 1.06§‘gm/cc.

~ However, as can be seen from the lipoprotein distribution of the walrus
pup, the concentration of lipoproteins in the VLDL is only 26 mg/100 ml.
Approximately 4% of the lipid concentration cited in the table is in the
VLDL class, : ' '

* Only a small amount of serum was obtained from Atlantic dolphin III.
Instead of doing chemical analyses on all of the density fractions, it was
decided only to characterize the low and high demsity ultracentrifugal dis-
tributions of serum lipoproteins. Because the residue of the preprative
ultracentrifugation performed at 1.063 gm/cc contains the HDL, it was pos-
sible to obtain the chemical data for the HDL. : :
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V. DiSCUSSION
In both fasting pinnipeds and cetaceans thé serum concentrations of
VLDIL, were lo&. Clearing of VLDL in these animals ﬁould appear to be very
e;ficient. Efficient fissue uptake of triglycerides is consistent with
their role in providing thermal insulationvana energy to marine mammals.
The low concentration of VLDL can also be considered consistent with the
:ldata that these animals do not synthesize a significant amount of endogenous
fatty acids. Aside from fhis, the data presented in Tebles III to V point
out the existence ofvdi;tinct differences between the pinnipeds and cetaceans
in the physicai and chemical prdperties of their'serum lipoprotein distri-
butions. Pinnipéds were found to have a higher concentration of total serum
"liéids and of HDL. In both the high and low density distributions, peaks
of the ﬁajor componentsofcdéceans had higher flotation rates. And in the
case of the HDL»o% certain cetaceans, cholesteryl ester rather than phos-
j pholipid was the predominant lipid of the‘HDL class. It is not possible
'to givé an explanation‘for these differences at this time. To see what
. differences exist between marine mammalé and terrestizl mammals I héve
‘collected lipoprotein data available in the literature on various terrestial
ﬁammals. These data are presented in Tables XIII to XIX in Appéndix IIT.
In these tables, the animals have been arranged into the general .catezories
of herbivores, omnivores, and cérnivores. Animals were categorized in this
manner éccordiﬁg to a&ailable information on their diet in the Wildu
The chemical composition data in Tables XVII and XVIII indicate the
existence of basic differegces among the major classeszpf serum lipoproteins.
‘The total VLDL class, when present, was found to be composed chiefly of
triglycerides. Differences were seen in thé composition of LDL and HDL.
In the LDL of man, the walrus pup,‘and the killer whale, the bercentage of

éholesteryl ester was higher than that of phospholipids. In the LDL class,
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i
~ other aninals had a bfedominanee of phospholipids. In the HDL of the
bind“, the cow, the dopoLn, and the killer whale; cholesteryl ester was
the pfadomlnant 11pld All the other mammals have a predominance oOf
phaiplolipids in the HIl, class. In all the marine mammals and in the
cov, +the trlglycerlde prrcentage comp081t10n of the HDL lipid m01et
in low. The reason for these dlfferences_ls not clear. Nor does there
Qppenr tg'be an explanation which can be related to the dietary‘patterns
Of these animals. |

liven though the differencesAnoted in ﬁhenchemicel data could not be
utﬁributed to diet, the categoriesvwefe also_used in Table XIX to group
tha unalytieal ultracentrifugal data. Table XIX contains the results of
80t recent data on certain terrestial mammals. Tﬁe repreeentations of
the fully correcfed schlieren patferns for theeé animaie are in Figure
'Eé. Comperative studies ‘conducted in other laboratories have elso'appeared
tin EQe litereture.uo’hl ﬁowever, in these studies ho measurements_ofA
the éeneentration of the VLDL elase were made. As.can berseeﬁ,from the
puhterﬁs in Figure 22, the beagies, like the'@arine.mammals, have a
Proedominance of HDL. The guinea pig, bn the ether hand, has no detectable
FHDL. Mention should be zece here of the high den51ty dlstrlbutlon of
humung'in Figure 1; Femsl2 humans have a predominance of HDL2 whereas -
males have a predominance < HDL3. Alfhough the data in Table v %Vere.ﬁbt
“glven in terms of HDL. and =D 3,1n'ﬂﬁ.to casee in whieh comperison of

2

»b“&uv was poss1ble the ::::Le Atlantlc dolphins and the female Pacific por—

Polie had a hlgher pel\e:t::e’of serum 1ipoprote1ns 1n the flotatlon rate

"lnlnxval Fl 20 3- 20 that tZz males of these two species of cetaceans. Urfoar-
tnnupely the numbers of zzi=als studied are too small to conclude that there
1o w sex difference amouz nese cetaceans. In the beagle study, in which

Lhe number of animals s::12:3 was 1arger, there was no sex difference inte
¥

]
A
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‘protein distributions in mammals. ‘ 5

',fhlgh den31ty dlstrlbutlon.

In an attcmpt to summarize these llpoproteln data of marlne mammals
together with ddta in Tableu X1V, XV amiXDg the follow1ng outline has been

arranged in order to p01nt out the 51gn1flcant features of serum llpo—

(»

. HERBIVORES

; Artiodactyla

Bison

Average distribution of the serum lipoprotein classes: Th%
(HDL) and 26% (LDL and VLDL). ,
Comments: None

Cow

Average distribution of the serum lipoprotein class: 96%
(HDL) and 4% (LDL and VLDL). :
Comments: None

Legomorpha

Rabbit

Average dlstrlbutlon of the serum llpoproteln class: TT7%

(HDL) and 23% (LDL and VLDL). ;
Comments: Several 1nv&st&%ators have reported that rabbits have
a predominance of LDL. Studies are needed to show if such
differences in lipoprotein distributions exist among species.

.Rodentia
v Guinea Pig
Average, dlstrlbutlon of the serum llpoproteln class: (HDL),

80% (LDL) and 20% (VLDL). _
Comments: HDL is undetectable in guinea pig serum. Because
. of the correspondence between alpha lipoprotein and HDL, one
would expect that there would also be no electrophoretically
detectable alpha lipoprotein. However, alpha - 1 but no beta
" lipoproteins have been reported to be present in the animals. 3
In order to investigate this apparent anomaly, a paper electro-
phoretic study of plasm serum lipoproteins was done on two male
- guinea pigs, and an ultracentrifugal analysis was done on their
‘pooled plasma. The expected beta lipoprotein band corresponding
to the LDL observed in the ultracentrifuge was found. There was
no evidence of HDL in the ultracentrifugal study or of alpha
lipoprotein in the electrophoretic study. There of course could
be a species difference. Nevertheless, the absence of either
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beta or alpha sérum. llpoproteln would make the gulnea pig a most.
interesting experimental animal for future lipoprotein studies.
In particular, such studies could possibly be most useful in
understanding lipoprotein metabolism in human diseases where
these llpoprotelns are abnormally low.

OMNIVORES
 Primates
Baboon

Average distribution of serum lipoprotein tlasses: Th% (HDL),
- 26% (LDL), and __ (VLDL). : . -
" Comments: None .

Man -

'Average distribution of the serum lipoprotein classes: Male

. 32% (HDL), 50% (LDL), and 18% (VLDL); Female U2% (HIL), 49%

. - (LDL), and 9% (VLDL). ;
Comments: In humans, both age and sex have been demonstrated to
be factors influencing the serum lipoprotein distributions.

For example, females have less LDL but more HDL, than men. Man
has the highest value of LDL among the animals. These'studies
were done on an American population. Studies in another part
of the world might possibly give different results.

Rodentia
Rat o c | - . S

Average distribution of the serum lipoprotein classes: 67% (HDL),
5% (LDL), and 28% (VLDL), total serum lipoproteins according to

the Donner data in Table XIX. The HDL percentage is 82% according
. to the data of Hillyard et al. in Table XVIIT.

Comments: The presence of serum lipoproteins with flotation
rates in the interval S 20- LOO might be seen only in sera

obtained from non-fasting animals. ' Further studies are needed

to clarify this.point. ' -

CARNIVORES:

Carnivora
Dog

Average distribution of the serum lipoprotein classes: Male

90% (HDL), 9% (LDL), and 1% (VLDL); Female 91% (HDL), 9% (LDL),
and (VLDL) according to the Donner beagle data in Table XIX.
The HDL percentage is- 91% accordlng to the data of Hillyadd et al.
~Comments: None
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CEtageg

i | Atlantic Dolphin

; - . ' Average dlstrlbutlon of the serum lipoprotein classes T9% (HDL),
; 16% (LDL), and 5% (VLDL).

. Comments: There are two peaks in the HDL -distribution of Atlantlc
N : . dolphin I and IT.

Pacific Dolphin

: Dlstrlbutlon of serum llpoproteln classes: 87% (HDL), 3% (LoL),
and 10% (VLDL).
Comments: This animal has the highest concentration of HIL among
- the cetaceans. There are two peaks in the HDIL distribution.

. Pacific Porpoise

Average dlstrlbutlon,of the serum llpoproteln classes: 73% (HDL),
2i% (LDL), and 3% (VLDL).
Comments: None

Killer Whale

Distribution of the serum lipoproteln classes: 28% (HDL), 67%

(LDL), and 5% (VLIL).

Comments: The presence of hlgh.concentratlons of LDL in the

killer whale might have resulted from the animal's pathological

condition. Unlike the earlier study of a female killer whale as

well as my studies on other marine mammels, the HDL of this .
- animal comprises a relatlvely IOW'percentage of the total serum
",'lipoproteins.

"Pinnipedia
Elephant Seal

Dlstrlbutlon of serum llpoproteln classes: 838% (HIL), 12% (LDL),
. - (VLDL). ' ~
Comments The percentage of LDL in elephant seal I, although
, . not high, is most interesting. Studies done on three other
L ' _ - elephant seals indicate that there was very little LIL present
~ in theseé animals (See Tebles VI and X1). This could be an
, indication of differences in the serum lipoprotein distributions
-A"‘between captlve and wild elephant seals

Harbor Seal

Average dlstrlbutlon of the serum lipoproteln classes: '88% (HDL ),
-12% (Lon), __ (VLDL). :

Comments: The harbor seals have the highest concentration of

HDL among the mammals mentioned in this work.
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California Sea Lion

Distribution'of the serum lipoprotein classes: 88% (HDL), 10%
(LDL), and 2% (VLDL). ;
Comments' None

Walrus Pup
Distribution of the serum lipoprotein classes: 64% (HDL), 34%
(Lon), and 2% (VLDL).
Comments: In the low density distribution, there are two peaks.
The concentration of LDL in this animal is greater than the
other pinnipeds. This could result from the animal being fed
large amounts of saturated fats present in the whipping cream
rich formula (See footnote, page 16) Polyunsaturated fats have
been demonstrated to cause a reductiEH.&g Egrum cholesterol
concentrations in both men and rats. In this regard,
it isiinteresting to note that walrus LDL contains a higher
percentage of total cholesterol than the LDL of the other pinni—
o peds.‘ .

Some general criticisms of thevdata upon which tris outline was based
can be made. First, several authors did not specify the species, the age,'
or the sex of the animals. Also the data themselves might-not“be totally
7~:representative because of limited numbers. Furthermore, my classification
of captive animals én the basis of what their diet would be in the wild
is, at best, ‘questionable. 1In spite'of these limitations, the outline
suggests that non- ruminating herbivores and man tend to have a higher
percentage of LDL in contrast to carnivores. The assumption has been

_made that the .rabbit has a predominance of LDL. A high carbohydrate
”diet is common to herbivores and some omnivores but not to carnivores
'Dietary carbohydrate might be a factor determining the concentration of
'LDL in a given animal.

As was poihted out earlier, the dg novo synthesis of triglycerides
f from carbohydrates can take place in the liver. These triglycerides then
are secreted 1nto the blood stream as part of a VLDL complex. The apo-

- protein of LDL is conSidered necessary for the qecretion of triglvcerides

" from the»tlssue cells into the blood. Becauseof the predominance of LDL in

’man and non-ruminating herbivores, the participation of B protein in the .

b
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secretion of triglycerides might belsoméhow related to the concentration
of circulating LDL. The:eérlier menﬁioned study on orotic'écié—fed rats
indicates that there is. The inhibition of the synthesis of B protein or
the complexingfof B proteiﬁ with triglycerides in the liver was associated
with a lowering of seruﬁ_havels of beta~lipoproteins.

. Furthermore, the additional question arises: can the lbwipercentage'
. of LDL in carnivores be explained by the proposed relationship? Because
:of their,low carbohydrate diet, most of the fatty acids of triglycerides
in carnivores are‘dietary in origin. The triglycerides are synthesized
_in the intestinal mucosal cells. and subsequently transported by chylo-
imicra in the blood. As in the case of endogenous triglycerides released‘
from hepatic cells, the secretion of these dietary fats apparently also

‘requires the B protein. ~Should not then the functioning of the B prdﬁeih

&
L

in the intestinal mucosal cells also havé an effect on the concentration
.of LDL? The data indicate  that it does not.‘vIn the study of orotic acid-
fed rats; it was observed that fat ingestion produced an alimeptary lipemis
‘with no detectable increase in the éoncentration of beta lipopfoteihs;23

- Either the B protein associatéd with the release of chylomicra does not
produce an increase in the concentration of circulating beta lipoproteins,
or the amountvof B protein associated with the formation of chylomicra

-1s too low to have'any noticeable effect. It was noted earlief that chylo-
micra'héve_81-89%‘TG and 1-2% protein and VLDL have 57-68% TG and 5-12%
protein. ﬁsing the average value of these'percentages, the ratio‘of
triglycefides to protefh is 57 for chylomicra and 7 for VLDL. In other
.words, VLDL requires roughly eight times mérevproteinvfhan chylomicra to
trénsport.the same amount of trigly¢erides. Currently the amourts of A

and B protein in these two serum lipoprotein classes are not known. Never-

.. theless, it would appear reasonable to assume that more B proteir is
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(-
required in the transport of triglycerides in. the VLDL class than in

the chylomicron class.

Before concluding this discussion, several additional points should

. be made. By stating that the diet of carnivores is low in carbohydrates

the assumption is made that these animals do not selectively eat certain
organs of their prey. For example, by eating mostly muscles or livers

which could be high in glycogen, these anlmals could conceivably ingest

‘a hlgher percentage of carbohydrates than the total percentage of carbo-

' hydrate distributed in their prey. - Secondly, how do the other omnivores

and the ruminants fit into this scheme? The diet of the rat and the baboon

(which were listed as omnivores) in the wild is often that of a carnivore. T

- For the same reasons already stated for the carnivores, it is possible that
~ the requirement of both these mammals for B protein would be less. The

" cow and the biscn, because they dare ruminants, absorb very little dietary

carbohydrate from their digestive tractslf8 The volatile fatty acids, the

major end product of rumlnal.ﬁermentatlon, account for TO- 80 of the total

. L
ﬁenergy 1ntake.9”T@ese volatilemgapty>acids_are soluble in the blood, and

. they can be taken up By the tissue for oxidation. ZPropionate can also

be converted into glucose in the 1iver, and acetate is incorporated into
Iong.chain.fatty acids iﬁ'the adipose tiseaey As abresult, the necessity
for synthesizing triglycerides and the B protein might be greatly reduced
in these animals. Flnally, hormonal factors, genetlc factors, and dletary
factors are known to have an 1nfluence on the concengratlon of LDL, and
these animals should also be considered 1n the development of an overall :
theory

_In-ﬁhe above I have suggested that the faetore governing B protein
participation in hepatic and intestinal lipoprotein synthesis and secretion

might be an additional factor governing the circulating level of serum LDIL,.

Addltlﬂnal sLudle are required to.shed more light on the role of the protein.
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POSTPRANDIAL STUDIES

I. INTRODUCTION

+In the.previousvsection,’méjor_classes of tﬁé serum lippproteins of
ma:iﬁe ﬁammals vere charaéterized according to their chemical énd’physical
probérties. As was ﬁentioned;eariier,Athis work was undertaken not only
to investigate the comparative aspects 5f serun lipopfoteiﬁs in marine
mammals but also tq gain some insight iﬁtd the transpoft of triglycerides

in these animals, The low serum cdncentrations of the VLDL class in

- marine mammals are consistent with the idea that triglycerides are effi-

ciently taken qp by the tissue of these animals for energy Storage and

\

for thermal insulation. Because the serum concentrations of triglycerides

are so low in fasting marine mammals, ultracentrifugal and chemical

" characterizations wre extremely difficult,; To obtain adequate amounts

for characterization, it was necessary to anélyze the serum after meals

containing high amounts of fat. From the 3rd’to the llth‘hours following

‘such a meal; the concentration bf serum lipopfoteins of the totzl VLDL
Cis sdfficiently_highr§9~permit their characterization. In addition, the
© serum enzyme, lecithin cholesterbl acyl transfefasé, LCAT, was also studied

in several marine mammals. This enzyme has been associated with transport

of triglycqridé}so

Early poétprandial studies

In 1920, Gage, using the dark field microscope, observed fét parti-

cles in.the lacteals and ‘the blood f0116wing'fat ingestion. The diameter

_of-these particles ranged in value from 0.5 to 1.0 microns. Gage proposed

" the term'chylomicrd to describe these particles because they originated

o1

from the chyle and had an average size of about one micron.

In'l92h, Gage and Fish, using a net-micrometer in the eye-piece of



} the microscope;vcounted the nunber of chvlonicra in a given area in.the |
- field of view.Sl By obtaining a drop'of bloodAat different times follow-
ing a fatty meal they were able to demonstrate that the chylomicron count
varied as a function of postprandial‘times. Postprandial studies of |

this type were done on humans'as well:as cats dogs, and rats. The -
chylomrmxn count reached a max1mum between the third and the fifth post-
prandial hours, and chylomicra were observed from about six to ten hours _'
follow1ng fat 1ngestion._ In several cases among theianimals studied, a
secondarylrise in‘theichvlomicron count was observed. 'In.humans, the
authors related the change in the chylomicron_count to mental and physical
activity.~'For the other.animals thev could only propose that the rate

.of flow of chylomicra into the blood‘was different from their rate of

degradation.

b*,,Ultracentrifugal characterization of serum'lipoproteins'following

fat ingestion 7
Jones et al. were the first to report on-variations in the ultracen-
trifugal distributions of serum-lipoproteins.as a function of postprandial

52

times. Their study pointed out that & trans1en 1ncrease in the serum ‘
1concentration of lipoproteins w1th SF values greater than 60 occurred
‘following the ingestion of a high fat meal. Theyalso,noted that as the
concentration of lipoproteins of higher-SFvvalues decreased, thevconcen—
pftrations of lipoproteins of lower_SF values (down to 30) increased.
These observations suggested to Jones et al. that the clearance of glyceryl
;@sters from the blood 1nvolves the conversion of%thevlarger lipoproteins
to the smaller species of the total VLI class. | |

Havel showed that‘following fat,ingestion the increase in triglyceride
concentrat}on observed in whole serum was due almost exclusively:to_increases

in the concentration of triglycerides transported.by;serum lipoproteins of
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v‘the total VLDL class.53 Ingestion of fat equivalent to O.li%'of the per—:
_son's body weight produced triglyceride conceﬁfrations between 100 and
290 mg/100 ml. The dufation of the élimentary lipemia was about eight
hours . Earliér in this thesis the role.of.lipoprotein lipase in the
hydrolysis and removél of circulating &rigiycerides was. discussed. This
enzyme hyarolyzes the triglycerides transported by chylomicré.and VLDL. In
- a study oﬁ a subject with lipoprotein lipase deficiency, the serum tri-
glyceride concentration was found to be in excess of 2,200_mg/100 ml

. .

from the 8th to the 24th postprandial hours. The fat load was equi-

valent to 0.21% of the body weight. The clearing of triglycerides is

thus dependent on the presence and proper functioning of the enzyme.

i
3

Increased concentrations of lipoproteins of the S; 20-420 class
have béen notedvbyﬂNichols et 5;. and 'Harlan et al. following fat

P A A
99526 Another study by Harlan

ingestign at the Sth poéfprandial hour.
- et al. suggests that individuals with lipoprotein lipase deficiencies

do not readily form VLDL.following fat ingestion and that thé activity

of lipoprotein lipase may. be reiated‘ﬁo the formation of VLDL from
chylomicra.su- These S; 20-420 lipoproteins could have resulted from

- either of two mechanisms or a combination ofvboth. They could be the
ppoduct of sequential Ereakdﬁwn of chylomicra as waé-suggested.by the
ﬁork of Jones et al. Or these lipoprpteins could be of hepat;c origin.

- As has been pointed_guf previously, the iiver can pick up fatty acidé :
yhich circglaﬁe in tge'blood in a coﬁplex with albumin. These fatty acids
cén be in%ofporated into triglycerides subsequently secreted into the
bolood as iipoproteins with flotation rates in the range S; 20-400.

Duriné faﬁ ingestion, dietary fatty acids can be taken up by the liver in

either of the following ways. First, the hydrolysis of chylomicron

ﬁ?triglycerides could occur at the capillary wall. A poftion of the
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hydrolyzed fatty acids, instead of beinéitaken up by the xissue, could

be complexed to albumin and fhen transported to the liver. The tissues
could also take up the fatty acids and reesterify them into tfiglycerides.
The triglycerides could be hydrolyzed, éndvthey could then be'eecreted:
into the blood. And the forﬁation of a fatty acid-albumin complex would
provide another route for the deliverj of fatty acids to the liver. . These
a;e possible mechanisms wherebyvthe concentretion-of the S; 20-400
lipoproteins may increaée. However, it should also be recalledvthat
hepatogendus triglyeerides can also contain fatty acids primarily derived
from de novo synthesis. As a result, the S§‘20-h00 lipoproteins appear-
ing at the 5th postprandial hour might'eontain triglycerides composed of

both endogenous as well as exogenous fatty acids.

It would be desirable to know the relative increases in concentration

o]
F

different postprandial times. . It is possible to do this by comparing

of lipoproteins in the chylomicron class and the S_, 20-400 class at
the concentration of S; 20-400 with the_concentration of lipids in fhe
‘total'VLDL class. Unfortunately, both determinations have been made
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in only ene study . Blood eamﬁles were obtained just prior tdfand:just
.following fat ingestion. By comparing the inereaees in the concentration

- of lipids in the total VLDL class and the increases in the concentration _

of serum‘iipoproteins in the S; 20-400 interval, it was possible to

estimate that abproximately 75% of the serum lipoproteins in the total

VLDL class have S; values in the 20-4L00 interval at the Sth postprandial “
heur. Although the triglycerides are initially traneported by chyiomicra,

the major portion is being transportedvby S; 20-400 lipoproteins within

five hours. It is obvious that a better.understanding of the transport

of dietary fat involves a study of the distribution within the total.

VLDL .class. "
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Postprandial variations in concentration following fat ingestion have
also been observed in the other portions of the serum lipoprotein distri-
bufions. These variations were observed in thevflotation ranges S% 8-20
and Fy oy 4-8.55 1In association with these concentration changes, the
chemical compositions of the lipid moieties of the LDL and HDL classes,
particularly HDL, have been reported to vary as a function of postprandial
times. Increases in phospholipids and triglycerides have been found in

the HDL cl’ass.53"55

The triglyceridg»increments in HDL represent 7.2%
of the triglyceride increﬁents observed.postpraﬁdially in the whole serum
of humans. In the dog, an animal normally exhibiting a high concentration
of HDL, the triglyceride increments in the HDL class were approximately
: 22.5% of the triglyceride increments in the whole sera of dogs at the
5th postprandial hour.57

Lindgren et al. have also reported that the percentage triglyceride
composition of the HDL lipid moiety in the sera of humans is sighificantly
- related to the serum concentration éf VLDL.58 This uptake of triglycerides
by HDL 1s thought to be associated with the ‘action of the serum enzyme,
1car.50

. LCAT and its relation to triglyceride transport

The enzyme, LCAT, catalyzes the reaction: Lecithin + Cholesterol

—> Lysolecithin + Choléstér&l ester. Glomset has suggested that ﬁhe
reaction catalyzed by LCAT is the major source of cﬁolesteryl esters
circulating in the blood.59 This reaction has been observed only dﬁring
in vitro studies on both plasma and serum. The in vitro rate of esteri-
ficationvagrees well with the calculated rate of esterification 12.1i29u59

. In vitro incubatioﬁ stﬁdies onvhuman serum, richvin VLDL, have shown
that triglyceride transfer to HDL occurs invassociation with a reciprocal

50

ltransfer of cholesteryl esters to VLDL. These studies have shown that
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the tfansfers are increased‘through the éctidn of LCAT. As a result,
it has been suggested that the LCAT reaction may be related to in vivo
uptake of triglycerides by HDL. That this transfer does take place in
vivo is suégested by the cheﬁiéal 6bmp§sitions of HDL and VLDL.in indiv-
iduals with xanthoma tuberosum. The percentage of cholesteryl esters in
the VLIL class and the percentége of triglycerides in the HDL ciass are
32% and 20% reépectively, a little greater than twice the normal values
in each case.6o The serum concentratiqn of lipoproteins in the S; interval
20-100 and 100-400 are. very elevated in these sub,jects.6l’62

In marine mammals my data show the percentage triglyceride composition’
of the HDL lipid ﬁoiety to be less than 2% (See Table V). To determine
if this low percentage of triglyégrides'in the HIL class is dué to an

absence of LCAT, the sera of different marine mammals were incubated to

test for the activity of this enzyme.
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IT. METHODS

a. Postprandial Procedures

To minimize ‘any possible trauma for the animals as well as the
handlers, the animals.were bled no more than three times avday.' At each
bleeding sixty ml of blood were obtained. In order to estimate the dura-
tion of the alimentary lipemia, a 10th hour blood sample was first obtained
" from each animal. Two weeks latef the animal was again bled. On the first
" day of this second series of bleedings, the 9th and the 1lth hour post-
prandial samples were obtained, and on the next day the 3rd, 5th, and Tth
hour samples were withdrawn. Unless noted otherwise in the tables, the
‘animals were fed 5% of their body weight in herring. Samples at each of
the above postprandial times were obtained from both harbor seals. Two
elephant seals which also were to have been studied died unexpectealy,’and
analyses were done on only the 10th hour sample. The bleeding procedures
and the subsequent serum lipgprbtein analyses were essentially the same
-as those described in a previous section with only two minor.ﬁodifications.

In order to determine the recovery of 1lipid during silicic acid
chromatography, it was decided during the postprandial study also fo
" welgh each fraction and to compare.the sum‘of the column eluates with'
the amount of lipid placed iﬁitially on the column. The average percent
age difference between the two values was less than 3%. However, when
the valueé for eéch fraction were compared with the results of the infra-
red analysis, the gravimetrically determined values for the phospholipid
fraction were always greater than the value determined by infrared spec-
tfophotometry. To reduce this difference, a second change was made in

the procedure. The discrepancy between the gravimetric results and

*According to these procedures, after the eluting solvent has been
evaporated, the lipid fraction is dissolved in chloroform and transferred
from a 40 ml vial to an 8 ml vial. The latter is then capped and stored
for subsequent infrared analysis. In preparing samples for infrared



the infrared results was associated with the use.of_insufficient solvent
for dissolving the phéspholipids prior to infrared agalysis. "As a result,
the dilution factor was changed from 4.5 mg/ml to 3.0 mg/ml. 'The average
percentage difference between the gravimetric results and the infrared
results was 10% for harbor seal I (before the change) as compared with a
‘value of 5% for harbor seal III.

In = the chemical analysis of the lipid fractions obtained from
harbor seal III, a second rise in triglyceride concentration was found
to occur between the {th and 1l1th hours. Since the Tth hour sample
was obtained on the day after the 9th and llth hour samples were obtained,
the experiment was repeated in part. This time the blood samples were
drawn at the Tth, 9th; and 1lth hour of the same day. An increase in
the triglyceride concentration was again observed between the Tth énd
llth hoﬁfs. The lipoprotein distributions for the Tth, 9th, and 11lth
hours, shown in the results'seétion, correspond, to this second set of
serum samples. |

b. Evaluation of LCAT Activity

In order to evaluate LCAT activity in the sera of marine mammals,
aiiquots of whole serum slightly in excess of 1 ml were placed in 8 ml
vials. The vials were then capped and placed in a water bath at 370 c
for twenty-four hours. Following the incubation, 1 ml aliquots were then

placed in extraction vials, and the lipids were extracted and gquantified

*(Cont. from page 53 ) analysis, the 8 ml vials are placed in a heat .

- block, at temperatures between 40 to L45° C, and the chloroform is evapor-
ated under nitrogen. Once all the chloroform has been evaporated,  the
phospholipids are mixed with a measured amount of carbon tetrachloride
to bring the concentration to approximately k4.5 mg/ml. 0.4 ml of the
resulting solution is then transferred to an absorption cell.
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;ccording to the procedure described in the previous section.

LCAT studies were d?ne on serum samples obtained from fasﬁing animalsf
harbor seals I and II, the walrus pup, and the killer whale. A lipemic
serum sample obtained from harbor seal I, four hours after a meal, was
also incubated to determine the influence of an elevated serum triglyceride

concentration on LCAT activity.
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III. RESULTS Tt T

a. Postprandial Studies

Table. VI contains data that resulted from the analyses of‘sera
obtained from seals aﬁ the lOth postprandial hour. The ultracéntrifugal
.distfibutions of the serum lipoproteins are shown in Figure 8. Tables
VII and VIII contain additional harbor seal data onvthe chemical composi-
tion of the lipid moieﬁy for other postprandial times. The ultracentri-
fugal distributions for these other péstprandial times are shown in
Figures 9 and 10.

In fasting pinnipeds, the whole serum concentration of triglycerides
vas roughly 50 mg/lOO ml or less. At the 10th postprandial hour, the
data in Table VI. indicate that only harbor seal I has a triglycéride

concentration (78 mg/100 ml) near this value. In each of the seals in

. Table VI, the increases in triglyceride concentrations result exclu-

v.Sivelyifrom increases-in the,lipid concentration in the totaI.VLDL
class. ‘Theraﬁaly{ical data in Figure 8,'ho§éve:,'show thé serum con-
centrations of VILDL to be quite low in each seal. The major_portions

of these lipoproteins have fiotation‘rates in the range S% 100-400.
Assuming"that'the peréentage lipid composition of S% 20-400 lipoproteins
i§ 90%, the lipid moieties of thesé lipoproteins represent less than

L42% of the total lipid inc;ement.in the total VLDL class of harbor seél
I. In the other seals, vélues for this percentage were even lower: 25%
in harbor seal III, 14% in elephant seal II, and 16% in elephant seal
ITII. In other words, the major portion 6f the lipid concentration in the
fotal VLDL class is most probably in the S% LOO and greater class (the
chylomicron class). Data on the chemical composition of the total VLDL
class indicate that as the‘percentége of S% 20-400 lipoprdteins in the

total VLDL class increases, the percentage of itriglycerides decreases.
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Table VI Lipid Concentration and Composition of the Three Major Density
Classes and of Whole Serum for the Harbor Seal (Phoca vitulina)
and Elephant Seal (Mirounga angustirostris) at the ‘10th
Postprandial Hour.

. Percent Lipid Composition

Concentration .
(mg/100 ml)

VIDL (d< 1.006 gm/cc)

Harbor Seal I, <65 8.3 13.2 69.1 8.9 0.4
Harbor Seal III 202 3.7 8.6 78.7 9.0 —
Elephant Seal II ko7 1.3 6.3 8h.h 8.0 _—
Elephant Seal III 248 1.h4 7.1 83.5 7.6 0.4
LDL (d: 1.006-1.063 gm/cc)
Harbor Seal I 232 37.5 ho i 6.1 13.7 0.3
Harbor Seal III - 215 28.4 Lo.7 7.k 13.3 0.2
Elephant Seal II 28 25.8 L 2 1k .6 14 .5 0.9
Elephant Seal III 31 17.5 39.2 29.% 13.2 0.9
HDL (d: 1.063-1.21 gm/cc) |
Harbor Seal I 824 33.3 58.5 0.7 7.0 0.5
Harbor Seal III Thi 3l .2 57.6 1.6 6.2 0.4
Elephant Seal II 664 3.0 6.8 2.3 6.3 0.6
Elephant Seal III 465 . 33.1 58.8 - 2.3 5.4 0.4
Whole Serum
Harbor Seal I 1160 32.9  51.3 6.7 8.1 1.0
Harbor Seal III 1160 31.9 - L5.7 14.8 . 7.1 0.6
Elephant Seal I 1220 20.7 39.1 32.4 7.0 0.8
7.5 0.7

Elephant Seal III - 898 19.0 37.9 24.9

* :
Harbor Seal III was fed herring equivalent to 9% of its body weight.
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10th HR. POSTPRANDIAL

LOW-DENSITY LIPOPROTEIN DISTRIBUTION HIGH-DENSITY LIPOPROTEIN DISTRIBUTION
400 100 20 12 020 10 0

HARBOR SEAL |

16 14 252 1441

—

HARBOR SEAL il

50 5 . 224 ‘ 1393

! —
ELEPHANT SEAL Il
68 3 ' n2i
ELEPHANT SEAL Il
43 L 778

DBL 689-5453

Figure 8 Ultracentrifugal distribution of lipoproteins in the
sera of seals at the 10th postprandial hour.
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This is in agreement with the chemical data on the compositions of the

0
¥

Table VI with Table V shows little or no differences between the LDL and

chylomicron and S 20-4L00 classes in humans;go' Comparison of data of
HDL of fastiné and fed pinnipeds. As indicated in Figure 8, no LDL was
detected in either of the elephant seals. As was pointed out eérlier,
concentrations of serum lipoproteins as high as 4o mg/lOO ml may not be
detected by the method of flotation analysis. Electrophoresis in agafose
gel waé done on a postprandial serum sample obtained from elephant seal
II. A pre-beta band, but no beta band, was detected. Apparently these
animals can form pre-beta lipoproteins without the subsequent accumulation
of beta lipoproteins. These electrophoretic, data are in Appendix IV,

In the postprandial study of the two harbor seals, very little
fluctuation in‘the,concentrationé of lipids of the LDL or HDL classes
Qas noted on a éiven bleeding day. It is interesting to note that within
a two-week period the cohcentration of HDL in harbor seal ITT increased
by roughly. 300 mg/lOO ml. A concentratién:increase of roughiy lOOzmg/lOO
ml in the HIL class was observed in harbof seal IIT from the=3fd to the
5th postpraﬁdial hour. The increase wés associated almost exclusively
with an increase in the phospholipid concentration. Howeve€r, concen-
tration increases occur primarily in the total VLDL ¢lass. In harbor
seal I a maiimum concentration of lipids in the total VLDL- class was
reached at the Tth hour;"but in harbor seal III it occurfed at thé 5th
hour. As was mentioned earlier, a second maximum was oBserved in harbor
seal IIT at the 1lth posfprandial hour. 1In both instances, the secondary
rises in the éoncentration of triglycerides were associated with changes
~in the percent lipid composition of thé total VLDL class. At the |
fifst observation, the triglyceride percentage of the 1lipid moiety

rose from 69% for the 9th hour to 7T5% for the 11th hour. The
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Table yII Lipid Concentration and Compositfon of the Three Major Density

Classes and of Whole Serum for Harbor Seal I at Different
Postprandial Times

Percent Lipid Composition

Cohcentration
Postprandial Hour (mg/100 ml) " CE . PL TG uc UFA
VLDL ( d< 1.006 gm/cc )
3rd 128 .7 8.8 78.3 7.8 0.4
5th 188 4.3 7.5 78.4 9.1 0.7
Tth : 222 4.3 8.0 75.3 . 11.8 0.6
9th - 115 5.8 11.0 4.8 7.9 0.5
11th : 89 6.7 12.0 68.3 12.3 0.7
LDL ( d: 1.006-1.063 gm/cc)
3rd ‘ 211 36.9 u3:9 6.2 12.8 0.2
5th 219 35.9 hh. 2 6.6 12.9 0.4
Tth , 225 ' 35.7 i1 7.0 12.9 0.4
9th 237 37.6 k2.5 6.0 13.7 0.3
11th 221 37.2 o8 5.8 14.0 0.3
\_ ~ HDL ( d: 1.063-1.21 gm/cc)
32d 139 35.1  57.7 0.7 6.1 0.5
5th T09 33,6 58.3 0.9 6.3 0.9
Tth 730 23.8 58.2 0.8 6.4 0.8
9th : Tho 35.4 57.4 0.7 - 6.2 0.4
11th B 725 . 35.5 57.0 0.6 6.2 0.4
Whole Serum
3rd 1250 29.0 48.8 13.6 = 7.8 0.9 -
5th 1290 - 27.7 45,2 18.3 7.6 1.2
. Tth 1280 28.0 4z, 2 20.1 7.7 1.1
9th 1160 32.0 48.6 11.0 7.8 0.6
11th : 1130 31.6 51.4 8.2 8.1 0.7
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TableVIIILipid Concentration and Composition of the Three Major Density

Classes and of Whole Serum for Harbor Seal III at Different
Postprandial Times

Percent Lipid Composition

341

) Concentration
 Postprandial Hour (mg/100 ml) CE I PL TG uc UFA
VLDL ( d< 1.006 gm/cc)

3rd 165 3.4 11.2 76.1 8.7 0.6
5th 203 4.6 11.6 78.1 5.1 0.5
Tth 171 5.5 11.6 74.0 8.3 0.6
9th 128 5.5 16.5 68.5 8.8 . 0.7
11th, 179 3.7 11.4 75.1 9.1 0.8
Tthy 233 2.5 11.1 75.7 9.9 0.8
9th, 179 3.0 12.5 73.3 10.6 0.8
11th 2h2 2.8 11.6 5.7 9.1 0.8

LDL ( d: 1.006-1.063 gm/cc)
3rd 142 37.4 k2.8 7.2 12.3 0.3
5th 148 37.0 ok 7.5 12.6 0.5
Tth 158 36.1  43.8 7.0 12.8 0.5
9th 137 33,6 45.9 8.0 13.5 0.4
11th, 121 34,6 Lo.6 8.7 13.8 0.3
Tth, 197 34.6 43.9 9.8 11.3 0.4
9th, 203 34.0 43.1 10.2 12.2 0.5
11th 203 34,8  42.8 10.5 11.5. 0.3

HDL ( d: 1.063-1.21 gm/cc)
3rd 701 38.2 54.9 1.2 5.2 0.6
5th 805 34,2 57.9 1.5 5.2 1.2
Tth - The 34,6 . 58.2 0.9 5.4 0.9
9th 685 35.1 57.7 0.5 5.9 0.7
11th 661 34.5 58.9 0.5 5.8 0.%
- Tthy, 859 34.0 59.3 0.8 5.2 0.7
9th 856 33,7 58.9 1.0 5.4 0.9
11th 876 58.4 0.8 5.2 1.0
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Table yIIT for Harbor Seal III (cont.)

. Whole Serum
~Concentration T :
Postprandial hour. ( mg/100 ml) . CE PL TG uc UFA
3rd 1170 29.2 48.2 15.1 6.5 1.0
5th 1270 26.4 L8. 4 18.3 5.2 1.7
Tth 1220 28.0 48.0 15.4 7.1 1.5
9th 1090 30.0 49.9 12,1 6.8 1.3
11th, 1160 28.2  47.1 17.5 6.7 0.6
Tth, 1430 26.1 h7.7 17.9 7.4 1.0
9th, 1400 ) 27.6 47.9 15.1 8.2 1.3
11th™ 1540 _ 27.1 5.6 19.0 7.6 0.7

* ' -
As was described in the method section, these samples were obtained. two

weeks later. -
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Figure 9 Ultracentrifugal distribution of lipoproteins in the
serum of harbor seal I at different postprandial times.




LOW-DENSITY LIPOPROTEIN DISTRIBUTION

’ ‘HIGH-DENSITY LIPOPROTEIN

64

o

DISTRIBUTION
400 100 20 12 020 10 :
HARBOR SEAL Il
3rd hr. postprandial
40 18 180 1272
5th hr.
34 9 | 166 1211
7th hr.
62 2 192 1541
¢th hr.
58 9 210 1635
\——
1ith hr.
82 S0 236 1583

DBL 689-5452

“Figure 10 'Ultracentrifugal distribution of lipoproteins in the
serum of harbor seal III at different postprandial times.



65

second time, the rise in this percentage was 73% to T76%. The chemical
composition for the 9th hour_oﬁ the first bleeding day suggests that
tﬂere might be a higher percentage distribution of serum lipoproteiﬁs in
the S; 20-400 interval. The Tlotation analyses done on sera ottained
two weeks later indicate that approximately the same percentage of serum
lipoproteins in the total VLDL class are in the S; 20-400 interval at
both thé 9th and 1lth postprandial hours. Unfortunately, no.flotation
analyses were done when the greater rise.in the triglyceride percentagé
was detected.

Althougnh the triglyceride composition of the iipoproteiﬁs in ﬁhe
total VLDL class agree well with human data, the cholesterol composition
is quite different. In partiéular, the ratio of free to esterified
cholesterol in humané is roughlyO.E. In the harbor seals, the values
of this ratio, according to the data in Tables VI, VII, and VIII, range
in values from 1.2 to L.5, For the two elephant seals, the valué of
the ratio is 5.8 for elephant seal IIi and 6.1 for elephant seal II.
Calculations of these ratios were based on the assumptioﬁ that cholesterol
comprises 60% of cholesteryl esters. .

b. LCAT Studies

The results of the LCAT study are given in Table IX in terms of
the concentration of the lipid constituents for the control and the
incubated serum samples. Thé increases in the concentration of cholesteryl
esters and the decreases in the phospholipid concentration and in the
unesterified cholesterol concentration suggest that an LCAT’reaction
does take place in the sera of these animals. However, with the expeption
of the‘percentage changes in unesterified cholesterol noted in the serum-

of harbor seal III, the changes are within the overall accuracy of ¥ 5%

associated with the measurements. The results of LCAT situdies on human

serum are included for the purpose of comparison.



Table IX Evaluation of LCAT Activity
Lipids Before and After Incubation
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: Concentration (mg/100 ml) of Serum

* . '
The samples were analyzed in duplicates.

1k9

CE PL TG uc UFA
Harbor Seal I _
Control 338 579 45 76 15
Incubation 349 566 46 73 18
L4th Hour Postprandial
Control 339 640 201 95 18
Incubation _5&5 629 205 92 22
"Hafbor Seal II ‘
Control 294 502 29 62 10
Incubation 308 487 29 55 13
. *
-Walrus Pup .
Control 428 515 36 111 Ls
Incubation Ly5 502 36 106 46
Killer Whale | |
Control 259 156 52 78 21
Incubation 263 150 50 77 25
Human (Males, 26-41 yrs) _ A
' Control 283 263 154 67 9
Incubation 328 242 Lo 14
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IV, DISCUSSION

a. Postprandial Studies

In the postprandial.studies, differences were seen between harbor
seal I and III in the time course of trlglyceride concentrations and in
the duratiog of the alimentary lipemia after the meal. Such individual
variations have been also seen in postprandial studies on humans.53’54
The chief difference‘between hdmans and seals is the build up of S; 20-400
lipoproteins after a fat load. In humans about 75% of the increment in
the total VLDL class appears in the S; 20-400 class, while approximately
20% appears in the SO 20-L00 class in harbor seals at the 5th postprandial

F
hour. At the 1lth postpraddial hour, this percentage increased to 29%
in harbor seal I and 38% in harbor seal III. At the lOth postprandial
hour, this percentage in both elephant seals was roughly 15% This lack
F

lipoproteins might be broken down more quickly in seals. Another possi-

" of build up of S 20-400 lipoproteins in seals suggests that these

bility is that fatty acids; which result from the hydrolysis of ch&lomicron
triglycerides, are taken up by the ‘adipose tissue rather than being incor-
porated into 2 VLDL complex. This is consistent with the findings of

Fried et al. * Their demonstration of'the-high activity of alpha gly-
eerophosphate dehydrogenase in the adipose tissue'of the Wedaell seal
suggestsvthat these animals could form triglycerides at a higher rate

than other mammals. If this is the case, seals would be able to.store'_

. a very high percentage of chylomlcron fatty acids without the subsequent
:formatlon of SF 20 hOO llpoprotelns as observed in humans.

The participation of the B protein in hepatic and intestinal lipopro-
tein synthesis and secretionAwas diseussed previously. It was then |
“suggested that the ingestion of dietary fat could minimize the participa-
pion of B protein in triglyceride transport. This appears to be the case

\ A

\

\
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in seals. Man, on the other hand, is apparently unable to hydfolyze‘
chylomicron triglycerides without the sgbsequent formation of a large
percegtage of S; 20-400 lipoproteins. ‘Because more protein is prgsent on
the S; 20-§OO lipoprotein, the expectation wduld be that moré B.protein would
be involved in the transport of diefary fats in humans than in seals. If
that is thelcase,‘the ingestion of carbohydrate as well as fat might then
be related to the serum céncentrations of human LDL.

Nothing is currently'known about the rate of chylomicra flow into
the éystemic circulation or the rate of tissue upﬁake of triglycerides
in seals. The secondary rise in triglycerides in the total VLDL cléss,
which was seen in harbor seal III following the.9th postprandiél hour
might be due to a difference in these two rates. In the animals studied
by Gége and Fisha secondary rise occurred between the 5th andVSth‘postQ
51

prandial hours. But just as these investigé%ors did not observe this

secondary rise in every animal studies, the secondary rise was noted in'.
only one of the harbor seals.

Another differegce'between human and seal responses to fat ingestion es
in the chemical composition of HDL. Unlike the‘studies done bn'dogs and
humans, there was no marked triglyceride upteke by seal HIL after fat
‘ingestion. However, as was reported in humens, an increase was also
noted in the phospholipid concentration in the HDL class of harbor seal
‘III. The lack of.triglyceride uptake byvseal'HDL togethér with the ﬁighér
ratio of frée t0 ésterified chplesterol in the total VLDL class suégests
‘ tha£ the transfers of triglycerides and cholesteryl estérs.assdciated with

LCAT do not occur in the sera of seals.

The lack of ultracentrifugally measurable. amounts of lipoproteins

with S; values in.the interval 0-20 is most interesting. Chemical analyses

" indicate that a small amount of lipid is present in the LDL class of both
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these animals. As was pointed out earlier, concéntrationsvof serum lipo-
proteins as high as 40O mg/lOO'ml may not bé detected by the method of
flotation analysis. Electrophoresis in agarose gel was done on a post-
prandial serum sample obtained from elephant seal II. A pre-beta band, but
no beta band was detected. Apparenfly these animals cén form pre-beta
lipoproteins without the subsequent accumulation of beta lipoproteins.
"b. LCAT Study

The chemical compositions'of.the total VLDL and HDL classes suggest
that the transfer associated with serum enzyme LCAT in humans does not
take place in the sera of marine mammals. ' The incubation studies failed
to detect significant LCAT activity in the sera of these animals. Under
" the test conditions used for thevdetermination of LCAT activity, the concen-
'trations of the necessary reactants, lecithin and unesterified cholesterol
(See Table III), were considered adequate for“the detection of the enzyme.
.The killer whale with a low. concentration of lecithin is an exceptidn.
The concentration differences'ﬁetween the control and incubated serum sam—‘
ples are markedly higher in human serum than the differences observed in
the sera of marine mammalé. |

In a report on three humans lacking transferase activity, the plasma
cholesteryl ester concentration was found to be negligible and the plasmé
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.alpha lipoprotein was undetectable by immuno-electrophoresis.
marine mamhals,_however, both cholesteryl esters and‘HDL are present in
serum in substantial amounts. As was menfioned earlief, Glomset has

) suggested that’the plasma transferase reaction is the major source of
‘esterified cholesterol in human plasma. Because‘cholesteryl estersbare

-present in theﬁsera of marine mammals, i1t would appear from my daté that

esterification of cholesterol would have to occur'primarily_in body tissue.
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The possibility exists that in my studies the enzyme could have been
inhibited as a resuit of the blood drawing and handling procedures.. An
LCAT inhibitor might also be present in the blood of marine mammals.
Although further studies are needed to_study the nature of LCAT in the
sera of marine mammals, the low activity demonstrated by the results in

Table IX is consistent with the observed absence of triglyceride uptake

by HDL following fat ingestion.
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SUMMARY

To survive cold temperatures in the ocean and, in the case of cer-
tain species, periods of starvation, marine mammals rely on their adipose

fat. Both dietary and limited enzymatic studies suggest that marine

mamhals must. consume diets high in fat to maintain their adipose stores.
In order to 6btain some insight into the ﬁechanisms involved in tﬁe

transport of triglycerides in marine mammals, the chemical and physical
propertieé of their serum lipoproteins were investigated. Studieé were

done on members of the orders Cetaééa and Pinnipedia. In both orders

more than TO%}of(the lipids were associated with the HDL class. 1In

both orders, the serum concentration of lipoproteins in the total

VLDL class was low. However, distinct differences in the chemical and

. physical properties of serum lipoproteins were found between cetaceans

and pinnipeds.' Pinni@eds were found to have a higher‘concentration

of HDL and of total serum lipids. In béth the low and the high density

lipoprotein distfibutions, the.flotation peaks of the majoflcompoh— |

ents of cetaceans had higher rates. Furthermore, in the case of certain

cetaéeéns, cholesteryl ester rather than phospholipid was the predominant

lipid of the HDL class. The data on the chemical éomposition of the lipo-

proteins showed some similarities as well as differences wheﬁ'comparisons

were made between marine and terrestial mammals. In man as well as in
the killer whale and in the walrus pup, the percentage of cholesteryl

esteré waé higher thanﬁthat of;phbéphélipids in the LDL class. The

' data for tﬁe killer whale and the>walrus pup must be viewed with caution

because the killer whale waé sick, and thé walrus pup was on an-artificial

diet. In the LDL class, the other animais’had a predominance or phoépho—

lipids. The chemical composition of the cow HDL .like that of some cetacean
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HDL was predominantly cholesteryl ester. In all the marine mammals as
well as the cow, the percentage of triglycerides in the HDL class was
very low. There were aiso similarities and differences in the ultra-
centrifugal distribution of serum lipoproteins of terrestial and mafine
mammals. The dog, a carnivore like marine mammals, was also found to
exhibit & predominance of HDL. The gﬁinea pig, a herbivore, had no
detectable HDL. Almost all of the lipoproteins of the guinea pig were
found to be in the LDL class.

From an evaluation of the relative distributions of serum lipopro-
teins in the three categories of herbivores, omnivores, and carnivores,
I would like to suggest that a possible relationship might exist between
fhe circulating levels of LDL and the participaﬁion of B protein in the
‘secretidn of triglycerides. I have made several assumptions in formulating
this relationship. - The first assumption was that more B protein was
present on lipoproteins in the SR 20-L400 class than in the chylomicron
class. The assumption was also made that herbivores ingest a diet high
in carbohydrates, andxcarnivores ingest a low carbohydrate diet. These
assumptions were then combined with the findings of Windmueller et al.

. on orotic acid-fed rats to suggest the above relationship. Their

studies showed‘the following: 1) the inhibition of the synthesis of B
protein or the éomplexing of B protein with triglycerides in the liver

was associated with a lowering of the serum level of LDL and 2) the

© ingestion of fat produced an alimentéry lipemia with no detectable in-
creaseAin the concentration of LDL. . If the inhibition of the participation
of B protein in the secretion of triglycerides was associated with a
decrease in the concentration of LDL, pefhaps the participation of B

- protein would be associated with an increase in the concentration of LDL.

Herbivores convert a substantial fraction of dietary carbohydrate into




T3

fat in the liver. The B brotein is required for the secretion of hepatogenous

triglycerides. This would, according‘to my suggestion, tend to elevate

the concentration of LDL. The ingestion of fat in carnivores, Jjudging from

the results of the study on orotic acid-fed rats, would have little

effect on the concentration of-LDﬁ. As was noted above, the guinea pig,

a non-ruminating herbiwore, had a predominance of'LDL, and the dog and

marine mammals, all carnovores, had a low percentage of IDL. Omnivorous

_ﬁen, whese diet is high in>carbohydrates, also had a predominance of LDL.

>The suggested relationship between the participation of the B protein

and the concentration of LDL was extended to other omnivoree, the rat

s and the baboon, and to ruminants, the cow and the bison. It was pointed

out that in the wild the diets of the rat and the baboon are often that

of carnivores. Both these animals had a predomihance of HDL. As for

| fhe ruminants, volatile fatty acids‘accoﬁnt for T0-80% of the total

. energy intake. These volatile fatty acids are soluble in the blood, and

they can‘be'taken up by the tissue for oxidation. As a result, the necessity

: for synthesiéing triglycerides and. the varotein might be greetly reduced

in these animals. Both the bieon.and the cow had a predominance of HDL.
Although fasting levels of'triglycerides are low in marine mammals,

an alimentary lipemia was observed in each of the seals on which post-

prandial studies were done. Very little fluctuation was observed in the

concentrations and thevchemical composition of LDL and HDL. 'The chief

changes were asseciated with increases in the triglyceride concentfation

of the total VLDL class. A difference between the seal andvhuman‘responses

to a high fat intake was the extent of the build up of Sg 20-400 lipopro-

teins. In_humahs about 75% of the increment in the total VLDL class

appears in ehe Sg 20-400 class. This percentage ranged in values from

15% to 38% in seals. It was suggested that the rapid uptake of chylomicron
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fatty acids by adipose tissue might éxplain the lower build up of the
sg'zo—uoo lipoproteins in seals as compared to man.

Another difference between seals and humans was in the chemical
composition of HDL following fat ingestion. Unlike humans, there was no
significant uptake of triglycerides by seal HDL. The uptake of triglycer—
ides has been aséociated with the activity of the serum enzyme LCAT. The
enzyme 1is thought to be involved in the reciprocal transfer of triglycer-
ides from VLDL to HDL and of cholesteryl esters from HDL to VLDL. The
chemical compositions of HDL and VLDL of marine mammals suggest that this
- transfer does not take place. Incubation studies to evaluate the pre-
sence of LCAT in the sera of different marine mammals indicated that there

was no significant activity.
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‘Table ¥ Information on the Sex, Weight and Age of Captive Marine Mammals

“ Sex Weight (1bs.) Age
- Cetacea
Atlantic Dolphin (Tursiops truncatus)
I F 350 13-15 yrs.
"IT F 250 8 yrs.
I1I M 280 young adult
1v F 310 old
Pacific Dolphin (Tursiops truncatus gilli)
F 450 8-9 yrs.
Dall Porpoise (Phocoenoides dalli)
M 270 old
Pacific Porpoise (Lagenorhyncus obliquidens)
I F 210 “ young adult
I1. M 200 young
Killer Whale (Orcinus orca)
F 6,000 7-8 yrs.
Pinnipedia
Elephant Seal (Mirounga angustirostris)
I M 235 10 mo.
II M 350 21 mo.
III M 460 33 mo.
IV F 210 10 mo.
Harbor Seal (Phoca vitulina)
I \ F 90 21 mo.
II F 175 7-8 yrs.
III F 157 7-15 yrs.
Steller Sea Lion (Eumetopias jubatus)
Male Pups
1 50 1 mo.
58 1 mo
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Table X cont.
Sex Weight (1lbs.) Age
II1 L6 10 days
1v 45 10 days
Female Pup
| I ‘ hd 5 days
II 3L 3 days
III _ 30 - 5 days
v - 31 -10 days
v 39. 2 days
VI Lz 10 days
VII - L5 - "~ 1 month
VI 33 1 month
Walrus Pup (Odobenus rosmarus)
F 110 3 weeks
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Figure 11. Atlantic dolphin.
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Figure 12. Scale model of a Dall porpoise.
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Figure 13. Pacific porpoises.
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Figure 14. Killer Whale.
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Figure 15. Elephant seal.
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Figure 16. Harbor seals.
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Figure 17. Weddell seals.



=84

¥ f§§§§§lllllh§!r

g §§ e %‘ gﬁ"@‘w!

XBB 688-4676

Figure 18. California sea lion in the center.
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Figure 19. Northern fur seals.
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Figure 20. Steller sea lion pups.
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Figure 21. Walrus pup.
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Table XI Mean Concentration and Mean Composition of Whole Serum Lipids of Certain Pinnipeds

APPENDIX II

Percent Lipid Composition

Animals No Concentration CE PL 6 uc UFA
' (mg/100 ml) ’
Weddell Seals
(Leptonychotes weddelli) 4
Females . 1320 _ 39.5  L47.7 S 3.4 8.1 1.8
- (£70) _ _ (£1.0)*  (#1.0) (#1.0) (+0.3) ($0.6)
Fetuses L 832 S 36.5 . 51.3 2.6 9.0 0.7
o (#340) (£4,0) - (£3.2) (£1.5) (£1.2) (#0.2)
Northern Fur Seals*
~ (Callorhinus ursinus). - ] ’
' Males 5 . 798 f”‘ . 34,0 . 50.6 R 7.5 3.0
L (#90) o (£2.,9)  (#2.6) (£0.7) (0.7 (£2.0)
Steller Sea Lion o o | . ' '
(Eumetopias jubatus) . |
Males 4 : “.; 755": - 3h.L 49.0 L7 8.6 3.4
- (267) (£0.8) (£2.0) (£2.0) (£0.5 (+0.8)
Females 12 ' 32.5 49.0 3.1 9.7 2.9
(+120) (+2.9) (£1.5) (+2.6) (£1.2) (+2.1)
The values in parentheses are standard deviations from the mean values.
. . [e e}
. : [0}
%Heat was used in the extraction of lipids.
AR A L T T T i bt s " v reReTreS -*‘mmi. ,ﬁﬁ; o
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Table XII Lipid Concentration and Composition of the Three Major Density Classes of Other Marine Mammals

Animals » Concentration’ (mg/100 ml) of the Three Density Classes Percent Lipid Composition of HDL
' *¥ *% B '
VLDL LDL ” HDL CE PL TG ucC UFA
Delphinus bairdi (male) ' 71 122 763 . Lh.8 45,1 2.4 7.1 0.7
‘ *Xk . ‘ ' :
Phocoenoides dalli (male) . 167 . : 39 : 278 : 38.7 50.0 3.1 6.5 1.8

Mirounga angustirostris

... (IVv, female) ) 38 : 41 _ 501 38.1 53.0 1.3 5.8 1.8

% .
Heat was used in the extraction of lipid in each case.

*% : :
Because only a small amount of blood was obtained, the amount of the extracted lipid was not large
enough for chemical analysis. .The value for concentration was determined by gravimetric means.

**Postprandial sample.

5 T e 2 s Mt R gk of
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APPENDIX III

Tables XIiI, XTIV, and XV show Qata on the concentration of lipid
.constituents in.whole serum and in different density classes for various
terrestial mamméls. The concentrations of protein and total lipid were
not determined in every case. Instead,.assumea values underlined in the
tables were used. These values.were based.on the following assumptions.
For lipoproteins witﬁlaensity less than 1.019 gm/cé,.the protein moiety
was assumed to comprise 10% of the iipoprotein.‘ For lipoproteins with
denéity leés fhan 1.063 gm/cc and fof thpse with density betwéen 1.063

and 1.019:gm/cc, the percenfage of prqtein in the lipéprﬁteins wés
assumed tb be 20%. In-the HﬁL‘ciass,'the pfbfeiﬂ‘ﬁoiety:wés assumed to
comprise 50% of the lipqpfotéiné-éfiéhé Qoﬁ énd bi§oﬁ} .In cases where
it was possible, the percént liﬁid gompésition-of these constituents

were calculated. These data are in Tables XVI; XVI1T1, and XVIII.



Table xTIILipid Concentration (mg/l100'ml) of Whole Serum

uc

Ref.

No CE ™  PL TG UFA TL
HERBIVORES
Bison (Female Bison bison) 2 65 11 501 25 29 3.7 134 64
Bovine (Female Holstein 2 244 30 - 175 157 13 9.1 453 65
Hamster N.A. 121 269 ’ 66
Rabbit N.A, L1 93 66
OMNIVORES
: , * B g
" Man (Males; 26-41 yrs) "6 280 ‘69 235 261 153 8.9 72 o7
Man (Males; 20-30 yrs) 10 : 171 215 , 66
Man (Females; 20-30 yrs) 10 187 - 237 66
Monkey N.A. 173 © 295 .66
Pig N.A. . 106 161 66
Rat 6 - 62 102 51 68
CARNIVORES
Dog (Female Beagles) 5 202 46 166, 363 31 19 661 " 69
Dog (Male Beagles) 5 166 4o 139 309 29 14 558 69
Dog N.A. 150 362 : 66
This value is an estimate. It is based on the assumption that cholesterol comprises 59.5% of

the cholesteryl ester. ¥ 18% of this concentration value for triglycerides is monoglycerides

“and diglycerides. Abbreviations: CE (Cholesteryl_Esters), UC (Unesterified Cholesterol), TC

(Total Cholesterol), PL (Phospholipid), TG (Triglycerides), UFA (Unesterified Fatty Acids), TL

(Total Lipid), N.A. (Data were not available in the reference cited). These abbreviations will

be used in subsequent tables. . : '

16



Table XIV Lipid Concentration (mg/l100 ml) of Serum Lipoproteins of Density Less than 1.063

TC PL G

No Density Class CE uc TL Pro LP Ref.
HERBIVORES
Bison (Female Bison bison) 2 <1.063 gm/cc 21 5.7 18" « 9.5 17** 55 13 66 6L
Bovine (Female Holstein) 2 <1.063 gm/cc 9.3 1.0 6.5 8.4, 6.8 26 7 3% 65
Hamster N.A.  <1.019 gm/cc 25 4k 189 21 210 66
Hamster N.A. 1.019-1.063 gm/cc 29 . 3L 88 22 110 66
Rabbit N.A.  <1.019 gm/cc 15 18 126 14 1ko 66
Rabbit N.A.  1.019-1.063 gm/cc q, 11 " L8 12 60- 66
Rabbit <1.063 gm/cc 19 6 17 2l 36 82 17 99 70
OMNIVORES
Male (20-30 yrs) 10 <1.019 gm/cc 26 31 153 -17 170 66
Female (20-30 yrs) 10 <1.019 gm/cc 19 2L 153 17 170 = 66
Males (20-30 yrs) 10 1.019-1.063 gm/cc 97 - 69 2L0 60 300 66
Female (20~30 yrs) 10 1.019-1.063 gm/cc 108 - 178 240 60 300 66
Monkey N.A. <1.019 gm/cc 17 20 117 13 130 66
Monkey N.A. 1.019-1.063 gm/cc 6l 6k 208 52 260 66
Pig N.A. <1.019 gm/cc .8 - 12 90 10 100 66
Pig _ N.A. 1.019-1.063 gm/cc - 51, AT 1Ll 36 180 66
Rat (Sprague-Dawley) 22 <1.063 gm/ce 11 4 11 14 32 6L 13 T4 70
Rat N.A.  <1.019 gm/cc ' 6 17 108 12 120 - 66
Rat N.A. 1.019-1.063 gm/cc 10 = 13 68 17 85 66
Rat 6 - <1.063 gm/cc 13 18 29 60 15 75 68
CARNIVORES -
Dog 3 <1.063 gm/cc 9 7 12" 17 3 65 21 8 710
Dog N.A. <1.019 gm/cc 2 10 81 9 90 66
Dog N.A. 1.019-1.063 gm/cc 10 19 17 85 66

Values in parentheses are percentages based on total lipid concentratlon

ThlS is
ester.
ations:
text.

an estimate.

PRO (Protein), LP (Llpoproteln)

R L TRy A T PO O axd o

e

*% 17% of this concentration value for triglycerides is momoglycerides and diglycerides.
The underlined values are estimates based on the values in the

It is based on the assumption that cholesterol comprises 59.5% of the cholesteryl

Abbrevi-
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Table Xv Lipid Concentratioh.(mg/lOO ml) of Serum Lipoproteins of Density Greater

than 1.063 gm/cc

Prb.

This value is an estimate. It is based on the assumption that cholesterol comprises 59.5% of
the cholesteryl ester. #** 244 of this concentration value for triglycerides is monoglycerides and

diglycerides.

‘No Density Class CE uc TC PL TG TL LP Ref.
HERBIVORES
Bison (Female Bison bison) 2 1.063-1.21 gm/ce 53 8.1 .hOi 18 16" 95 5 190 6L
Bovine (Female Holstein) . 2 >1.063 gm/cc "~ 249 29 177 155 6.6 440 440 880 65
Hamster N.A. >1.063 gm/cc _ , - 6l, 176 . .66
Rabbit 6 1.063-1.22 gm/cc 31 10 28 75 2l 140 196 336 70
Rabbit : N.A. >1.063 gm/cc - 17 69 - 66
OMNIVORES - |
Man (Males;'éo—jo yrs) 10 >1.063 gm/cc 43 111 66
Man (Females; 20-30 yrs) 10 >1.063 gm/cc 54 134 66
. Monkey N.A. >1.063 gm/cc 80 206 66
Pig . N.A. >1.063 gm/cc b1, 102 66
‘Rat (Sprague-Dawley) -2 - 1.065-1.22 gm/cc 69 13 54 91 11 184 156 340 70
Rat - . "N.A. >1.063 gm/cc 31 78 ‘ 66
Rat ) 6 ~1.063-1.21 gm/cc Lo 43 87 87 174 68
CARNIVORES '
Dog 3 1.063-1.22 gm/cc 135 28 1080 2%3 W7 b3 4k 87 70
Dog N.A. >1.063 gm/cc 127 325 ' 66

€6



Table XyI Lipid Composition of Whole Serum

. "Percent Lipid Composition

No CE o PL TG UFA TL References
B ' (mg/100 ml) \
HERBIVORES
Bison (Female Bisoﬁ bison) 3 48 8.2 19 22 2.8: 134 6L
Bovine (Female Holstein) 2 5 6.6 35 2.9 2.0 453 65
OMNIVORES | .
Man (Males; 26-41 yrs) 6. . 36 .8;9 o 3h 20. - 1.1 CoTTR B 67
CARNIVORES | | | - |
Dog (Female Beagles) | 5 30 7.2 55 5.2 2.5 558 69

¥6
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Table XVII~ Lipid Composition of Serum Lipoproteins of Density Less than 1.063 gm/cc

Percent Lipid Composition

No . . Demsity Class CE e PL TG IL Ref.
_ o (mg/100 ml)

HERBIVORES o

Bison (Female Bison bison) 2 <1.063 gm/cc ' 39 11 18 31 - 53 6L

Bovine (Female Holstein)' 2 <1.063 gmfcc 34 3.7 31 25 26 65

Rabbit 6 <1.063 gm/cc 23 7.3 .26 L ' - 8 70

OMNIVORES |

Man (Males; 35-55 yrs) N.A. +<1.006 gm/cc 13-16 L-6 ~ 16-25 - 63-75 143 19

Man (Females; 35-55 yrs) N.A.  <1.006 gm/cc 13-1 L6 16-25 - 63-75 - 50 19

Man (Males; 35~55 yrs) N.A. - 1.006-1.063 gm/cc L6 13 26 15 296 19

Man (Female; 35-55 yrs) " N.A.  1.006-1.063 gm/cc L6 l% _ EE 15 - 22 : 19
Rat (Sprague-Dawley) 22 <1.063 gm/cc : 18 5 23 - 52 61 70
CARNIVORES | |

Dog . '3 <1.063 gm/cc | 14 11 26 ) 65 70

4

The underlined values are estimates based on the values stated in the text.
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Table XVIIT Lipid Composition of Serum Lipoproteins of Density Greater than 1.063 gm/cc

Percent ‘Lipid Composition

No Density Class CE . ~UC PL TG TL References
(mg/100ml1)

HERBIVORES

Bison (Female Bison bison) . 2 - 1.063-1.21 gm/cc 56 8.5 19 17 95 . 6k
Bovine (Female Holstein) 2 >1.063 gm/cc 56 6.6 35 1.5 Lo 65
Rabbit _ 6 1.063-1.22 gm/cc 22 7.1 = 54 17 140 - 70
OMNIVORES |

Man (Males; 35-55 yrs) N.A. ©1,063-1.21 gm/cc 40 L 48 8 138 .19
Man (Females; 35-55 yrs) N.A. 1.065-1.21 gm/ce L0 N 13 B 218 19
Rat (Sprague-Dawley) 22. 1.063-1.22 gm/gc 37 7.1 L9 6.0 . 184 70
CARNIVORES

Dog : o 3 1.063-1.22 gm/cc '50 : '_6.3 52. 11 L3 : 70
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Table XIX Uitracentrifugal Distributions of Serum Lipo
Terrestial Mammals '

proteins in Different

Animals ' Né* Serum Concentration {mg/100ml)
’ HDL LDL  VLDL
HEBIVORES
Guinea Pigs - _ %
(Albino Strain Males; 12-17 wks) . 7 182 b7
OMNIVORES
"Babbons: ' *%
(Papio eyanocephalus Males; 15 mo.) 2 345 120 2
- * K '
Humans (30-39 yrs.) _ : :
Males 834 255 406 142
Females _ : 99 316 365 64
Rats (Buffalo Strain Male Pool) 5 W7 29 171
~ CARNIVORES '
Dogs (Beagies§ 1-2 yrs) : _  ex
Males o .5 705 69 6
T 0

Females 5 826

% .
The value in the numbers column represents the number of animals that were

.tested to obtain the corresponding data.

*% :
Several animals in the group tested had no dectectable VLDL. The highest

concentration value among the animals tested is shown in the table.

*%% '
Reference 61



LOW-DENSITY LIPOPROTEIN DISTRIBUTION HIGH-DENSITY LIPOPROTEIN DISTRIBUTION
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Figure 22 Répresentative ultracentrifugal ‘distributions of lipo-
proteins in the sera of certain terrestial mammals.
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APPENDIX IV

The correspondence between the ultracentrifugal distribution of

gserum lipoproteins and the electrophoretic. patterns was discussed

earlier in the Introduction Section. This correspondence illustrated in

‘Figure 22 for human serum lipoproteins exists also in marine mammals.

FElectrophoretic studies wére done by Dr. F. T. Hatch and J. A. Mazrimas
of the Biomedicél Division of the Lawrence Radiation Laboratory, Liver-
more, California. The electrophoresis was done in agarose gel at pH 8.6
according to the procedure of Noble et gl.7l

Albha lipoproteins were present in the sera of each of the animals.
No beta lipoproteins were detected in the sera of the Pacific dolphin
or elephant’'seal I1, and no pre-beta lipépfoteins“were detected in. the
sera of harbor seal iI. The difference in the alpha band mobility of
pinnipeds and cetaceans suggests that the slower bands might correspond

to the HDL of pinnipeds with low flotation rates and the faster band

to the HDL of cetaceans with higher flotation rates (See Figures 5

"and 6 and Table IV). The postprandial sample from elephant seal II

shows a very heavily stained band in the stafting well, which represents
chylomicra and S;)>AOO lipoproteins that are too large to migrate in

the gel.
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Figure 23. Correspondence between the electrophoretic and
the ultracentrifugal distributions of serum lipoproteins.
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Figure 24. Electrophoretic (Agarose gel) distribution of
serum lipoproteins.



- ACKNOWLEDGMENTS

Few men have ever véntured into the domain of Poseidon without
the support of others. I was not one of them.
| I am greatly indebted to Dr. J. Hammond, Dean L. Jensen.of the
University of Washington in Seattle, and Mr. W. Ervin of the Standard
01l Company for encouraging me to return to graduate school; to Df.
R. Brauer of Duke University for suggesting this study to me; to the
following members of the Department of Nutritional Sciences at the
University of California at Berkeley who have been a great heip to me:

Mr. W. Heib, Mr. J. van der Veen, Mr. R. Pierce, and Professor H. QOlcott

102

and to Professor J. Felts of the University of California at San Francisco.

I would also like to thank Mr. W. Yamanaka and Professor R. Ostwald
for kindly supplying me with guinea pig serum; Dr. F. Lewis for permission
to use the unpublished beagle data; and Dr. A. Howard for permission to
use the unpublished baboqn data.

I also want to ackggwledge the following members of oceanariums and
© marine mammalian laboratories for supporting me in this research effort.
© They inclﬁde.thg following: Dr. and Mrs. R. Hubbara, Dr. T. Péulter,

and Mr. L. Martinez of the Stanford Research Biosonar Facility; Mr. J.

Prescott and Dr. L. Cornell of Marineland of the Pacific; Dr. J. Roberts, .

Mr. R. Boice, and Mr. W. Walker of the Cetacean Research Laboratory; Drs.

S. Ridgway and J. Simpson of the U.S. Naval Station, Point Mugu, California;

Drs. R. Orr and E. Harold of Steinhart, Aquarium; Dr. R. Elsner of the
Scripps Institute of Oceanography; Dr. C. Lenfant of the Institute of
Resbiratory-Physiology; and Mr. M. étafford.of Marine World.

Invaluable technical support was also given to me by the following
_ beople at Donnef Lgboratory: Miss E. Cbggiola, Miser. Yokoyvema, Mr. G.

Adamson, Mr. R. Doyle, Mr. L. Jensen, Mr. G. Jones, and Mr. J. Flambard.

s i 4 tron S e mein o



103

T also want to thank Dr. F. Hatch and Mr. J. Mazrimas of __LT.R.L. for doing

the electrophoresis for‘me. I also am greatly indébted to-the following
membérs of the Lipoprotein Group. at Donnéf.Laboratory: Drs. N. K. Freeman,
T. Hayes, F. Lindgrgn, and W. Logsow;
I want to thank the me@ﬁers.of my cOmmittee, frofessors.ﬁ. Nichosls,
R. Havel, and R. Lyman, for the time and help they have givén me.- |
| I wish to exéress my thahks to the following three typists, Miss
C;;Reidt, Mrs. E. McCoy? and Mrs. M. Sauceda, for their patience.

Outside of the academic and scientific community, I want to thank

. Dr. J. Kelly for allowing me to use his office for the writing of this

thesis. And to my other friends I wish to express my thanks for reminding
me to pour an occasional  libation to Poseidon.
Finally, I just want to thank my parents and brqﬁhers for putting

up with me.

Financial support from a Public Health Service Biophysics Training

Grant is gratefully acknowledged.




(0]

10.

11.

104
REFERENCES

Vague, J;,vand R. Fenasse, Comparative Anatomy of Adipose Tissue,

Chap. 5 of Adipose Tissue, Section 5 of Handbook of Physiology: Albert

E. RenoldandAGeorge ¥. Cahill, Jr., Eds. (American Physiological So-
.ciety,vWashington, D.C., 1965). |

Hubgard, R;C.;.Personal Communication, Stanford Research Institute,
Menlo Park, Calif.

Hoffman, R.A., Terrestial Animals in Cold:  Hibernators, Chap. 24 of

- Adaption to the Environment, Section 4 of Handbook of Physiology:

. Albert E. Renold and George F. Cahill, Jr., Eds. (American Physiological

Society, Washington, D.C., 1965).

Smith, R.E., and J.C. Roberts "Therﬁogeﬁesis of Brown Adiﬁose Tissue
iﬁ_CoId Acclimated Rats"  Amer. J. of Physiol. 206, 143, 196k.
King, J.E., Seais of the World, (The'Britiéh Museum, Lon&on, 1964).

Peterson,vR.S., SociairBehéviof ih Pinnipeds, Chap. 1 of Behavior and

- Physiology of Pinnipeds: R. Harrisén, R. Hubbard, R. Peterson, C. Rice,

and B. Schusterman, Eds. (Appleton Century Crofts, In Press).

Peterson, R.S., Personal Communication, University of California at

"’Santa Cruz.

.j Slijper, E.J., Distribution and Migration, Chap. 12 of Whales, .(Hutch-

inson & Co., 1962).
ARice, D.W., Perscnal Communication, Bureau of Commercial Fisheries,
Marine Mammal Biological Laboratory,'Seattle, Washington.

Jangaard, P.M., R.G. Ackman, and R.D. Burgher "Component Fatty Acid

of the Blubber Fat from the Common or Harbor Seal, Phoca vitulina

concolor de Kay" Can. J. Biochem. Physiol. b, 25h3, 1963.

Ackman, R.G., and C.A. Faton "Lipids of the Fin Whale (Balaenoptera

.. physalus) from North Atlantic Waters" Can. J. Biochem. 4k, 1561, 1986.



12.

13,
14,

15.

16.

17.
18 .

15.

20.

21.

" .press) Vol. 6, p. 1.

~ Serum Lipoproteins'

105

Raymont, J.E.G., and R.J. Conover "Further Investigations of ‘the
Carbohydrate Content of Marine Zooplankton" Limnology and Oceanog-
raphy 6, 154, 1961.

Albritton, E.C., Standard Values in Nutrition and'Metabolism, (W.B.

Saunders Company, Philadel?hia/London; 1954).
Pilson, M.E.Q. "Absence of Lactose from the Milk of the Otarioidea,
a Superfamily of Marine Mammlas" (abstr.) Amer. Zool. 5, 220, 1965.

White, A., P. Handler, E.L. Smith, Lipid Metabolism, Chap. 22 of

Principles of Biochemistry, 3rd Edition (McGraw-Hill Book Co., New

York, Toronto, and London, 196L).

Fried, G.H., C. Ray, J. Hiller, S. Rabinow, and W. Antopol "Alpha-.

Glycerophosphate Déhydrogenase and Glucose-6-Phosphate Dehydrogenase

- in Tissues of the Weddell Seal” Science 155, 1560, 1967..

Seniof, J.R. "Intestinal Absorption of Fat" J. Lipid Res. 5, 495, 196k.
Johnston, J;M. "Recent Developments in the Mechanism of Fat Absorption”

Adv. in Lipid Res. (Academic Press, New York/London, 1963) Vol. 1,

p. 105.

Hatch, F.T. and R.S. Lees "Practical Methods for Plasma Lipoprotein

" Analysis" Adv. in Lipid Res:. (Academic Press, New Ybrk/Londoh; in

)
by

Nichols, A.V. "Human Serum Lipoproteins and Their Interrelaﬁionships'

_Adv. in Biol. and Med. Physics (Academic Press, New Ybrk/London,

1967) Vol: 11, p. 110.

Freeman, N.K., F.T. Lindgreh,,and A.V. Nichols "The Chemistry of

Progress in the Chemistry of Fats and Other

Ligids;_(MacMillan, Pergamon, New York, 1963) Vol. 6, p. 215.




22,

23.

106

Fredrickson, D.S., R.I. Levy, R.S5. Lees "Fat Transport in Lipoproteins-
An Integfated Approach to Mechanisms and Disorders" New England J. of
Med. 276 (32-bk4, 94-103, 148-156, 215-226, 273-281) 1967.

Windmueller, H.G., and R.I. Levy "Total Inhibition of Hepatic Beta-

, Lipoprotein Production in the Rat by Orotic Acid" J. Biol. Chem. 242,

ol

25.

26.

27.

28.

29.

30.

2246, 1967.

Levy, R.I., D.S. Fredrickson, and L. Laster "The Lipoproteiﬁs and
Lipid Transport in Abetalipopfofeihémia"/J. Clin. Inv. 45, 531, 1966.
Lees, R.S. "Immunological Evidence for the Presence of B Protein
(Apoprotein of 5eta lipoffotein),in Normal and Abétalipoproteinemic
Plaéma) J. Lipid Res. 8, 396, 196T.

Levy, R.IL., R.S. Lees, andvD.S. Fredrickson "The Nature of Pre-beta
(Very Low Density) Lipopfoteins" J. Clin. Iﬁvest..ﬁé, 63, 1966.
Scanu, A. "Serum High—Density Lipoprotein: Effect of Change in Struc-
ture on Activity of Chicken Adipose Tissue Lipase" Science 153, 640,
1966.

Lindgren; F.T., N.K. Freeman, and E.M. Ewing "Ultracentrifugal Analy-

sis of Serum Lipoproteins” Progr. In Biochem. Pharmacol.‘(Karger,
Basel/ New York, 1967) Vol. 2, p. 475. | |

Jensen, L.C., T.H. Rich, and F.T. Lindgren "Graphic Presentation of
Compu%er—Derived Schiierén Lipoprotein Data" LRL Semiannual Report,
UCRL - 18066, Fall 1967. |

McKenzie, I.F.C. and P.J. Nestel "Studies on the Turnover of Trigly-
ceride aﬁd Esterified Cholesterol in Subjeéts with the Nephrotic

Syndrome" J. of Clin. Inves. 47, 1685, 1968.



31.

32.
33.

3k.

35.

37.

38.

39.

Lo.

287, 1966.

107 .

Hashimoto, S., S..Dayton,‘and~J:C. Roberts, Jr. "Aliphatic Wax
Alcohols and Other Lipids in Atheromata and Arterial Tissues of
Cetaceans" Comp. Biochem. and Physiol. 20, 975, 1967.

Newmah, Murray A. and Patrick L. McGeer "The Capture and Care of a

Killer Whale, Orcinus Orca, in British Columbia" Zoologica 51, 59, 1966.

Ridgway, S.H. "Medical Care of Marine Mammals" J. of the Amer. Vet.
Med. Assoc. 147, 1077, 1965.

Prathap, K., N.G. Ardlie, J.C. Paterson, and C.J. Schwartz. "Spon-
taneous Arterial Lesions in the Antartic Seal." Arch. Path. 82,
Harrison, RlJ., and J.D.W. Tomlinson "Observations on the Venous

System in Certain Pinnipedia and Cetacea" Proc. Zool. Soc. of London

. 126, 205, 1956.

36.

Sperry, W.M. and F.C. Brand "The Determination of Total Lipide in
Blood Serum." J. Biol Chem. 213, 69, 1955.

Hirsch, J. and E.H. Ahrens "The Separation of Complex Lipide Mixtures

* by the Use of Silicic Acid Chromatography? J. Biol. Chem. 233, 311,

1958.

Lindgren, F.T., A.V. Nichols, N.K. Freeman, R.D. Wills, L. Wing, and
J.E. Gullberg "Analysis of Low-density Lipoproteins by Preparative

Ultracentrifugation and Refractometry” J. of Lipid Res. 5, 68, 196k.

Leat, W.M.F., and T. Gillman, Intestinal Absorption and Clearance

of Lipids in Ruminants and Non-ruminants, In Metabolism and Physiolo-

gical Significance of Lipids, R.M.C. Dawson, and D.N. Rhodes, Eds.

(Wiley & Sons, LTD. London, New York, and Sidney, 196h).
Lewis, L.A., A.A. Green, and I.H. Page "Ultracentrifuge Lipoprotein
Pattern of Serum of Norumal, Hyperténsive, and Hypothyroid Animals"

Amer. J. of Physiol. 171, 391, 1952.



L1,

Lo,

k3.

L,

hs;

L6,

L.

L8.

kg,

108

Fried, M., H.G. Wilcox, G.R. Faloona, S.P. Eoff, M.S. Hoffman, and
D. Zimmerman "The Biosynthesis of Plasma Lipoproteins in Higher
Animals" Comp. Biochem. and Physiol. gg,_651,41968.

Hewitt, J.E. and T.L. Hayes "X-Irradiation and Lipoprotein Metabolism

-in Various Species” University of California Radiation Laboratory

Report, UCRLf285T,.Jan. 31, 1955.

Grundy, S.M;, and R.M. O'Neal "Comparative Studies of Normal and
Hypercholesterolemic_LipOprotein Patterps in Variousnéﬁecies"
Experimental and Molecular Pathology, Supplemént 1 9 1963.
Ahrens,.E.H., dJ. Hirsch; M.L. Peterson, W. Insull, Jr., T. Miller,
H.J. Thomaséén, W. Stoffel, and J.W. Farquhar "The Effect-on.Human
Serum Lipids of a Dietary Fat, Highly‘Unsaturated, But Poor in Essen-
tial Fat£y Acids" The Lancet 1, 115, 1959.

Kaneda, T., and R.B. Alfin-Slater "A Compérison of the Effects of
the Polyunsaturated Fatty Acids of Culltefish Liver 0il on Cholesterol
Metabolism" J. of the Amer. oil Chem. Soc. L0, 336, 1963. |
Peifer, J.J., W.O. Lundberg;_s.'lshio, and E. Warmanen "Studies of
Lipids in H&percholesferemic Rats" Arch. of Biochem. and Biophys.

110, 270, 1965.

Walker, E.P., Mammals of the World, Vol. II (The Johns Hopkins Press,

Baltimore, 196k4).

Armstrong, D.G. Carbohydrate Metabolism In Ruminants and Energy

*>Supply, In Physiology of Digestion in the Ruminant: R.W. Dougherty,

Ed. (Butterworth, Washington, 1965).
Annison, E.FQ, Absorption From the Ruminant Stomach, -In Physiology

of Digestion in the Ruminant: R.W. Dougherty, Ed. (Butterworth,

Washington, 1965).




- 50.

51.

52.

53.

Sk

o5

56.

- 5T.

58.

109

Nichols, A.V., and L. Smith "Effect of Very Low-Density Lipoproteins

on Lipid Transfer in Incubated Serum" J. Lipid Res. 6, 206, 1965.

Gage, S.H., and P.A. Fish "Fat Digestion, Absorption, and Assimi-
lation in Man and Animals as Determined by the Dark-field M?croscope
and a Fat Soluble Dye" Am. J. of Anaﬁ. 34, 1, 192k, .

Jones, H.B., J.W. Gofman, F.T. Lindgren, T.B. Lyon, D.M. Graham, B.
Strisower, and A.V. Nichols_"tipoproteins in Atherosclerosis" Am. J.
of Med. 11, 358, 1951.

Havel, R.J., "Early Effectsvof Fat Iﬁgestion §n Lipids and Lipoproteins
of Serum in Man" J. Clin. Invegt. 36, 848, 1957.

Harlan, W.R., P.S. Winesett, and A.J. Wasserman "Tissue'Lipoprdtein
Lipase in Normal Individuals and in Individuals wifh Exogénous Hyper-
triglyceridemia and the Relationship of This Eﬁzyme to Assimilation
of Fat" J. Clin. Invest. 46, 239, 1967. o -
Nichols,,A.V., C.S. Rehnborg, F.T. Lindgren, and R.D. Wills "Effects
of 0il Ingesfion’on Lipoprétein'Fatty Acids in Man" J. Lipid. Res.

3, 320, 1962.

Harlan, W.R., and D.E. Beischer "Changes in Serum Lipoproteins After
a Large Fat Meai in Normal Individuals and in Patiénts with Ischemiq

Heart Disease" Amer. Heart J. 66, 61, 1963.

. Hillyard, L.A., I.L. Chaikoff, C. Entemnman, and W.0. Reinhardt "Com-

position and Concentration of Lymph and Serum Lipoprotéins during

Fat and Cholesterol Absofptibn in the Dog" J. Biol. Chem. 233, 838,
1958.

Lindgren, F.T., N.K. Freeman, and R.D. Wills "Interrelatioﬁships
Between Serﬁm Lipids, Serum Lipoproteins, and Lipoprotein Composition"

The Metabolism of Lipids as Related to Atherosclerosis (Charles C.




59.

60.

61.

62.

63.

6h.

65.

66.

67.

68.

110

Thgmas, Springfield, I1l., 1964) p. 222.

Glomset, J.A., "The Plasma Lécithin: Cholesterol Acyltransferase
Reaction” J. Lipid Res. 9, 155, 1968.

Lindgren, F.T., N.K. Freeman, A.V. Nichols, and J.W. Gofman "The

Physical Chemistry of Lipoprotein Transformation" 3rd Intern. Conf.

‘Biochem. Problems of Lipids, Brussels, p. 22L, 1956.

Lindgren, F.T., and A.V. Nichols "Structure and Function of Human

Serum Lipoproteins” Chap. 11 of The Plasma Protein, Vol. II: Frank

W. Putnam Ed. (Academic Press, New York/London, 1960).

. Fredrickson, D.S., R.I. Levy, and F.T. Lindgren "A Comparison of

HeritableAbnormal Lipoprotein Patterns as Defined by Two Different

Techniques" J. Clin. Invest. 47, 24Lk6, 1968.
. L

Norum, K.R., and E. Gjone "Famial Plasma Lecithin: Cholesterol Acyl-

' transferase Deficiency" Scand. J. Clin. Lab. Invest. 20, 231, 1967.

Evans. L. "Comparison of Fatty Acids from Lipid Classes of Serum
Lipoproteins and Other Lipids in the Bison" J. of Dairy Science L7,
46, 196k. | -

Evans,'L.; S. Patton, and R.D. McCarthy "Fatty Acid Composifion of
the Lipid¥Fractions from Bovine.Serum Lipoproteins! J. of bairy

Science kb, LT5, 1961.

Havel, R.J., HsA. Eder, and J.H. Bragdon "The Distribution and Chemi-

cal Composition of Ultracentriflugally Separated Lipoproteins in
Human Serum” J. Clin. Invest. 34, 1345, 1955.

Nichols, A.V;, Personal Cémmunication, Donner Laborétory;'Univ. of .
Calif. at Berkeley. |

Bragdon, J.H., R.J. Havel, and R.S. Gordon, Jr. "Effect of Carbo-

- hydrate Feeding on Serum Lipids and Lipoproteins in the Rat' Am.

J. Physiol. 189, 63, 195T7.




>69,

T0.

TL.

111

‘Lewis, F.R., Personal Coq@unication, Donner Laboratory, Univ. of Calif.

at Berkeley.

Hillyard, L.A., C. Entenman, H. Feinberg, and I.L. Chaikoff "Lipide

and Protein Comppsitidn of Four Fractions Accounting for Total Serum

Lipoproteins" J. Biol. Chem. 21k, ‘79, 1955.

Noble, R.P., F.T. Hatch, J.A. Mazrimas, and G.L. Adamson, "Comparison.

of Lipoprotein Analysis by Agaroée Gel and Paper Electrophoresis with

Analytical Ultracentrifugation" University of California Radiation

Laboratory Report, UCRL-T1215, July, 1968.




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




-’ - &

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



