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Abstract Lipid emulsions are made by mixing vegetable

and/or fish oils with egg yolk and contain different types

and amounts of fatty acids and sterols. This study assessed

the effects of oral diet, soybean oil (SO)-, fish oil (FO)-, a

mixture of olive and soybean oil (OOSO)-, and a mixture

of fish, olive, coconut, and soybean oil (FOCS)-based

emulsions on plasma triacylglycerols and plasma and tissue

fatty acid and sterol content following acute and chronic

intravenous administration in the guinea pig. Upon acute

administration, peak triacylglycerols were highest with SO

and lowest with OOSO. Upon chronic administration, the

plasma triglyceride levels did not increase in any group

over that of the controls. Fatty acid levels varied greatly

between organs of animals on the control diets and organs

of animals following acute or chronic lipid administration.

Squalene levels increased in plasma following acute

administration of OOSO, but plasma squalene levels were

similar to control in all emulsion groups following chronic

administration. Total plasma phytosterol levels were

increased in the SO, OOSO, and FOCS groups following

both acute and chronic infusions, whereas phytosterols

were not increased following FO infusion. Total phytos-

terol levels were higher in liver, lung, kidney and adipose

tissue following SO and OOSO. Levels were not increased

in tissues after FO and FOCS infusion. These results

indicate that fatty acid and sterol contents vary greatly

among organs and that no one tissue reflects the fatty acid

or sterol composition of other tissues, suggesting that dif-

ferent organs regulate these compounds differently.
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Abbreviations

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AST Aspartate aminotransferase

CO Coconut oil

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

FO Fish oil emulsion

FOCS Fish, olive, coconut and soybean oils emulsion

OOSO Olive and soybean oils emulsion

GC Gas chromatography

HDL-C High density lipoprotein-cholesterol

LCT Long-chain triacylglycerols

LDL-C Low density lipoproteins-Cholesterol

LDL-R Low density lipoprotein receptor

LE Lipid emulsion

LPL Lipoprotein lipase

MCT Medium chain triacylglycerols

PUFA Polyunsaturated fatty acids

PNALD Parenteral-nutrition associated liver disease

RBC Red blood cells

SO Soybean oil emulsion

TG Triacylglycerols
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Introduction

Fatty acids and sterols are important cellular substrates and

structural components. They form the major content of

cellular membranes. The structure of cell membranes

modulates cellular functions through effects upon receptor

action, ion channel function, and cell signaling [1]. In

addition to membrane effects, sterols are the precursors to

bile acids and modulate biliary flow which is important in

the elimination of cholesterol, phytosterols, and many

drugs from the body. Lipid emulsions (LE) are the source

of fatty acids and sterol intake for patients receiving total

parenteral nutrition and provide substrates for energy,

cholesterol, and essential fatty acids [2]. However, the

effects of different lipid emulsions upon fatty acid and

sterol contents of the major organs remain unclear.

The LE used in this study are based upon different oils

(i.e., soybean oil, olive oil, coconut oil, fish oil) and rep-

resent the most common LE used worldwide. The different

oils contain different quantities of fatty acids in the form of

triacylglycerols [3]. However, the LE also contains ste-

roidal compounds and their precursors [4]. These com-

pounds include cholesterol, phytosterols and squalene.

Although all plant oils contain phytosterols, the levels

differ among plants. For example, olive oil contains lower

phytosterols than soybean oils. The most common phy-

tosterols in vegetable oils are sitosterol, campesterol, and

stigmasterol [5]. Phytosterols are minor components of

parenteral LE. In the past they were often ignored and

considered harmless during parenteral infusion.

Cholesterol is metabolized in the body to bile acids and

eliminated through biliary or intestinal secretion. In con-

trast, phytosterols are not metabolized but are eliminated

through biliary excretion. There is limited absorption (i.e.,

1–5 %) of phytosterols from the gastrointestinal tract [6,

7]. However, parenteral administration of phytosterols in

LE may deliver more than 40 fold greater amounts into the

circulation. Phytosterols compete with cholesterol and bile

acids in the body and associate with the development of

cholestasis and liver failure (i.e., parenteral nutrition

associated liver disease or PNALD) [8–17]. Due to the risk

of development of hepatobiliary disease, the FDA recently

requested Baxter Healthcare (Deerfield, IL) to perform post

marketing studies comparing a phytosterol reduced lipid

emulsion to their approved lipid emulsion that contains

phytosterols [18]. Thus, a better understanding of phytos-

terol intake and metabolism (i.e., distribution, excretion,

and cellular effects) may help limit the development of

PNALD and other cellular toxicities.

The primary objective of this study was to assess fatty

acid, squalene, and sterol contents of different tissues and

to describe differences in tissue content of these lipids. We

also sought to evaluate the effects of four different LE upon

circulating and tissue levels of fatty acids, squalene, and

sterols. We determined the degree to which LE could alter

tissue fatty acid and phytosterol contents compared to oral

diets. We were particularly interested in the effect of a fish

oil emulsion upon tissue n-3 fatty acid levels in various

organs and whether the liver was the primary organ for

deposition of phytosterols (since these compounds are

linked to liver dysfunction). This is the first study to

measure tissue distribution of these compounds in animals

following oral diets and intravenous LE. This information

is important for understanding the potential consequences

of LE infusion upon tissue structure and function and to

help direct future studies related to LE infusions. The study

also addresses the potential for using one tissue as a proxy

for lipid contents of other tissues.

Materials and Methods

Animals

Hartley Guinea pigs, with their jugular vein catheterized,

were purchased from Charles River Laboratories Interna-

tional, Inc. (Wilmington, MA 01887). All guinea pigs were

housed under controlled temperature and humidity in the

Methodist Research Institute Animal Care Facility, with a

12 hour light-dark cycle. Animals were provided with food

and water ad libitum. The dietary composition of the oral

diets are described in the supplemental data (Table 1). The

fatty acid and phytosterol composition of the different diets

used in this study are reported in the supplemental data

(Tables 2 and 3, respectively). The protocol for these

studies was approved (protocol # 2010-17) by the Meth-

odist Research Institute’s Animal Research Committee

(Animal Welfare Assurance Number-A3772-010) and

strictly followed the Guide for the care and use of labo-

ratory animals (NIH publication No. 85-23, revised 1996).

In Vivo Lipid Emulsion Infusions

Two separate studies were performed. The acute study

evaluated the effects of a single one-hour lipid infusion

upon plasma and tissue fatty acid/squalene/sterol levels

over a 6-hour period. The chronic study evaluated the

effects of the study LE administered daily for 10 days upon

the same parameters.

For acute infusion studies, guinea pigs were fed regular

guinea pig chow (Diet # 2040; Harlan Laboratories, Indi-

anapolis, IN) during acclimation for 3–4 days prior to

treatment with LE. The guinea pigs (5/group) were sub-

jected to an overnight fast with ad libitum access to water.
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Table 1 Fatty acid composition of lipid emulsions

FA common name/chemical name (% Composition)

SO OOSO FO FOCS

6:0 Caproic/hexanoic acid 0.06 ± 0.00 0.06 ± 0.00 0.14 ± 0.00 0.05 ± 0.00

8:0 Caprylic/octanoic acid N/D N/D N/D 16.78 ± 0.23

10:0 Capric/decanoic acid N/D N/D N/D 12.13 ± 0.17

12:0 Lauric/dodecanoic acid N/D N/D 0.05 ± 0.00 0.20 ± 0.00

14:0 Myristic/tetradecanoic acid 0.05 ± 0.00 0.01 ± 0.00 4.69 ± 0.05 1.00 ± 0.01

15:0 Pentadecylic/pentadecanoic acid N/D N/D 0.36 ± 0.00 0.06 ± 0.00

16:0 Palmitic/hexadecanoic acid 11.00 ± 0.16 13.04 ± 0.14 11.62 ± 0.10 9.12 ± 0.13

16:1n-7 Palmitoleic/hexadecaenoic acid 0.09 ± 0.00 0.91 ± 0.01 8.05 ± 0.08 1.41 ± 0.02

16:2n-4 Palmitdienoic/hexadecadienoic acid N/D N/D 0.94 ± 0.01 0.15 ± 0.00

17:0 Margaric/heptadecanoic acid 0.07 ± 0.00 0.04 ± 0.00 0.24 ± 0.01 0.10 ± 0.00

16:3n-4 Palmittrienoic/hexadecatrienoic acid N/D N/D 0.98 ± 0.01 0.18 ± 0.01

17:1n-7 Heptadecenoic 0.04 ± 0.00 0.07 ± 0.00 0.41 ± 0.01 0.09 ± 0.00

16:4n-1 Palmitotetraenoic/hexadecatetraenoic acid 0.02 ± 0.00 N/D 1.9 ± 0.02 0.37 ± 0.01

18:0 Stearic/octadecanoic acid 3.90 ± 0.06 3.30 ± 0.04 2.30 ± 0.02 2.83 ± 0.04

18:1n-9 Oleic/octadecaenoic acid 20.92 ± 0.30 59.69 ± 0.72 10.15 ± 0.09 25.99 ± 0.38

18:1n-7 Vaccenic/octadecaenoic acid 1.29 ± 0.03 1.74 ± 0.11 2.72 ± 0.02 1.18 ± 0.00

18:2n-6 Linoleic/octadecadienoic acid 54.68 ± 0.79 18.56 ± 0.19 2.98 ± 0.02 19.45 ± 0.27

18:3n-6 c-Linolenic (GLA)/octadecatrienoic acid N/D N/D 0.25 ± 0.02 0.05 ± 0.01

18:3n-3 a-Linolenic (ALA)/octadecatrienoic acid 6.65 ± 0.09 1.71 ± 0.02 1.23 ± 0.01 2.33 ± 0.03

18:4n-3 Stearidonic/octadecatetraenoic acid 0.01 ± 0.00 N/D 4.56 ± 0.03 0.40 ± 0.00

20:0 Arachidic/eicosanoic acid 0.27 ± 0.00 0.31 ± 0.00 0.05 ± 0.00 0.19 ± 0.00

20:1n-9 Gondoic/eicosaenoic acid 0.15 ± 0.00 0.19 ± 0.00 1.10 ± 0.01 0.20 ± 0.01

20:1n-11 Gadoleic/eicosaenoic acid 0.03 ± 0.00 N/D 0.13 ± 0.01 0.01 ± 0.00

20:1n-7 Paullinic/eicosaenoic acid N/D N/D 0.10 ± 0.00 0.02 ± 0.00

20:2n-6 Eicosadienoic acid 0.01 ± 0.00 N/D 0.13 ± 0.01 0.01 ± 0.00

20:3n-9 Mead acid/eicosatrienoic acid N/D N/D 0.08 ± 0.01 0.01 ± 0.00

20:4n-6 Arachidonic (AA)/eicosatetraenoic acid 0.18 ± 0.00 0.16 ± 0.00 1.47 ± 0.02 0.27 ± 0.00

20:4n-3 Eicosatetraenoic N/D N/D 0.95 ± 0.01 N/D

20:5n-3 Timnodonic/eicosapentaenoic acid (EPA) N/D N/D 19.34 ± 0.20 2.51 ± 0.04

21:5n-3 Heneicosapentaenoic N/D N/D 0.64 ± 0.01 0.08 ± 0.00

22:0 Behenic/docosanoic acid 0.31 ± 0.00 0.12 ± 0.00 0.01 ± 0.00 0.12 ± 0.00

22:1n-9 Erucic/13-docosenoic acid N/D N/D 0.13 ± 0.01 N/D

22:1n-11 Cetoleic/11-docosenoic acid N/D N/D 1.01 ± 0.00 0.03 ± 0.00

22:4n-6 Adrenic/docosatetraenoic acid N/D N/D 0.11 ± 0.00 0.01 ± 0.00

22:5n-6 Osbond/docosapentaenoic acid (DPA) 0.01 ± 0.00 0.03 ± 0.00 0.40 ± 0.01 0.04 ± 0.00

22:5n-3 Clupanodonic/docosapentaenoic acid N/D N/D 1.86 ± 0.02 0.26 ± 0.00

24:0 Lignoceric/tetracosanoic acid 0.11 ± 0.00 0.05 ± 0.00 N/D 0.03 ± 0.00

22:6n-3 Cervonic/docosahexaenoic acid (DHA) 0.11 ± 0.00 0.06 ± 0.00 17.67 ± 0.17 1.73 ± 0.02

24:1n-9 Nervonic/tetracosenoic acid 0.06 ± 0.08 N/D 1.28 ± 1.12 0.73 ± 0.70

T-SFA 15.63 ± 0.28 16.62 ± 0.30 19.46 ± 0.27 41.10 ± 1.42

T-MUFA 22.77 ± 0.53 63.39 ± 1.17 23.68 ± 0.53 30.33 ± 0.90

T-PUFA 61.67 ± 1.56 20.00 ± 0.40 57.54 ± 1.42 28.04 ± 0.76

n-3 5.66 ± 0.14 2.09 ± 0.04 54.07 ± 1.28 7.45 ± 0.18

n-6 56.01 ± 1.42 17.90 ± 0.36 3.47 ± 0.14 20.67 ± 0.57

Total 100.07 ± 1.54 100.01 ± 1.24 100.68 ± 2.12 99.47 ± 2.11

N/D not detected

Lipids (2014) 49:777–793 779

123



Early the following morning, the control group of animals

was used to collect blood and tissues to establish baseline

levels of the study biomarkers. The animals in other groups

were then administered, via the jugular vein, 5 mL of one

of the study lipid emulsions over a 1-hour period using a

Harvard syringe pump (Instech Laboratories, Plymouth

Meeting, PA). Thus, animals were infused with 1 gram of

lipid (20 % emulsions; approximately 2.6 g/kg/day) or

0.5 g of lipid (10 % emulsions; approximately 1.3 g/kg/

day) (see lipid emulsions below). The animals were

maintained under fasting conditions throughout the acute

study. Blood (1 mL) was collected at 2, 3, 4, 5, and 6 hours

after initiation of the lipid infusion. Blood volume was

replaced with an equal volume of 5 % albumin in Phos-

phate Buffered Saline (PBS; 0.01 M phosphate buffer,

0.145 M NaCl, pH 7.4). Heparinized blood samples were

placed on ice. Plasma was obtained following centrifuga-

tion (8009g). The white blood cell buffy coat was dis-

carded, and the red blood cells (RBC) were washed three

times in PBS and stored at -20 �C. At the 6-hour time

period, the animals were euthanized and liver tissue was

isolated, weighed and snap-frozen in liquid nitrogen for

biochemical analysis. Triacylglycerols (TG) at 0–6 h, and

hepatic enzymes/bilirubin at 6 hours (described below)

were analyzed in plasma only; furthermore, plasma, RBC

and liver tissues were used to measure fatty acid and sterol

levels at 6 hours. A portion of the liver was also embedded

in optimal cutting temperature (OCT) compound for his-

tological examination.

For chronic lipid infusion studies, animals were accli-

mated for 3–4 days on the chow diet, and then placed on a

transition guinea pig diet (D10091201 containing 30 %

Table 2 Fatty acid concentration of guinea pig tissues after acute infusion

% ± SD

Control SO OOSO FO FOCS

Plasma

16:0 16.62 ± 0.93a 13.20 ± 0.88b 14.69 ± 1.22a 15.84 ± 0.39a,b 14.89 ± 0.41a,b

18:0 10.29 ± 0.74a 8.91 ± 0.51b 10.71 ± 0.50a,b 11.18 ± 0.83a,b 11.96 ± 0.50a

18:1n-9 16.18 ± 1.01a 15.40 ± 1.76a 24.95 ± 3.43b 14.64 ± 0.68a,c 18.94 ± 1.23a

18:2n-6 35.95 ± 2.75a 43.49 ± 4.40b 31.14 ± 2.32c 27.02 ± 1.26c 36.78 ± 1.10a,b

18:3n-3 4.46 ± 0.69a 2.92 ± 0.76b 2.95 ± 0.72b 1.56 ± 0.17c,d 1.75 ± 0.21d,e

20:4n-6 2.47 ± 0.40a 3.32 ± 0.74b 3.27 ± 0.93b 4.37 ± 0.13c 3.62 ± 0.47c

20:5n-3 0.51 ± 0.07a 0.20 ± 0.05a 0.44 ± 0.08a 6.59 ± 0.43b 2.28 ± 0.29c

22:5n-3 0.36 ± 0.07a 0.25 ± 0.04a 0.32 ± 0.04a 0.89 ± 0.10b 0.45 ± 0.05a

22:6n-3 0.48 ± 0.07a 0.51 ± 0.09a 0.51 ± 0.04a 6.66 ± 0.97b 1.32 ± 0.16c

RBC

16:0 15.07 ± 2.60 15.81 ± 3.91 12.48 ± 1.11 13.05 ± 0.73 12.73 ± 0.11

18:0 27.41 ± 3.38 28.19 ± 1.36 25.06 ± 0.91 26.66 ± 0.78 25.48 ± 1.37

18:1n-9 8.69 ± 2.78a 9.82 ± 4.20a,b 7.93 ± 2.16a 6.90 ± 0.48c 7.87 ± 0.68a,c

18:2n-6 11.85 ± 1.83 11.19 ± 3.53 11.82 ± 1.22 12.48 ± 0.27 16.04 ± 0.79

18:3n-3 0.48 ± 0.15 0.47 ± 0.22 0.71 ± 0.51a 0.33 ± 0.03 0.44 ± 0.12

20:4n-6 8.55 ± 3.08 9.44 ± 3.01 11.62 ± 1.52 12.73 ± 0.55 12.34 ± 0.64

20:5n-3 0.37 ± 0.10 0.51 ± 0.30 0.39 ± 0.09 0.52 ± 0.14 0.47 ± 0.12

22:5n-3 1.02 ± 0.37 1.30 ± 0.31 1.45 ± 0.36 1.65 ± 0.11 1.57 ± 0.18

22:6n-3 0.57 ± 0.24 0.61 ± 0.17 0.71 ± 0.15 0.84 ± 0.04 0.79 ± 0.06

Liver

16:0 12.39 ± 0.63 11.78 ± 0.36 12.20 ± 0.55 12.19 ± 0.31 12.39 ± 0.80

18:0 27.68 ± 2.21a 19.87 ± 1.18a 23.51 ± 1.32a,c 22.03 ± 2.77c 20.18 ± 1.15c

18:1n-9 8.12 ± 1.42a 9.97 ± 0.59a 17.03 ± 2.09b 6.78 ± 1.27a 14.35 ± 0.10b

18:2n-6 32.28 ± 1.70a 42.15 ± 0.95b 30.23 ± 1.51a 26.77 ± 1.19c 33.91 ± 0.50a

18:3n-3 1.55 ± 0.34a 2.67 ± 0.60b 2.09 ± 0.68a,b 1.35 ± 0.36b 1.94 ± 0.19a,b

20:4n-6 7.35 ± 0.44a 5.79 ± 0.79b 5.85 ± 0.98b 7.41 ± 0.82a 5.41 ± 0.68b

20:5n-3 0.55 ± 0.14a 0.14 ± 0.04a 0.37 ± 0.12a 6.04 ± 0.68b 1.52 ± 0.12c

22:5n-3 0.87 ± 0.08a 0.42 ± 0.05b 0.57 ± 0.04c 1.13 ± 0.08d 0.70 ± 0.08c

22:6n-3 1.32 ± 0.14a,b 0.69 ± 0.09c 0.91 ± 0.08b,c 7.48 ± 0.59d 1.81 ± 0.18a,f
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proteins, 55 % carbohydrates and 15 % fat; Research

Diets, New Brunswick, NJ) for one week prior to treatment

with the study lipid emulsions. The transition diet was used

to help switch guinea pigs from a regular chow diet to an

experimental fat free diet (used during intravenous lipid

administration) as guinea pigs take time to adapt (i.e.,

establish a new steady-state intake of food) when their diets

are changed. After a week of the transition diet, the guinea

pigs for LE treatment were switched to a fat-free diet

(D10091202 containing 36 % protein, 64 % carbohydrate

and 0 % fat; Research Diets, New Brunswick, NJ) and

treated with LE infusions (5/group) for 10 days. The fat

free diet was the same as the transition diet except that it

lacked fat. These animals were administered, via the jug-

ular vein, 5 mL of LE over a 1-hour period using syringe

pumps, daily, for 10 consecutive days (i.e., 1 g/day or

2.6 g/kg/day for 20 % LE; 0.5 g/day or 1.3 g/kg/day for

10 % LE). The control group guinea pigs (n = 5) were

continued on the transition diet for the 10-day study period.

At the end of the 10-day period, all animals were fasted

overnight, blood was then collected (5 mL), and the ani-

mals were euthanized. Organs (liver, lungs, kidneys, heart,

and epididymal adipose tissues) were harvested. A portion

of the liver was embedded in OCT compound for

histological examination, and the remaining portions were

snap-frozen in liquid nitrogen for biochemical analyses.

Plasma and RBC were obtained from blood as described

above. TG and hepatic enzymes/bilirubin were analyzed in

the plasma. Fatty acid and sterol levels were ascertained in

plasma, RBC, and tissues. All these assays were performed

in the overnight fasted animals.

Study Lipid Emulsions

Four different commercially available LE were evaluated.

The LE were a 100 % soybean oil (SO) emulsion (Intral-

ipid�, Fresenius-Kabi, Bad Homburg, Germany), an 80 %

olive oil and 20 % soybean oil emulsion (OOSO)

(ClinOleic�, Baxter Healthcare, Deerfield, IL), a 100 %

fish oil emulsion (FO) (Omegaven�, Fresenius-Kabi, Bad

Homburg, Germany), and a mixture of fish oil (15 %),

olive oil (25 %), coconut oil (30 %), and soybean oil

(30 %) emulsion (FOCS) (SMOFlipid�, Fresenius-Kabi,

Bad Homburg, Germany). The FO emulsion is only

available as a 10 % (10 g/100 mL) lipid emulsion while

the other three emulsions are available as 20 % (20 g/

100 mL) emulsions. All LE contained 1.2 g/100 mL of egg

yolk phospholipids.

Table 3 Total fatty acid concentration in the guinea pig tissues after acute treatment

C ± SD (n = 5)

Control SO OOSO FO FOCS

Plasma (mg/mL)

T-SFA 0.27 ± 0.01a 0.26 ± 0.05a 0.24 ± 0.07a 0.34 ± 0.05a 0.36 ± 0.04a

T-MUFA 0.19 ± 0.01a 0.20 ± 0.05a 0.26 ± 0.09a,b 0.22 ± 0.03a 0.30 ± 0.04b

T-PUFA 0.47 ± 0.06a 0.60 ± 0.15a 0.40 ± 0.14a 0.61 ± 0.11a 0.64 ± 0.06a

n-3 0.10 ± 0.02a 0.07 ± 0.03a 0.07 ± 0.05a 0.22 ± 0.05b 0.10 ± 0.02a

n-6 0.38 ± 0.04a 0.53 ± 0.13a 0.32 ± 0.09a 0.39 ± 0.06a 0.54 ± 0.05a

Total FA 0.93 ± 0.08a 1.07 ± 0.25a 0.91 ± 0.29a 1.17 ± 0.20a 1.30 ± 0.15a

RBC (lg/mg total protein)

T-SFA 29.52 ± 8.40a 36.17 ± 16.07a 28.51 ± 6.59a 26.62 ± 1.54a 27.99 ± 1.98a

T-MUFA 8.24 ± 4.88a 10.49 ± 7.36a 7.18 ± 3.29a 5.77 ± 0.55a 6.86 ± 1.03a

T-PUFA 15.91 ± 4.76a 18.44 ± 2.88a,b 19.02 ± 1.92a,b 18.99 ± 1.06a,b 22.80 ± 2.10b,c

n-3 2.22 ± 0.99a 2.61 ± 1.06a 2.59 ± 0.93a 2.28 ± 0.22a 2.45 ± 0.29a

n-6 13.69 ± 3.77a 15.83 ± 1.83a 16.43 ± 0.99a 16.70 ± 0.84a 20.35 ± 1.81b

Total FA 53.67 ± 18.05a 65.09 ± 26.31a 54.72 ± 11.80a 51.37 ± 3.15a 57.65 ± 5.11a

Liver (mg/g wet weight)

T-SFA 11.29 ± 1.14a 11.04 ± 1.62a 12.59 ± 1.46a 11.29 ± 1.83a 12.43 ± 1.71a

T-MUFA 3.04 ± 0.68a 4.30 ± 0.81a 6.91 ± 1.56b 3.36 ± 0.89a 6.47 ± 1.25b

T-PUFA 12.59 ± 2.07a 18.06 ± 2.84b 14.34 ± 2.49a 16.43 ± 2.59b 17.17 ± 2.39b

n-3 1.19 ± 0.24a 1.36 ± 0.38a 1.36 ± 0.31a 5.05 ± 0.92b 2.22 ± 0.28c

n-6 11.40 ± 1.83a 16.70 ± 2.46 12.98 ± 2.17a 11.38 ± 1.68a 14.95 ± 2.10c

Total FA 26.92 ± 3.89a 33.39 ± 5.27a,b 33.84 ± 5.50a,b 31.08 ± 5.32a,b 36.07 ± 5.35b
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Analysis of Plasma Triacylglycerols

Analysis of TG in plasma was performed by Baxter

Healthcare Corporation’s Clinical Chemistry Lab (Round

Lake, IL), using validated methodology in accounting for

the background glycerol correction.

Analysis of Hepatic Toxicity

Hepatic integrity was evaluated using levels of plasma

alkaline phosphatase (ALP), alanine aminotransferase

(ALT), aspartate aminotransferase (AST) and total biliru-

bin. These assays were performed by Baxter Healthcare

Corporation’s Clinical Chemistry Lab (Round Lake, IL),

using validated methodology (ALP-document #

AOSR6x04.01, ALT document # AOSR6x07.0, AST

document # AOSR6x09.01, total bilirubin document #

AOSR6x118.01, Olympus America Inc, Irving TX).

Fatty Acid Analysis

Diets were pulverized and samples (200 mg) were extrac-

ted using chloroform. An internal tricosanoic acid standard

(C23:0 in hexane) was added prior to extraction. Samples

were centrifuged at 9009g to separate phases and the clear

bottom chloroform layer was removed and dried under

nitrogen flow at 37–40 �C. To the residues, methanol-

benzene 4:1 and acetyl chloride was added while on dry

ice. The samples were placed in tubes, purged with nitro-

gen gas, and subjected to methanolysis at room temperature

for 24 hours. The reaction was stopped and neutralized

with K2CO3. Layers were separated by centrifugation and

an aliquot of the benzene layer was removed for gas

chromatography analysis [3]. Lipid emulsions (20 lL each)

did not require fatty acid extraction prior to analysis;

therefore, these samples were directly transmethylated as

described above in conjunction with an internal standard.

For tissue analysis of fatty acids, a small sample

(approximately 200 mg) was removed from -80 �C,

thawed on ice, and homogenized in cold PBS. An internal

standard of tricosanoic acid was added to the homogenates

(also used for plasma and RBC analyses) and metha-

nol:benzene 4:1 added. Acetyl chloride was added while on

dry ice, the samples sealed, transferred to room tempera-

ture, and maintained until the reaction mixture was melted.

Transmethylation was performed as described above. Fatty

acid extraction of the guinea pig plasma (100 lL) prior to

analysis was not required; therefore, transmethylation of

these samples were performed as described above. Guinea

pig RBC were removed from -80 �C, slowly thawed on

ice, vortexed, and then cold PBS was added to 400 lL of

packed RBC. Samples were homogenized and homoge-

nates (100 lL) were transmethylated as described above

using an internal standard. Because of the high fat content

of adipose tissue, direct transmethylation was administered

to analyze the fatty acid content (approximately10 mg of

tissue). Methanol-benzene 4:l (v/v) was added, and the

tubes were gently vortexed. Samples were placed on a dry

ice bath prior to the addition of acetyl chloride. The sam-

ples were purged with nitrogen gas, tightly sealed, and

subjected to heating (70 �C for 10 min). The samples were

maintained at room temperature for 24 hours prior to gas

chromatography analysis.

For gas chromatography analysis of fatty acids, the

benzene layer was recovered following centrifugation and

fatty acids were separated on a gas chromatography system

(Shimadzu GC2010) equipped with a Zebron ZB-WAX

plus column (100 m, 0.25 mm ID, 0.25 lm film thickness)

as described previously [3]. The oven temperature was

programmed from 30 �C (2 min. hold) to 180 �C at 20 �C/

min (2 min. hold), then to 207 �C at 4 �C/min (3 min.

hold), then to 220 �C at 2 �C/min (2 min. hold), and finally

to 240 �C at 2 �C/min (2 min. hold). Detection was per-

formed with a FID at 250 �C to resolve fatty acids peaks,

which were identified using authentic standards (Restek

Corp., Bellefonte, PA). Data were analyzed with Shima-

dzu’s GC solutions software. Data are presented either as

% of total fatty acids reported in Table 1 or mg or lg/

volume or weight of tissues. Fatty acids that were below

the limit of detection (i.e., 20 lg/mL in plasma, 30 lg/g

tissues, and 0.05 lg/mg protein in RBC) are reported as not

detected (ND).

Analysis of Sterols

Pulverized diets were accurately weighed and placed in

Pyrex tubes with an internal standard, 5a-cholestane

(2.6 lM), and 2 M KOH in ethanol with 20 % water and

3 % pyrogallol. These samples were saponified for 1 hour

at 100 �C. After cooling, water and hexane were added to

the mixture. Samples were vortexed, centrifuged at

1,5009g for 10 minutes, and the upper hexane layer was

collected. The hexane extraction step was repeated. These

extracts were combined, dried under nitrogen gas, and the

residues were dissolved in 200 lL of hexane for GC ana-

lysis. Tissue homogenates, plasma, or lipid emulsions (200

lL), along with the addition of the internal standard, were

extracted and processed as described above [4]. An internal

standard, 5a-cholestane, was added to adipose tissue

(50 mg) in conjunction with 2 M KOH as described above.

These samples were saponified for 10 minutes at 100 �C,

sonicated for 30 minutes, followed by an additional 50

minutes at 100 �C. The sterol extractions were executed as

described above.

For gas chromatography analysis of sterols, the hexane

layer was recovered following centrifugation, and
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separated on a gas chromatography system (Shimadzu

GC2010) equipped with a SAC-5 capillary column (30 m,

0.25 mm ID, 0.25 lm film thickness) as described previ-

ously [4]. The oven temperature was programmed to 270

�C (1 min. hold), then to 280 �C at 2 �C/min (5 min. hold),

then finally to 285 �C at 1 �C/min (20 min. hold). Peaks

were identified using authentic standards. Sterol concen-

trations were normalized to the internal standard and cal-

culated based on an external standard curve. Data were

analyzed with Shimadzu’s GC solutions software.

Statistical Analysis of Data

The data are reported as means ± SD unless stated otherwise.

All comparisons are made by one-way ANOVA with Tu-

key’s post hoc test using SPSS Statistics 20 software except

for fatty acid analyses. Fatty acids analyses were done on the

normalized data (not adjusted for interdependence) using ‘‘R

(version 1.15.1)’’ software [19] from means and standard

deviations. Means differences were compared using studen-

tized range with Tukey’s hsd (honestly significant difference).

All significant values are reported at P \0.05.

Results

Fatty Acid Composition of Lipid Emulsions

The fatty acid composition of the four study emulsions is in

line with the known fatty acid composition of the various

oils used to manufacture the emulsions. As presented in

Table 1, the SO emulsion contained linoleic acid as the

major fatty acid in the emulsion, accounting for nearly

55 % of total fatty acid content. The OOSO lipid emulsion

contained oleic acid as the major fatty acid (approximately

60 % of the total fatty acid content), whereas linoleic acid

was the second most abundant fatty acid (approximately

19 %). The FO lipid emulsion contained approximately

54 % of fatty acids as long-chain n-3 polyunsaturated fatty

acids (n-3 PUFA) with approximately a 1:1 eicosapentae-

noic acid (EPA) to docosahexaenoic acid (DHA) ratio. The

FOCS emulsion contained substantial quantities of med-

ium-chain fatty acids (C6-10; approximately 30 %). Oleic

acid and linoleic acid were present at approximately 25 and

20 % levels, whereas n-3 PUFA accounted for nearly 8 %

of total fatty acids with a 1.5:1 EPA to DHA ratio.

Plasma Triacylglycerols After Acute and Chronic

Infusion of Lipid Emulsions

Acute administration of the LE showed different pharma-

cokinetic behavior for the various emulsions (as presented

in Fig. 1a). Triacylglycerols from SO rose to a significantly

higher level (P \ 0.05) than the other emulsions. In addi-

tion, the peak FOCS lipid triacylglycerol levels were higher

than the OOSO and FO lipid groups. The clearance of the

LE also varied. The time to reduce triacylglycerols by

50 % from the peak level (2-hour level) was approximately

0.55 ± 0.17 hour for FOCS, 1.15 ± 0.56 hour for SO,

1.38 ± 0.27 hour for OOSO, and 1.40 ± 0.10 hour for FO.

Upon chronic administration of the LE over 10 days, the

plasma triacylglycerol levels were significantly (P \ 0.05)

lower following infusion of the SO, OOSO, and FO lipids

compared to the FOCS emulsion and control diet group

(Fig. 1b).
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Fig. 1 Pharmacokinetics of plasma triacylglycerols (TG) during

acute administration of lipid emulsion (a) and after chronic lipid

emulsion infusion (b). Triacylglycerols were assayed using a

validated enzymatic method that corrected for background glycerol

content. Values are means ± SD of five guinea pigs in each group.

Data are analyzed by one-way ANOVA with Tukey’s post hoc test.

Values labeled with dissimilar symbols exhibit significant differences

at P \ 0.05. Note normal plasma triacylglycerol concentration in

guinea pig plasma ranges from 28–76 mg/dL [36]. To convert mg/dL

to mmol/L (mM), multiply mg/dL by 0.0113
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Effect of Lipid Emulsions on Liver Integrity and Body

Weights

Plasma levels of alkaline phosphatase (ALP), alanine

aminotransferase (ALT), aspartate aminotransferase

(AST), and bilirubin were not significantly changed during

acute (6-h) LE infusion (data not shown). Similarly,

chronic infusion of LE for 10 days also did not increase

plasma ALP, ALT, AST, or total bilirubin levels over

levels in the control animals (supplementary data Table 4).

Interestingly, infusion of SO, OOSO, and FO produced

approximately a 40–50 % reduction in ALP activities

(supplementary Table 4). Histology of liver samples

showed no sign of Oil red O’ staining after chronic infusion

of any of these LE (data not shown) indicating no accu-

mulation of TG in liver. Furthermore, chronic infusion of

LE (i.e., 10 days) resulted in similar gain in body and

organ weights (supplementary data Table 5).

Tissue Distribution of Fatty Acids

The distribution of fatty acids in total lipids of different

tissues after acute (plasma, RBC and liver) or chronic

(plasma, RBC, heart, liver, lungs, kidney and adipose tis-

sue) administration of the study LE was determined. We

analyzed all 39 fatty acids as listed in Table 1, but only

report data for the most metabolically relevant fatty acids

(16:0,18:0, 18:1n-9, 18:2n-6, 18:3n-3, 20:4n-6, 20:5n-3,

22:5n-3, 22:6n-3) as percent of total fatty acids for sim-

plicity in Table 2. These fatty acids account for 85–95 %

of total fatty acids in plasma, RBC, and liver.

Fatty acid content of plasma, liver, and RBC for the

acute study are reported in Tables 2 and 3. Levels of many

of the fatty acids differed significantly between tissue

specimens. In general, fatty acid changes in plasma and

liver reflecting the composition of the LE as early as 6

hours post-infusion. Linoleic acid increased in the SO

group and decreased in the OOSO and FO groups. Oleic

acid increased in the OOSO group while EPA ? D-

PA ? DHA increased in the FO and FOCS groups. In

contrast, RBC maintained fatty acid levels similar to the

control group.

Total fatty acid concentrations (by weight) in plasma

and RBC were not significantly different in any lipid

infusion group compared to that of control (Table 3);

however, fatty acid concentrations in the LE groups were

increased significantly in liver compared to the control

group. There were no significant differences between

emulsion groups. The changes in fatty acid levels in the

liver reflected the composition of the individual lipid

emulsions and indicate that hepatic fatty acid levels can

change within 6 hours of intravenous lipid administration.

Although FOCS contained significant amounts of MCT, no

detectable levels of medium chain fatty acids were found in

any of the tissues.

In the chronic study, levels of the major metabolically

relevant fatty acids (16:0,18:0, 18:1n-9, 18:2n-6, 18:3n-3,

20:4n-6, 20:5n-3, 22:5n-3, 22:6n-3) were compared across

the various organs in animals on the control diets and

following LE infusion (Tables 4 and 5). The results dem-

onstrated highly variable quantities of the various fatty

acids in different tissues and no one tissue was reflective of

the others. For example, linoleic acid predominated over

arachidonic acid in all tissues in animals on the control

diet. However, levels were close to 1:1 in RBC, kidneys,

lungs, and heart, while linoleic acid greatly exceeded ara-

chidonic acid in plasma, liver, and adipose tissues. The

linoleic:arachidonic acid ratio (%) was 24:21 in heart and

28:0.17 in adipose tissue. In control animals, the ratio of

DHA/EPA was greater than one in heart (3.07), RBC

(2.29), liver (2.11) and adipose tissue (2.5). The ratio of

DHA/EPA was less than one in plasma (0.73), lungs (0.43),

and kidneys (0.53). Fatty acid changes in the tissues fol-

lowing infusion of the LE were reflective of the composi-

tion of the oils used in the LE. Oleic acid levels decreased

in the SO, FO and FOCS groups but remained at baseline in

the OOSO group. Linoleic acid levels significantly

decreased in the OOSO, FOCS, and FO groups while it

remained at baseline levels in the SO group. Despite

changes in linoleic acid, arachidonic acid was maintained

at control levels or increased in all organs except for the

heart. Levels of EPA and DHA remained at baseline in the

SO and OOSO groups while they significantly increased in

the FO and FOCS groups. However, the increase in n-3

fatty acids varied greatly between tissues. Levels of

EPA ? DPA ? DHA reached 2.63 % in adipose tissue,

6.46 % in RBC, 8.53 % in lungs, 11.39 % in kidneys,

13.4 % in plasma, 14.46 % in heart, and 26.09 % in liver.

Although infusion of different lipid emulsions caused

changes in relative distribution of fatty acids in different

tissues, the total fatty acid concentrations (by weight) were

not significantly different in any tissue after chronic infu-

sion of LE (Table 5). Interestingly, most organs maintained

their total saturated, monounsaturated and polyunsaturated

fatty acid contents similar to that of the control levels;

however, tissues exhibited changes in the relative con-

centration of n-3 and n-6 PUFA contents (Table 5). Fur-

thermore, similar to acute studies, none of the tissues

accumulated detectable levels of medium chain fatty acids

during chronic treatment.

Sterol and Squalene Contents of Diets and Lipid

Emulsions

The diets contained variable amounts of squalene, cholesterol,

and phytosterols (supplementary data Table 3). The primary
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Table 4 Fatty acid concentration in the guinea pig tissues after chronic emulsion infusion

% ± SD (n = 5)

Control SO OOSO FO FOCS

Plasma

16:0 13.74 ± 0.53a 19.98 ± 1.98b 19.56 ± 1.79b 22.10 ± 2.40b 20.28 ± 1.72b

18:0 9.46 ± 1.11 11.43 ± 1.31 11.62 ± 2.28 10.89 ± 1.13 11.13 ± 1.26

18:1n-9 29.69 ± 2.38a 14.51 ± 1.16b 26.49 ± 1.99a 12.64 ± 1.09b 19.43 ± 1.42c

18:2n-6 33.13 ± 2.10a 34.89 ± 2.56a 23.42 ± 3.39b 13.93 ± 2.09c 24.82 ± 2.56b

18:3n-3 2.06 ± 0.07a 1.61 ± 0.43a 0.95 ± 0.48b 0.68 ± 0.16b 1.51 ± 0.43a

20:4n-6 2.25 ± 0.73a 2.42 ± 0.39a 2.65 ± 0.61a 4.55 ± 0.75b 3.08 ± 0.23a

20:5n-3 0.11 ± 0.04a 0.11 ± 0.09a 0.12 ± 0.06a 4.93 ± 1.61b 3.00 ± 0.22c

22:5n-3 0.22 ± 0.11a 0.21 ± 0.08a 0.19 ± 0.08a 1.72 ± 0.33b 1.30 ± 0.18c

22:6n-3 0.08 ± 0.02a 0.22 ± 0.09a 0.19 ± 0.03a 6.75 ± 0.48c 2.37 ± 0.43c

RBC

16:0 13.93 ± 2.46 15.72 ± 3.54 16.57 ± 3.53 14.29 ± 2.78 13.52 ± 0.69

18:0 35.50 ± 6.95 36.63 ± 8.58 36.64 ± 8.50 32.16 ± 6.55 31.17 ± 1.61

18:1n-9 10.49 ± 0.55a 8.68 ± 0.64b 11.06 ± 0.69a 8.86 ± 0.88b 9.36 ± 0.46a,b

18:2n-6 11.71 ± 3.27a 10.29 ± 4.09a 8.66 ± 3.78a 8.16 ± 1.75a 10.43 ± 0.59a

18:3n-3 0.32 ± 0.09a 0.25 ± 0.10a 0.22 ± 0.09a 0.25 ± 0.07a 0.27 ± 0.10a

20:4n-6 9.09 ± 5.12a 9.04 ± 6.96a 7.93 ± 7.13a 11.64 ± 5.59a 13.06 ± 1.63a

20:5n-3 0.21 ± 0.06a 0.27 ± 0.06a 0.36 ± 0.10a 1.86 ± 0.68b 1.19 ± 0.23c

22:5n-3 0.97 ± 0.54a 1.06 ± 0.75a 0.78 ± 0.66a 2.11 ± 1.09b 1.94 ± 0.22b

22:6n-3 0.48 ± 0.25a 0.66 ± 0.25a 0.61 ± 0.10a 2.49 ± 1.14b 1.63 ± 0.25b

Heart

16:0 9.97 ± 0.34a 12.43 ± 0.67a 13.86 ± 2.34b 13.85 ± 2.24b 10.91 ± 0.44a

18:0 17.54 ± 0.11 18.21 ± 0.28 16.42 ± 2.41 17.06 ± 1.31 17.25 ± 0.37

18:1n-9 7.84 ± 0.69a 5.45 ± 0.73a 12.23 ± 5.91b 7.47 ± 4.04a 6.13 ± 0.13ba

18:2n-6 23.98 ± 0.71a 22.69 ± 0.97a 20.33 ± 0.99a 13.48 ± 0.37b 20.56 ± 0.58

18:3n-3 0.37 ± 0.09 0.38 ± 0.05 0.45 ± 0.31 0.30 ± 0.23 0.27 ± 0.04

20:4n-6 20.69 ± 0.37a 18.70 ± 0.68b 16.67 ± 3.35b 15.04 ± 2.34b,c 18.60 ± 0.87b

20:5n-3 0.15 ± 0.02a 0.14 ± 0.02a 0.16 ± 0.03a 3.44 ± 0.70b 1.69 ± 0.23c

22:5n-3 1.58 ± 0.029a 1.62 ± 0.17a 1.26 ± 0.38a 2.02 ± 0.23b 2.68 ± 0.05c

22:6n-3 0.46 ± 0.05a 1.18 ± 0.12c 0.84 ± 0.27b 9.00 ± 0.90d 5.12 ± 0.34e

Liver

16:0 11.70 ± 0.59a 15.25 ± 1.42b 14.88 ± 1.04b 17.44 ± 0.94c 14.65 ± 0.58b

18:0 25.90 ± 1.96 26.37 ± 0.80 25.44 ± 2.01 25.72 ± 0.90 27.41 ± 1.62

18:1n-9 14.26 ± 0.74a 7.63 ± 0.14c,d 17.68 ± 2.49b 4.97 ± 0.55c 8.98 ± 0.56d

18:2n-6 34.39 ± 0.69a 35.07 ± 1.50a 26.53 ± 2.60b 8.86 ± 1.82c 20.63 ± 1.39d

18:3n-3 0.22 ± 0.03 a 1.09 ± 0.11b,c 0.74 ± 0.30c 0.24 ± 0.12a 0.26 ± 0.05a

20:4n-6 5.94 ± 0.38a 6.37 ± 0.38a 6.23 ± 0.58a 8.78 ± 1.29b 6.80 ± 0.34a

20:5n-3 0.09 ± 0.02a 0.08 ± 0.01a 0.11 ± 0.01a 5.52 ± 1.49b 4.20 ± 0.88b

22:5n-3 0.32 ± 0.02a 0.38 ± 0.03a 0.34 ± 0.04a 2.40 ± 0.40b 2.20 ± 0.07b

22:6n-3 0.19 ± 0.03a 0.89 ± 0.08a 0.60 ± 0.08a 18.17 ± 0.44b 7.85 ± 1.26c

Lungs

16:0 35.51 ± 1.15 34.93 ± 1.48 34.37 ± 1.48 34.96 ± 0.84 36.04 ± 0.67

18:0 10.61 ± 0.40 11.51 ± 0.81 10.53 ± 0.66 11.23 ± 0.08 10.71 ± 0.27

18:1n-9 20.68 ± 0.26a 15.81 ± 0.61c 22.73 ± 1.59b 16.86 ± 0.74c 18.91 ± 0.09d

18:2n-6 10.69 ± 0.55a 12.39 ± 1.02a 8.21 ± 1.21b 4.91 ± 1.11c 8.44 ± 0.64b

18:3n-3 0.32 ± 0.06 0.30 ± 0.13 0.20 ± 0.10 0.12 ± 0.05 0.23 ± 0.06

20:4n-6 7.74 ± 0.24 8.42 ± 0.29 7.70 ± 0.69 7.12 ± 0.24 7.46 ± 0.25
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Table 4 continued

% ± SD (n = 5)

Control SO OOSO FO FOCS

20:5n-3 0.14 ± 0.02a 0.11 ± 0.02a 0.12 ± 0.02a 3.16 ± 0.61b 0.98 ± 0.12c

22:5n-3 0.60 ± 0.05a 0.69 ± 0.05a 0.55 ± 0.06a 2.91 ± 0.18b 1.98 ± 0.12c

22:6n-3 0.06 ± 0.03a 0.17 ± 0.02a 0.13 ± 0.01a 2.46 ± 0.13b 0.88 ± 0.10b

Kidney

16:0 14.33 ± 0.63 15.02 ± 0.49 15.08 ± 0.62 16.21 ± 0.66 15.18 ± 0.68

18:0 27.57 ± 0.47 26.03 ± 1.81 25.71 ± 0.87 27.05 ± 1.95 27.58 ± 0.76

18:1n-9 13.57 ± 0.58a 11.81 ± 2.14b 15.86 ± 1.34a 11.40 ± 1.08b 13.06 ± 0.76a

18:2n-6 19.26 ± 0.42a 20.94 ± 0.82a 16.96 ± 0.45b 10.02 ± 1.38c 15.66 ± 0.77b

18:3n-3 0.22 ± 0.09 0.32 ± 0.18 0.18 ± 0.05 0.16 ± 0.06 0.20 ± 0.08

20:4n-6 13.89 ± 0.51 14.65 ± 1.29 14.61 ± 1.03 13.45 ± 1.12 13.56 ± 0.86

20:5n-3 0.30 ± 0.06a 0.32 ± 0.04a 0.30 ± 0.05a 7.53 ± 1.60b 2.39 ± 0.27c

22:5n-3 0.30 ± 0.02a 0.33 ± 0.04a 0.27 ± 0.02a 1.42 ± 0.20b 0.84 ± 0.08c

22:6n-3 0.16 ± 0.02a 0.43 ± 0.07a 0.39 ± 0.07a 2.44 ± 0.21b 1.11 ± 0.19c

Adipose

16:0 20.71 ± 1.05 22.76 ± 1.66 20.92 ± 1.67 22.43 ± 0.22 23.35 ± 0.96

18:0 4.22 ± 0.25 4.20 ± 0.49 4.18 ± 0.53 3.92 ± 0.29 4.27 ± 0.46

18:1n-9 38.46 ± 0.81 33.18 ± 0.77 39.95 ± 1.69 33.46 ± 0.43 35.83 ± 1.08

18:2n-6 28.19 ± 1.54 30.53 ± 2.39 26.71 ± 3.27 27.40 ± 1.04 25.97 ± 2.52

18:3n-3 3.25 ± 0.16 3.51 ± 0.25 2.67 ± 0.38 3.02 ± 0.18 2.90 ± 0.20

20:4n-6 0.17 ± 0.02 0.20 ± 0.03 0.17 ± 0.02 0.28 ± 0.01 0.21 ± 0.01

20:5n-3 0.04 ± 0.01a 0.03 ± 0.01a 0.03 ± 0.00a 1.04 ± 0.15b 0.29 ± 0.04c

22:5n-3 0.04 ± 0.01a 0.04 ± 0.01a 0.04 ± 0.01a 0.34 ± 0.06b 0.18 ± 0.03c

22:6n-3 0.01 ± 0.001a 0.02 ± 0.004a 0.02 ± 0.003a 1.25 ± 0.26b 0.21 ± 0.05c

Table 5 Total fatty acid concentration in the guinea pig tissue after chronic treatment

C ± SD (n = 5)

Control SO OOSO FO FOCS

Plasma (mg/mL)

T-SFA 0.17 ± 0.04a 0.16 ± 0.04a 0.20 ± 0.07a 0.13 ± 0.03a 0.19 ± 0.04a

T-MUFA 0.23 ± 0.07a 0.08 ± 0.03b 0.17 ± 0.05a 0.06 ± 0.02b 0.14 ± 0.04a

T-PUFA 0.28 ± 0.07a 0.21 ± 0.07b,c 0.19 ± 0.05b,c 0.15 ± 0.06b,c 0.23 ± 0.07b

n-3 0.03 ± 0.01a 0.04 ± 0.01a 0.04 ± 0.02a 0.08 ± 0.04a 0.06 ± 0.02a

n-6 0.25 ± 0.06a,b 0.17 ± 0.06b,c 0.15 ± 0.04c 0.06 ± 0.02d 0.16 ± 0.04c

Total FA 0.68 ± 0.17a,b 0.45 ± 0.14b 0.56 ± 0.17a,b 0.34 ± 0.11 0.56 ± 0.15a,b

RBC (lg/mg total protein)

T-SFA 25.91 ± 1.98a 28.70 ± 1.32a 29.95 ± 2.94a 26.35 ± 4.18a 27.89 ± 2.45a

T-MUFA 7.40 ± 1.78a 6.48 ± 1.19a 7.92 ± 1.81a 6.93 ± 1.39a 7.80 ± 1.14a

T-PUFA 14.42 ± 8.58a 14.94 ± 10.18a 13.35 ± 10.95a 16.92 ± 8.12a 19.15 ± 3.51a

n-3 1.14 ± 0.71a 1.36 ± 0.81a 1.23 ± 0.72a 3.76 ± 1.86b 2.92 ± 0.65b

n-6 13.28 ± 7.87a 13.57 ± 9.36a 12.12 ± 10.23a 13.16 ± 6.26a 16.23 ± 2.86a

Total FA 47.72 ± 12.34a 50.12 ± 12.68a 51.22 ± 15.70a 50.20 ± 13.69a 54.85 ± 7.10a

Heart (mg/g wet weight)

T-SFA 5.45 ± 0.83a 5.31 ± 0.39a 5.78 ± 1.03a 5.51 ± 0.98a 4.84 ± 0.43a

T-MUFA 2.68 ± 0.43a 1.93 ± 0.21b 3.43 ± 1.42a 2.56 ± 1.14a 2.03 ± 0.20a,b

T-PUFA 9.18 ± 1.53a 7.71 ± 0.85a 7.47 ± 1.09a 7.27 ± 0.97a 8.03 ± 0.71a
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phytosterols in the diet were b-sitosterol, campesterol, and

stigmasterol. The normal chow diet also contained significant

amounts of b-sitostanol. All diets contained reasonable

amounts of cholesterol. Squalene was found in the 15 % fat

diet, which contained olive oil as a source of lipid. The LE were

also found to contain variable amounts of sterols (both cho-

lesterol and phytosterols), and the cholesterol precursor squa-

lene, depending on the oil source (Table 6).

Plasma Levels of Sterols and Squalene

Plasma levels of sterols and squalene differed between LE

groups, and between acute and chronic lipid administration

(Table 7). Following chronic LE infusion, plasma cholesterol

levels were decreased in the FO group but maintained at

control levels in the other lipid groups. Total plasma

phytosterol levels were higher in the acute study control

animals compared to the chronic study control animals (10.33

vs 3.83 lg/mL) (Table 7). This difference reflects the dif-

ferent oils used and the lower fat content of the diet used in

the chronic study. Following chronic infusion of the study

lipids, total plasma phytosterol levels and b-sitosterol were

increased in the SO, OOSO, and FOCS groups; however,

levels were decreased in the FO group. Although the con-

centration of stigmasterol was similar to campesterol in the

different lipid emulsions (Table 6), the plasma did not show

detectable levels of stigmasterol. Phytosterol levels were

higher in animals after the acute infusion compared to the

chronic infusion. The difference probably reflects clearance

of the phytosterols since levels were measured 6 hours after

infusion in the acute study and after an overnight fast in the

chronic study.

Table 5 continued

C ± SD (n = 5)

Control SO OOSO FO FOCS

n-3 0.48 ± 0.07a 0.58 ± 0.09a 0.51 ± 0.16a 2.43 ± 0.30b 1.54 ± 0.15b

n-6 8.71 ± 1.45a 7.13 ± 0.77a 6.96 ± 0.93a 4.85 ± 0.66b 6.49 ± 0.56a,b

Total FA 17.31 ± 2.79a 14.95 ± 1.45a 16.68 ± 3.54a 15.34 ± 3.08a 14.90 ± 1.34a

Liver (mg/g wet weight)

T-SFA 8.03 ± 0.83a 9.81 ± 0.97a 9.77 ± 1.12a 10.86 ± 2.33a 10.21 ± 0.96a

T-MUFA 3.65 ± 0.66a,b 2.29 ± 0.29b 4.85 ± 0.94a 1.65 ± 0.56b 2.87 ± 0.46b

T-PUFA 8.94 ± 1.18a 10.46 ± 1.49a 8.57 ± 1.47a 10.82 ± 2.54a 10.13 ± 1.63a

n-3 0.19 ± 0.03b 0.58 ± 0.11a 0.45 ± 0.13a 6.38 ± 1.69c 3.39 ± 0.62d

n-6 8.75 ± 1.15a 9.87 ± 1.38a 8.12 ± 1.34a 4.44 ± 0.85b 6.74 ± 1.01c

Total FA 20.62 ± 2.67a 22.56 ± 2.74a 23.19 ± 3.53a 23.34 ± 5.43a 23.21 ± 3.05a

Lungs (mg/g wet weight)

T-SFA 7.01 ± 1.09a 7.84 ± 0.61a 8.45 ± 0.68a 7.39 ± 0.51a 6.71 ± 0.31a

T-MUFA 3.65 ± 0.51a 3.52 ± 0.34a 5.17 ± 0.69b 3.77 ± 0.32a 3.37 ± 0.15a

T-PUFA 3.16 ± 0.44a 4.02 ± 0.45a 3.52 ± 0.34a 3.29 ± 0.38a 2.93 ± 0.24a

n-3 0.17 ± 0.02a 0.22 ± 0.04a 0.20 ± 0.03a 1.29 ± 0.13b 0.56 ± 0.07c

n-6 2.99 ± 0.42a 3.80 ± 0.41a 3.32 ± 0.31a 1.99 ± 0.25b 2.38 ± 0.17b

Total FA 13.83 ± 2.03a 15.38 ± 1.41a 17.14 ± 1.71a 14.45 ± 1.21a 13.02 ± 0.70a

Kidney (mg/g wet weight)

T-SFA 6.71 ± 0.59a 6.92 ± 0.49a 7.32 ± 0.49a 6.97 ± 0.43a 7.11 ± 0.29a

T-MUFA 2.94 ± 0.23a 2.75 ± 0.67a 3.71 ± 0.48a 2.76 ± 0.45a 3.02 ± 0.24a

T-PUFA 5.66 ± 0.67a 6.44 ± 0.69a 6.08 ± 0.53a 5.64 ± 0.90a 5.71 ± 0.48a

n-3 0.16 ± 0.04a 0.25 ± 0.06a 0.22 ± 0.04a 1.82 ± 0.38b 0.75 ± 0.11c

n-6 5.50 ± 0.63a 6.19 ± 0.63a 5.86 ± 0.49a 3.82 ± 0.51b 4.96 ± 0.38b

Total FA 15.31 ± 1.49a 16.11 ± 1.85a 17.11 ± 1.51a 15.37 ± 1.78a 15.84 ± 1.01a

Adipose (mg/g wet weight)

T-SFA 197.17 ± 14.51a 206.13 ± 40.59a 187.52 ± 14.98a 190.26 ± 18.57a 218.54 ± 34.85a

T-MUFA 299.92 ± 26.17a 255.50 ± 44.75a 295.56 ± 17.82a 244.17 ± 20.47a 278.14 ± 39.06a

T-PUFA 237.96 ± 26.93a 246.51 ± 35.65a 211.02 ± 36.89a 226.98 ± 28.66a 216.12 ± 21.07a

n-3 24.84 ± 2.98a 25.66 ± 3.45a 19.70 ± 3.79a 39.01 ± 4.57b 26.13 ± 3.03a

n-6 213.11 ± 23.96a 220.84 ± 32.20a 191.32 ± 33.10a 187.97 ± 24.09a 189.99 ± 18.04a

Total FA 735.04 ± 67.61a 708.14 ± 120.99a 694.10 ± 69.68a 661.41 ± 67.70a 712.80 ± 94.98a
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Tissue Levels of Sterols and Squalene

Tissue sterol and squalene content after acute (Table 8) and

chronic (Figs. 2, 3) LE administration were measured to

determine the distribution of different phytosterols. Despite

the presence of stigmasterol in the diets and LE, we did not

detect stigmasterol in the tissues. Similar to acute lipid

infusion, none of the LE produced significant changes in

sterol or squalene levels in RBC following chronic infusion

(Fig. 2). Following chronic LE infusion, squalene was

highest in adipose tissue and levels were significantly

increased in the liver following OOSO (Fig. 3a). Phytos-

terol content was highest in the lung and adipose tissue

(Fig. 3b, c). b-Sitosterol levels were increased in liver,

lung, kidney, and adipose tissue with SO and OOSO

compared to FO and FOCS. Campesterol levels were

increased with SO in liver, heart, lung, and adipose tissue

(Fig. 3c).

Table 6 Squalene and sterol

composition of the lipid

emulsions

N/D not detected

lg/mL ± SD (n = 5)

SO OOSO FO FOCS

Squalene 5.66 ± 0.03 327.42 ± 7.90 21.95 ± 0.25 49.89 ± 2.20

Cholesterol 184.93 ± 2.80 85.76 ± 2.74 264.97 ± 3.83 423.61 ± 19.23

Demosterol N/D N/D 0.84 ± 0.11 0.87 ± 0.05

Brassicasterol N/D N/D N/D N/D

Lathosterol N/D N/D 0.49 ± 0.05 1.28 ± 0.08

Ergosterol 0.76 ± 0.10 N/D N/D N/D

Campesterol 37.19 ± 0.54 11.41 ± 0.33 0.95 ± 0.08 20.45 ± 1.04

Stigmasterol 49.57 ± 0.62 11.01 ± 0.54 1.37 ± 0.35 18.51 ± 0.81

b-Sitosterol 243.26 ± 4.10 197.86 ± 5.38 N/D 131.58 ± 7.11

b-Sitostanol 5.78 ± 0.28 3.29 ± 0.12 N/D 3.24 ± 0.14

Lanosterol 6.35 ± 0.23 3.28 ± 0.04 N/D 2.61 ± 0.34

Total sterols 527.82 ± 8.67 312.59 ± 9.16 268.63 ± 4.42 602.15 ± 28.78

Total phytosterols 342.89 ± 5.87 226.83 ± 6.42 3.66 ± 0.59 178.54 ± 9.56

Table 7 Squalene and sterol composition of guinea pig plasma

Control* SO OOSO FO FOCS

Acute treatment lg/mL ± SD (n = 5)

Squalene 0.01 ± 0.05a 0.05 ± 0.07a 3.73 ± 1.99b 0.00 ± 0.02a 0.12 ± 0.12a

Cholesterol 278.29 ± 75.88 264.26 ± 17.13 293.50 ± 51.87 360.68 ± 66.96 371.45 ± 51.41

Campesterol 6.73 ± 2.03 8.43 ± 1.23 8.83 ± 0.98 7.91 ± 1.36 10.20 ± 1.82

b-Sitosterol 3.59 ± 0.66a 8.69 ± 0.95b 7.99 ± 1.61b 3.73 ± 0.78a 8.52 ± 0.91b

Stigmasterol

Total sterols

N/D

288.62 ± 78.58

N/D

281.37 ± 19.32

N/D

310.32 ± 54.47

N/D

372.33 ± 69.09

N/D

390.17 ± 54.15

Total phytosterols 10.33 ± 2.70a 17.12 ± 2.19b 16.82 ± 2.60b 11.65 ± 2.14a 18.72 ± 2.74b

Chronic treatment lg/mL ± SD (n = 5)

Squalene 0.19 ± 0.08 0.17 ± 0.05 0.19 ± 0.07 0.14 ± 0.07 0.16 ± 0.09

Cholesterol 267.04 ± 78.32a 186.17 ± 37.60a 247.92 ± 73.00a 144.52 ± 32.39b 232.81 ± 41.58a

Campesterol 2.06 ± 0.76a 2.83 ± 0.72a 1.96 ± 0.82a 0.70 ± 0.17b 1.93 ± 0.09a

b-Sitosterol 1.77 ± 0.12a 4.35 ± 0.80b 4.76 ± 1.72b 1.38 ± 0.00a 3.07 ± 0.41a

Stigmasterol

Total sterols

N/D

270.87 ± 79.20a

N/D

193.36 ± 39.11a,b

N/D

254.65 ± 75.54a,,b

N/D

145.23 ± 32.56b

N/D

237.81 ± 42.08a,,b

Total phytosterols 3.83 ± 0.88a 7.18 ± 1.51b 6.72 ± 2.54b 2.09 ± 0.17a,c 5.00 ± 0.50a,b

N/D not detected

* Acute control diet = chow diet; chronic control diet = 15 % fat diet; the numbers with different superscript letters represent a significant

difference P \ 0.05
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Discussion

This is the first study to compare fatty acid and sterol

contents across multiple tissues in animals on oral diets and

following administration of different LE. We were partic-

ularly interested in determining whether one tissue speci-

men could be used as a proxy for other tissue specimens

and the distribution of phytosterols across different organs.

Our results indicate that fatty acids and sterol levels vary

greatly between tissues and that no one tissue was a good

proxy for the others. We also report that sterol levels

(cholesterol and phytosterols) vary greatly between tissues

with the highest contents in lung and adipose tissue.

The study demonstrates widely varying fatty acid con-

tent of plasma and other tissues (i.e., RBC, heart, liver,

lungs, kidney, and adipose tissue) in control and lipid-

infused animals. For example, in control (oral diet) ani-

mals, oleic acid varied from 7.8 % in heart to 38.5 % in

adipose tissue; linoleic acid varied from 11.7 % in RBC to

34.4 % in liver; arachidonic acid levels varied from 0.17 %

in adipose tissue to 13.9 % in kidney; total n-3 PUFA

varied from 0.82 % in liver to 3.37 % in adipose tissue.

Total fatty acid content of the tissues was similar. Thus, the

changes in relative composition of the fatty acids also

reflect absolute concentrations.

The accumulation of long-chain n-3 PUFA (i.e., ALA,

EPA, DPA, DHA) varied greatly in tissues following FO

administration. Plasma, heart, and liver achieved the

highest relative concentrations (14–15 % for heart and

plasma; 26 % for liver). Adipose tissue and RBC achieved

the lowest relative levels (5.7–6.7 %). It was also inter-

esting that DHA exceeded EPA accumulation in liver

(DHA/EPA ratio = 3.29), heart (DHA/EPA ratio = 2.62),

plasma (DHA/EPA ratio = 1.37), RBC (DHA/EPA

ratio = 1.34), and adipose tissue (DHA/EPA ratio = 1.2).

In contrast, EPA exceeded DHA accumulation in lungs

Table 8 Squalene and sterol composition of guinea pig RBC and liver after acute lipid infusion

means ± SD (n = 5)

Control* SO OOSO FO FOCS

RBC (lg/mg total protein)

Squalene 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00

Cholesterol 17.48 ± 0.87 15.79 ± 0.79 15.49 ± 0.96 19.07 ± 1.03 19.30 ± 1.37

Campesterol 0.41 ± 0.05 0.55 ± 0.07 0.46 ± 0.07 0.48 ± 0.02 0.58 ± 0.07

b-Sitosterol 0.40 ± 0.05 0.56 ± 0.08 0.52 ± 0.06 0.41 ± 0.02 0.57 ± 0.05

Stigmasterol

Total sterols

N/D

18.29 ± 0.98

N/D

16.91 ± 0.95

N/D

16.47 ± 1.08

N/D

19.97 ± 1.07

N/D

20.44 ± 1.49

Total phytosterols 0.80 ± 0.11 1.12 ± 0.16 0.98 ± 0.12 0.90 ± 0.03 1.14 ± 0.13

Liver (mg/g wet weight)

Squalene 0.96 ± 0.75a 3.05 ± 1.61b 24.63 ± 3.13c 2.92 ± 0.86b 7.30 ± 0.95d

Cholesterol 1,306.16 ± 90.60 1,443.02 ± 67.91 1,472.55 ± 65.68 1,728.44 ± 277.97 1,686.30 ± 369.14

Campesterol 31.87 ± 4.75a 49.56 ± 4.46b 42.25 ± 4.01b 40.15 ± 5.57b 48.67 ± 7.16b

b-Sitosterol 27.38 ± 1.91a 64.52 ± 8.64b 58.69 ± 3.71b 23.13 ± 1.35a 54.03 ± 7.58b

Stigmasterol

Total sterols

N/D

1,365.41 ± 97.26

N/D

1,557.10 ± 81.02

N/D

1,573.50 ± 73.40

N/D

1,791.73 ± 284.90

N/D

1,789.00 ± 383.88

Total phytosterols 59.25 ± 6.66a 114.08 ± 13.11b 100.94 ± 7.72b 63.29 ± 6.92a 102.70 ± 14.74b

N/D not detected

* Control diet chow diet; the numbers with different superscript letters represent a significant difference P \ 0.05
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Fig. 2 Distribution of squalene, b-sitosterol, campesterol and cho-

lesterol in RBC after chronic lipid emulsion infusion. Stigmasterol

was not detected. Sterols were analyzed using a GC system. Values

are means ± SD of five guinea pigs in each group. Data are analyzed

by one-way ANOVA with Tukey’s post hoc test. No significant

differences in squalene, phytosterol, and cholesterol contents were

observed between lipid emulsion groups
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(DHA/EPA ratio = 0.78) and kidney (DHA/EPA

ratio = 0.32). These differences in ratios of DHA to EPA

are very interesting in view of the DHA/EPA ratio of the

FO emulsion of 0.91. The results indicate that tissues

regulate the levels of DHA and EPA differently and

independent of the relative supply. The large variations

between tissue levels of n-3 PUFA and other fatty acids is

interesting since these fatty acids have many bioactive

properties. Future studies are needed to investigate the

mechanisms for regulation of DHA, EPA and other fatty

acid levels within tissues.

No one tissue provided a good representation of the fatty

acid or sterol content of the other tissues before or after LE

infusion. This finding is important and has clinical impli-

cations. Many clinicians and investigators use plasma,

RBC, or adipose tissue samples to approximate tissue

levels of fatty acids. Our results suggest that these samples

may not adequately reflect fatty acid content of different

tissues. Thus, the effects of fatty acid cellular content and

alterations upon organ functions likely require measure-

ment of levels in the organ or organelle of interest. The

clinical significance of the changes in fatty acids and the

regulation (i.e., uptake, storage, and metabolism) of fatty

acids remains unclear and requires further study.

Results of this study demonstrate changes in liver tissue

within 6 hours of lipid infusion. For example, oleic acid

increased in liver following OOSO and FOCS infusion;

linoleic acid increased in liver following SO infusion and

decreased following FO infusion; EPA and DHA increased

in liver following FO and FOCS infusion. These liver

changes preceded changes in RBC. The results indicate that

fatty acid content of some tissues change within a few

hours of intravenous infusion of lipids.

Plasma phytosterol levels (b-sitosterol and campesterol)

were increased in the SO, OOSO, and FOCS groups

compared to controls following both acute and chronic LE

infusions. Plasma levels were not increased following FO

infusion. The increase in plasma phytosterol levels
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Fig. 3 Tissue distribution of squalene (a), b-sitosterol, (b) campes-

terol (c), and cholesterol (d) after chronic lipid emulsion infusion.

Stigmasterol was not detected. Sterols were analyzed using a GC

system. Values are means ± SD of five guinea pigs in each group.

Data are analyzed by one-way ANOVA with Tukey’s post hoc test.

Values labeled with dissimilar symbols exhibit significant differences

at P \ 0.05
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reflected the content of the LE. The most common phy-

tosterols in plasma were b-sitosterol and campesterol.

Stigmasterol was not detected. Although phytosterol levels

increased in plasma following chronic administration of

SO, OOSO, and FOCS emulsions, tissue levels were more

variable. These results indicate that phytosterols deposit in

most tissues; however, it remains unclear whether the

levels cause dysfunction of the various tissues. We found

no differences between study groups for alkaline phos-

phatase, AST, ALT, or total bilirubin following infusion of

the LE. We also failed to detect any evidence of increased

lipid deposition in the liver (using oil red staining) or liver

damage following either acute or chronic lipid

administration.

One of the very interesting findings of the present

investigation was the undetectable levels of stigmasterol in

plasma and tissues of the animals receiving oral diets or LE

in both the acute and chronic studies, despite the LE/diets

having similar concentrations of campesterol and stig-

masterol. It appears that stigmasterol did not get stored in

tissues and was rapidly cleared (probably via biliary

excretion) from the blood and tissues. This finding has

importance since stigmasterol has been implicated in the

etiology of cholestasis [10]. In support of our findings,

Clayton et al [15] failed to detect stigmasterol in the

plasma of hospitalized patients receiving oral diets (with-

out liver disease). In contrast, human studies in both adults

and neonates/children receiving long-term parenteral

nutrition reveal elevated plasma levels of stigmasterol;

however, levels of stigmasterol were significantly lower

than levels of campesterol [15, 17, 20, 21]. Most long-term

parenteral nutrition patients in these studies had evidence

of cholestatic liver disease which may have contributed to

the elevated stigmasterol levels. Further studies are needed

to determine if phytosterols in LE cause cholestasis and to

determine the mechanisms involved in liver and other

organ dysfunction and/or toxicity.

The total mean phytosterol levels found in the plasma of

the animals following 10 days of lipid infusion ranged

from 2.09 to 7.18 lg/mL. These levels are similar to levels

in healthy humans receiving western diets (i.e., 3–17 lg/

mL) [5, 15, 17]. In addition, the total plasma phytosterol

levels of the animals on the chow diet were also similar to

normal human controls. In contrast, total plasma phytos-

terol levels were significantly higher in patients with

intestinal failure receiving long-term parenteral nutrition

[15, 17], where mean levels varied from 55.4 to 379 lg/

mL. Many of these patients had evidence of cholestatic

liver disease and it remains unclear whether the elevated

levels are a cause or consequence of hepatobiliary dys-

function. Additional studies will need to be performed to

determine if the levels of phytosterols found in tissues

cause organ dysfunction. It is also unclear whether a longer

duration of treatment would result in higher phytosterol

levels or tissue dysfunction. It is important to note that

animals in this study were consuming oral lipid-free diets

which may limit phytosterol toxicity (perhaps by stimu-

lating the enterohepatic circulation of bile acids).

A number of reports in the clinical literature have

established the occurrence of liver disease in patients

receiving long-term parenteral nutrition. The majority of

the reports are in infants with underlying medical problems

that include intestinal failure, recurrent sepsis, and inability

to tolerate adequate enteral feeding. A smaller number of

reports came from the adult population. The occurrence of

liver disease in patients receiving parenteral nutrition is

termed parenteral nutrition-associated liver disease

(PNALD) [14, 22–24]. Current evidence supports a

potential role for phytosterols as contributors to the

development of PNALD [8–10, 12, 15]. The mechanisms

by which phytosterols may cause liver disease are unclear.

However, phytosterols inhibit enzymes involved in cho-

lesterol and bile acid synthesis and metabolism, and also

inhibit bile acid transporters involved in uptake and

secretion of bile acids [10–12]. Infants may be particularly

susceptible to liver injury induced by phytosterols due to

reduced bile acid synthesis and immature biliary secretory

systems [13]. The use of lower doses of SO [25–27] and

substitution of FO-based emulsion [28] for SO emulsion

(both result in decreased phytosterol intake) has been

reported to improve liver disease and cholestasis in patients

with PNALD.

The various study LE were chosen to allow for assess-

ment of the range of variation of fatty acids and sterols that

are produced in tissues when lipid varying in monounsat-

urated fatty acids, n-6 PUFA, and n-3 PUFA are adminis-

tered. The LE represent four of the most common

commercial LE used today for parenteral nutrition. The

large variations of fatty acids in the different LE reflect the

different oils used to manufacture the emulsions. For

example, levels of oleic acid varied from 10.15 % in FO to

59.7 % in OOSO; levels of linoleic acid varied from 3 % in

FO to 54.7 % in SO; levels of DHA varied from 0.06 % in

OOSO to 17.7 % in FO. The different lipid emulsions also

contain different quantities of phytosterols.

In preliminary experiments, we monitored oral diet

intake in a group of guinea pigs receiving the 15 % fat diet

(i.e., D10091201), which is a diet typical for these animals.

We found that the guinea pigs consumed approximately

18 g of food/day which resulted in about 1 g fat intake per

day and 209 Kcal/kg/day. Thus, we supplied similar

quantities of fat and energy to the guinea pigs (5 mL of

20 % LE) during SO, OOSO and FOCS lipid infusion

when the animals were kept on a fat free diet. The FO lipid

was a 10 % emulsion (10 g/dL) and animals received less

lipid energy (0.5 g/day as 5 mL/day). Despite the lower
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lipid content in the FO group, animals grew at similar rates

and achieved similar body weights. Since we did not

monitor oral intake of the fat free diet during chronic lipid

infusion, it is possible that these animals compensated for

the lower lipid calories and increased their food intake.

Since it is impossible to study the effects of the four

study LE upon the tissue content of fatty acids and sterols

in humans (requires tissue specimens), we chose the guinea

pig as an animal model because the lipoprotein profile of

guinea pigs, as opposed to other rodents, more closely

resembles that of the human in terms of the low density

lipoprotein cholesterol (LDL-C) and high density lipopro-

tein cholesterol (HDL-C) constituents [29]. Since clearance

of lipids from the circulation and uptake by the tissues is

dependent upon lipoprotein levels, the guinea pig repre-

sents a preferred rodent model for studying lipid metabo-

lism, as their tissues express lipoprotein lipase and possess

activities for intravascular processing of plasma lipopro-

teins [30]. Furthermore, the guinea pig shares with humans

several other characteristics of lipid metabolism including

high LDL-to-HDL ratio [31], higher concentrations of free

than esterified cholesterol in the liver [32], response to

exercise by decreasing TG and increasing HDL levels [33],

and response to drug treatment by lowering plasma LDL-

cholesterol concentrations [34, 35].

This study had a number of limitations. The study was

designed to assess levels of fatty acids, squalene, and dif-

ferent sterols in LE and tissues of animals on oral diets and

after 4 diverse lipid infusions. The study was not designed

to compare oral with intravenous effects from the lipid

emulsions. In addition, it was not designed to evaluate

outcomes or tissue functions affected by the LE infusions.

Functional effects require additional study. The study was

also performed in healthy animals and results may be dif-

ferent with disease (especially hepatobiliary disease). The

commercial lipid emulsions varied in concentration with

SO, OOSO, and FOCS available as 20 % (20 g/dL)

emulsions while the FO emulsion was a 10 % (10 g/dL)

emulsion. We chose to administer equal volumes of the

emulsions. As a result, the FO group received half the dose

of lipid compared to the other lipid emulsion groups. As

mentioned above, the lower lipid content was not associ-

ated with lower body and organ weights. FO is usually

administered at lower doses than the other emulsions since

it is approved as a lipid supplement rather than a complete

lipid (i.e., low content of n-6 essential fatty acids). Oral

intake was not recorded in the animals. It is possible that

the FO group consumed greater amounts of the oral fat free

diet to compensate for the reduced lipid intake. Finally, the

chronic study was performed over a 10-day period, and

results may vary with longer durations of study. However,

it is difficult to maintain central venous access in rodents

for longer durations.

In conclusion, the key findings of the present investi-

gation are:

1. Fatty acid/squalene/sterol contents of various tissues

were highly variable and no one tissue adequately

reflected the contents of the other tissues. The changes

in liver occurred before changes in RBC.

2. n-3 PUFA were found in low concentrations in all

tissues; however, levels increased significantly follow-

ing infusion of fish oil emulsion.

3. Plasma and RBC were a poor reflection of tissue levels

of squalene, cholesterol, and phytosterols. Squalene

was highest in adipose tissue while total phytosterols

were highest in lungs and adipose tissue after chronic

administration of LE.

4. b-Sitosterol and campesterol were the primary phytos-

terols detected in the tissues of the animals.

5. Although stigmasterol was present in the diets and LE,

stigmasterol was not detected in the tissues of the

animals.

6. Future studies should evaluate the functional conse-

quences of the widely varying fatty acid and phytos-

terol contents of tissues in both health and disease.
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