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Abstract Marine phospholipids (MPL) have attracted a

great deal of attention recently as they are considered to

have a better bioavailability, a better resistance towards

oxidation and a higher content of eicosapentaenoic (EPA)

and docosahexaenoic acids (DHA) than oily triglycerides

(fish oil) from the same source. Due to their tight inter-

molecular packing conformation at the sn-2 position and

their synergism with a-tocopherol present in MPL extracts,

they can form stable liposomes which are attractive

ingredients for food or feed applications. However, MPL

are still susceptible to oxidation as they contain large

amounts polyunsaturated fatty acids and application of

MPL in food and aquaculture industries is therefore a great

challenge for researchers. Hence, knowledge on the oxi-

dative stability of MPL and the behavior of MPL in food

and feed systems is an important issue. For this reason, this

review was undertaken to provide the industry and acade-

mia with an overview of (1) the stability of MPL in dif-

ferent forms and their potential as liposomal material, and

(2) the current applications and future prospects of MPL in

both food and aquaculture industries with special emphasis

on MPL in the liposomal form.
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Abbreviations

AA Arachidonic acid

BHT Butylated hydroxytoluene

CHO Cholesterol

CL Cardiolipin

DAG Diacyglycerols

DHA Docosahexaenoic acid

DP Diacetyl phosphate

EE Encapsulation efficiency

EFA Essential fatty acid

EPA Eicosapentaenoic acid

LA Linoleic Acid

LPC Lysophosphatidylcholine

LUV Large unilamellar vesicles

MLV Multilamellar vesicles

MPL Marine phospholipids

n-3 PUFA Omega-3 polyunsaturated fatty acid(s)

PA Palmitic acid

PC Phosphatidylcholine(s)

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PI Phosphatidylinositol

PL Phospholipid(s)

PS Phosphatidylserine

SA Stearylamine

SPM Sphingomyelin

TAG Triacyglycerols

TL Total lipids

NL Neutral lipids
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Introduction

The present imbalance in the intake of n-3 and n-6 poly-

unsaturated fatty acids (PUFA) has a serious negative

impact on health in the general population [1–3] and there

is a strong desire to improve the situation by introducing

new products on the market with a higher level of n-3

PUFA and a lower level of n-6 PUFA. Currently, the global

food and dietary supplement market for n-3 fatty acids

(EPA and DHA) is estimated to be 15,000–20,000 tons,

derived from a total world production of fish oil of

approximately 300,000 tons per year. Marine phospholip-

ids (MPL) from, e.g., krill represents an alternative source

of n-3 PUFA, but the market for MPL is still in its infancy

even though an increasing activity in this field has been

observed recently [4]. A number of companies are pre-

paring market introduction of either natural MPL, deriva-

tives of natural MPL, or synthetic MPL. The leading MPL

product on the market at the moment is a krill extract with

approximately 35% PL [5]. There are also MPL products

that are made from fish processing by-products and salmon

roe. It is expected that the MPL market will follow the

general trends of n-3 fish oils. MPL are new on the market

and their range of applications has yet to be determined.

However, MPL are believed to have potential applications

in human and animal nutrition, in pharmacology, and in

drug delivery. The most well-documented applications of

MPL are related to liposomes. Liposomes made from MPL

have been developed as a test system for antioxidants and

as model systems for oxidation of biological membranes

[6–9].

Many studies have been performed on n-3 triacyglyce-

rols (TAG) enriched functional foods [10] while limited

studies have been carried out on MPL enriched functional

foods either in their pure form or in liposomal form.

Furthermore, the current applications of phospholipid

liposomes are limited to lecithin from soy bean or phos-

phatidylcholine (PC) from egg yolk and no attempts to use

MPL based liposomes for food purposes have been reported

in the literature [11–13]. However, some studies [14–19]

have investigated the use of MPL such as herring roe or krill

PL for larvae feed in the aquaculture industry. The limited

application of MPL and liposomes in both food and aqua-

culture industries can be attributed to several reasons (1)

lack of knowledge especially related to the behavior of

MPL in food and feed systems, (2) limitations in large scale

production of liposomes without using organic solvents and

(3) the requirement of expensive equipment for liposome

production. Nevertheless, there is ongoing research in

this area [20–28]. With the growing understanding of the

following areas regarding (1) the physicochemical proper-

ties of MPL, (2) the oxidative stability of MPL or MPL

based liposomes under gastrointestinal condition and (3)

emerging technologies for liposome production without

using organic solvents such as microfluidization and

pro-liposomes method [29], it may soon become feasible to

use MPL in both the food and aquaculture industries. This

review gives an overview of our current knowledge on the

above mentioned aspects.

Classification and Sources of MPL

PL can be divided into three classes: glycerophospholipids,

ether glycerolipids and sphingophospholipids. Glycero-

phospholipids represent the most widespread phospholipid

class and they differ in their polar head groups. For

example, phosphatidylcholine (PC) has choline as a head

group, while phosphatidylethanolamine (PE) has ethanol-

amine as a head group, etc. as shown in Fig. 1. In addition,

PL from different sources also have different fatty acid

profiles in the sn-1 and sn-2 positions (Fig. 2a). Thereby,

the chain length and degree of unsaturation may vary from

source to source. For example, PL originating from plants

such as soy bean do not have fatty acid chain lengths longer

than 18 carbon atoms and contain only one to three double

Fig. 1 Chemical structures of PL compounds with names and

abbreviations
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bonds, while PL originating from egg yolk or marine

sources additionally have chain lengths of 20 and 22 car-

bon atoms with four to six double bonds e.g. as found in

fatty acids of EPA and DHA. However, egg yolk only

contains small amounts of EPA and DHA while marine

sources are high in EPA and DHA. As far as marine

sources are concerned, PL are found relatively abundant in

roe, fish heads and offal such as viscera [30]. The most

predominant PL in marine source such as salmon, tuna,

rainbow trout and blue mackerel is phosphatidycholine

(PC) as shown in Table 1. The second most abundant is

phosphatidylethanolamine (PE). Phosphatidylinositol (PI),

phosphatidylserine (PS), sphingomyelin (SPM) and lyso-

phosphatidylcholine (LPC) are usually found in smaller

amounts in marine sources, except for the relatively high

level of sphingomyelin (SPM) found in tuna species

[31–36]. Furthermore, krill such as Euphausia superba and

Euphausia pacifica are other rich source of MPL [37, 38].

Almost half the lipid content of both types of krill is

present in phospholipid form, mainly around 35% PC and

16% PE in Euphausia superba and 29% PC and 26% PE in

Euphausia pacifica, respectively. Currently, Neptune Krill

oil (a concentrate of MPL from Euphausia superba) is a

leading commercial krill oil on the market.

Similar to the production of egg yolk PL, production of

MPL in industry uses a combination of organic solvents

such as hexane and acetone, isopropanol and ethanol for

extraction of wet or dried biomass [36]. Non-polar solvents

are used to extract TAG while polar solvents are used to

extract PL. However, extraction of lipids using organic

solvents may bring adverse health effects. Recently, a more

promising method without using an organic solvent,

supercritical fluid extraction (SFE) has been used for the

extraction and fractionation of lipids [39–42]. The extrac-

tion can be carried out at low temperature by using CO2.

However, CO2 can only extract neutral lipids from lipid

mixtures, and a generally recognized as safe (GRAS) co-

solvent such as ethanol must also be used to extract PL for

the food industry. For instance, the addition of about

5–10% of ethanol to CO2 is necessary to achieve the

extraction of PL from egg yolk [42–44]. Additionally, krill

oil has been extracted by a patented cold vacuum extrac-

tion process that can protect the biomass from exposure to

heat, light or oxygen. Thereby, the oil is protected

throughout the production process and the original nutri-

ents of the krill are maintained intact.

Health Benefits of MPL

Many studies have shown that MPL are more efficient

carriers of n-3 PUFA than TAG (normal fish oils) in terms

of n-3 PUFA absorption in different tissues [45–47]. Thus,

MPL not only contains more n-3 PUFA than TAG from the

same source [31, 48, 49], but also provide better absorption

in most tissues. This may be due to the amphiphilic

properties of PL resulting in better water dispersability and

Fig. 2 a General structure of a phospholipid, b i) 1-palmitoyl-2-

PUFA-phosphatidylcholine ii) 1,2-dilinoleoyl-phosphatidylcholine.

Table 1 Phospholipid composition (%) of marine sources

PL classes Salmon

head

lipids

Rainbow

trout fillet

lipids

Bigeye

muscle

lipids

Bluefin

muscle

lipids

Bonito

muscle

lipids

Frigate

muscle

lipids

Skipjack

muscle

lipids

Yellowfin

muscle

lipids

Krill Salmon

roe

PC 54.7 53.6 42.1 42.2 53.9 47.4 51.5 37.9 87.5 86.0

PE 14.0 22.9 18.8 18.9 20.1 21.8 20.2 21.0 6.3 6.0

PI 2.5 8.3 5.8 6.7 2.3 10.9 4.9 8.5 0.5 2.0

PS 10.4 4.1 5.4 4.8 2.2 5.1 5.0 5.4 0.5 ND

SPM 8.3 4.9 3.3 5.6 7.6 3.0 0.5 4.0 1.3 2.0

LPC 1.4 ND 22.1 15.4 13.8 12.0 18.3 21.5 ND 2.0

Cardiolipin ND 6.2 ND ND ND ND ND ND ND ND

Other ND ND 4.4 6.6 Trace 1.7 1.5 2.8 3.9 1.0

Data compiled from references [5, 31–36]

PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol, PS phosphatidylserine, SPM sphingomyelin, LPC lysophos-

phatidylcholine, ND not determined

Lipids (2011) 46:3–23 5

123



their greater reactivity towards phospholipases compared

to the glycerolysis of triglycerides [49]. For this reason,

supplementation of foods with n-3 PUFA rich PL has

recently emerged as an interesting way of increasing the

assimilation and thereby the health benefits of EPA and

DHA. EPA and DHA have numerous well-documented

health benefits, which have been reviewed extensively by

Narayan et al. [50]. The more recent studies on these health

benefits include a reduction of coronary heart diseases,

inflammation, autoimmune diseases, hypertension, cancer,

diabetes, susceptibility to mental illness and neurological

diseases such as depression and Alzheimer’s disease,

as well as improved brain and eye functions in infants

[51–59].

Apart from the benefits obtained from their favorable

fatty acid composition, MPL may also provide health

benefits due to their polar head groups [60, 61] or to a

unique combination of the two in the same molecules. The

latter explanation is supported by the following observa-

tions; the use of n-3 fatty acids (EPA and DHA) in PL form

(either from marine or synthetic origin), instead of the

triglyceride form, together with a vegetable oil containing

n-6 fatty acids in a nutritive lipid emulsion, gave even

lower blood triglyceride and cholesterol levels of patients

as compared to the same amount of n-3 fatty acids given as

fish oil [62]. The same observation was also obtained by

Bunea et al. [63] who investigated the effect of krill oil

(mainly present as PL) on hyperlipidemia. In addition, they

reported that high doses of krill oil significantly reduced

low-density lipoproteins (LDL) level and increased high-

density lipoproteins (HDL). Their study concluded that

krill oil was more effective at improving blood lipids and

lipoproteins than fish oil. Apart from that, several studies

have also shown that krill oil has many beneficial health

effects such as it may has therapeutic value for metabolic

syndrome, non-alcoholic fatty liver disease, attention def-

icit/hyperactivity deficit disorder (AD/HD), premenstrual

syndrome (PMS) and it also showed anti-inflammatory

effect [64–68]. Sampalis et al. [67] reported that

phospholipid krill oil was more effective than triglyceride

fish oil at improving both the physical and emotional

symptoms of PMS while Deutsch [66] reported that the

intake of krill oil at a daily dose of 300 mg can signifi-

cantly inhibit inflammation and reduce arthritic symptoms

within a short treatment period of 7 and 14 days. Accord-

ing to Maki et al. [64], 4 weeks of krill oil supplementation

increased plasma EPA and DHA of overweight and obese

men and women and was well tolerated without adverse

effects on safety parameters. Besides that, Hayashi et al.

[69] also showed that n-3 PUFA from salmon roe phos-

phatidylcholine may be beneficial in treatment of chronic

liver diseases while Taylor et al. [70] showed that MPL

is a promising new dietary approach to tumor-associated

weight loss. Due to these numerous health benefits, there

is an increasing desire to offer MPL containing n-3 PUFA

to a wider market, e.g. for human foods and also to the

general feed and aquaculture industry.

Introduction to Liposomes

Liposomes or lipid vesicles are aggregates formed from

aqueous dispersions of amphiphylic molecules such as

polar lipids that tend to produce bilayer structures [71].

They are useful microscopic carriers for nutrients and have

a great potential for applications in both food and aqua-

culture industries. Besides that, liposomes have been rec-

ognized as a powerful tool in the treatment of diseases by

the pharmaceutical industry. Their use as drug delivery

vesicles and their medical applications such as in anti-

cancer therapy, vaccination, gene therapy, and diagnostics

have been reported in literature [72]. According to Watwe

et al. [73], liposomes can be divided into three main clas-

ses: (a) multilamellar vesicles (MLV), contain more than a

single bilayer membrane with a size range of 0.1–6.0 lm,

(b) small unilamellar vesicles (SUV) and (c) large unila-

mellar vesicles (LUV) which both contain only a single

bilayer membrane with sizes range of 0.02–0.05 lm and

[0.06 lm, respectively. LUV are the most useful lipo-

somes because they are more homogeneous than MLV and

have higher encapsulation efficiency [74]. MPL or MPL

based liposomes have obtained considerable attention and

their oxidative stability has been studied extensively as

shown in Table 2. Generally, MPL have been found to

have a higher oxidative stability than TAG as will be dis-

cussed in the following.

Oxidative Stability of MPL

Mechanism of Oxidation for MPL

The PUFA chains in PL are the primary targets of oxida-

tion. Similar to the oxidation of TAG, phospholipid oxi-

dation may occur through radical and non-radical reactions

involving enzymes such as lipoxygenase and myeloper-

oxidase or non-enzymatic systems such as �OOH, �OH,

Fe2?, Cu? and radiation [75]. Due to the low dissociation

energy of bisallylic carbon–hydrogen in double bonds of

PUFA, a hydrogen atom can easily be removed. The first

steps in the lipid peroxidation consist of hydrogen

abstraction, rearrangement of double bonds and addition of

triplet oxygen leading to highly reactive peroxyl radicals.

These radicals can undergo a large variety of consecutive

reactions including further reaction with other PL, frag-

mentation and generation of truncated PL and different

6 Lipids (2011) 46:3–23
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Table 2 Chemical and physical stability of MPL and MPL-based liposomes

Sources of phospholipids (PL) Brief summary of findings References

TL, NL and PL (from muscle of blue fish) Antioxidant activity in salmon oil system supplemented with:

2.5% or 5% PL [ 0.02% BHT

5% PL [ 5% TL or 5% NL

King et al.

[87]

Lipid fractions (from muscle,

viscera and skin of sardine

and mackerel fish)

Oxidative stability of lipid fractions:

Muscle [ viscera and skin

Presence of higher PL (PE and PC) and a-Toc in muscle

and synergistic effect of PE with a-Toc

Ohshima

et al. [105]

Salmon roe PC, soybean PC Oxidative stability of both PC in aqueous solution Miyashita

et al. [90]1) Catalyzed by Fe2?-ascorbic

acid; salmon roe PC [ soybean

PC

2) Under influence of emulsifier: egg

albumin [ Tween 20 [ deoxycholic acid

sodium salt

Reason: high stability of salmon roe PC is due to the

conformation of PC molecule and the phase

behavior of PC aggregation

Squid: muscle TL, viscera TL, eye TL;

Tuna orbital TL, trout egg TL

and bonito TAG

Oxidative stability of lipids fraction:

Squid viscera TL or squid muscle TL [ squid eye TL [
trout egg TL [ bonito TAG [ tuna orbital TL

Reason: higher stability is due to the presence of PL

in squid tissue lipids and trout egg TL

Cho et al.

[21]

DHA, PC, PE, TG Oxidative stability of DHA in lipids:

1-DHA-2-palmitoyl-PE or 1-palmitoyl-2-DHA-PE or

1-DHA-2-palmitoyl-PC or 1-palmitoyl-2-DHA-PC [
DHA ? 1,2-palmitoyl-PC (1:1) [ 1,2-diDHA-PC ?

1,2-dipalmitoyl-PC (1: 1) or 1,2,3-triDHA-TAG

DHA was most protected against oxidation when

it was incorporated at one position of either PC or PE

Lyberg et al.

[9]

Fish roes: salmon and herring,

commercial fish oils: crude tuna

oil and sardine oil

Oxidative stability of lipids

Herring roe lipids [ salmon roe lipids [ commercial fish oils

The higher oxidative stability is mainly due to the presence of

PL in fish roe lipids and the synergistic effect of PL on the

antioxidant activity of a-tocopherol

Moriya et al.

[25]

Salmon roe PC, chicken egg PC

and commercial soybean PC

Oxidative stability of PC in: Nara et al.

[6]a) Aqueous micelles:

Salmon roe PC [ chicken egg

PC [ soybean PC

b) Liposomes:

Chicken egg PC and salmon roe PC [ soybean

PC

Reason: Higher stability is due to the presence of PUFAs

in chicken egg PC and salmon roe PC which are esterified

at the sn-2 position

Salmon roe PC, chicken egg PC

and commercial soybean PC

Oxidative stability of liposomes containing DHA enriched TAG:

Salmon roe PC [ chicken egg PC and commercial soybean PC

Addition of CHO; DP, SA, chicken egg albumin and

Toc improved oxidative stability of salmon roe PC liposomes

Nara et al.

[7]

68% PC, 23% PE, 2% PI, 2% PS

and 1% SPM, 27% CHO and 4% TAG

Low pH led to an instantaneous vesicle aggregation of MPL-liposomes

and shortened the release time of vitamin B1

Cansell et al.

[20]

68% PC, 23% PE, 14% EPA,

31% DHA

MPL-liposomes exhibited relative high membrane physical

and chemical stability in the gastric digestion condition indicating

that MPL-liposomes could be used as oral administration vectors

Nacka et al.

[28]

68% PC, 23% PE, 2% PI, 2% PS

and 1% SPM

Acidification caused liposomes size and shape changes while maintaining

the bilayer structure indicating that MPL-liposomes could be used as oral

administration vectors

Nacka et al.

[27]

68% PC, 23% PE, 14% EPA, 31% DHA a-Toc uptake after oral delivery: MPL liposomes [ sardine oil digestion Nacka et al.

[26]Under gastrointestinal condition, a-Toc incorporation improved chemical stability

of liposome suspension with best oxidative stability at (5 mol%)
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types of low molecular weight compounds such as alde-

hydes and ketones. However, enzymatic oxidation of PL

can be eliminated in the MPL during their thermal pro-

duction. Besides that, different PL oxidation products can

be formed depending on the predominating oxidative pro-

cess [76]. Oxidation products can be classified into three

main categories such as: (1) long chain products that pre-

serve the PL skeleton, and which may result from insertion

of oxygen followed by rearrangement or cleavage of the PL

hydroperoxides leading to epoxy, polyhydroxy, hydroxy, or

keto derivatives of PL, (2) short-chain or truncated prod-

ucts, formed by cleavage of the unsaturated fatty acids.

These products include ketones, aldehydes, unsaturated

carboxylic acids, (keto)hydroxyl-aldehydes, (keto)hy-

droxyl-carboxylic acids, lyso-phospholipids and lyso-

phospholipid halohydrins, and (3) adducts, formed by

reaction between oxidation products and molecules con-

taining nucleophilic groups, this include the products

usually formed by cross-linking reactions between PL

oxidation products with carbonyl groups and amino groups

present in neighboring biomolecules such as peptides,

proteins and phosphatidylethanolamine.

Dangers of Auto-Oxidation of MPL

Oxidation of MPL can not only deteriorate the quality of

MPL enriched foods and affect the flavor, but also promote

the development of neurodegenerative diseases. Many

reported studies [75, 77–83] have shown that oxidized

PL cause harmful effects to human health as they play

physiopathological roles in developing diseases such as

age-related and chronic diseases, acute lung injury,

atherosclerosis, inflammation and decrease immune

response. PL oxidation products such as hydroperoxyl,

hydroxyl, aldehyde and epoxy groups that are potentially

important in the progression of atherosclerosis and

inflammation [80]. For instance, by activating the receptor

for the platelet-activating factor (PAF), oxidized PL induce

platelet aggregation [84–86]. Oxidized PL can also induce

monocyte adhesion to endothelial cells, accumulate in

atherosclerotic lesions, and play a role in inflammation and

signaling inflammatory response. The dangers of the oxi-

dized PL have been reviewed extensively and will not be

further discussed in this review.

Antioxidant Effect of PL

King et al. [87] investigated the role of PL and the degree

of fatty acid unsaturation on lipid oxidation in a salmon oil

model system. Their findings showed that addition of a

2.5% (wt/wt) or a 5% (wt/wt) PL fraction extracted from

bluefish to salmon oil increased its stability during heating

at 55 and 180 �C as compared to the control salmon oil, or

salmon oil to which 0.02% (wt/wt) of BHT or 5% (wt/wt)

of other lipid fractions from bluefish such as total lipid or

neutral lipid had been added. The PL fraction with 34%

DHA was found to exhibit higher oxidative stability than

other lipid fractions with 15% DHA. Subsequently, they

investigated the antioxidant properties of individual PL in a

salmon oil model system [88]. They found that nitrogen-

containing PL such as PE, PC, LPC, and SPM were equally

effective as antioxidants and they were more effective than

PS, PG and PI. Their studies did not postulate any mech-

anism or reasons for the antioxidant properties of the dif-

ferent PL classes. In both studies by King and colleagues,

the oxidative stability of the salmon oil model system was

investigated through 2-thiobarbituric acids (TBARS) assay

and the decreases in the ratio of DHA to PA (C22:6/C16:0).

Boyd et al. [89] investigated the effect of 0.5% (by weight)

PL toward lipid oxidation of 2.5 g salmon oil and men-

haden oil model systems respectively, through the more

sensitive headspace gas chromatographic analysis. Their

study also showed that addition of PL significantly reduced

the production of volatile compounds in both oil model

systems.

Conformations of PUFA at the sn-2 Position of PL

Miyashita et al. [90] showed that salmon roe PC had a

higher oxidative stability than soybean PC in an aqueous

solution dispersed with chicken egg albumin although the

degree of unsaturation in the salmon roe PC was higher

Table 2 continued

Sources of phospholipids (PL) Brief summary of findings References

Cod roe PL Lipids oxidation is proportional to [Fe2?] and [PL] but was

dependent on pH with a maximum between pH 4 and 5

Addition of salt decreased the rate of lipid oxidation

Mozuraityte

et al. [22]

Cod roe PL Cations did not influence the rate of oxidation in ionic strength 0–0.14 M.

Phosphate was more effective in reducing the oxidation rate than

chloride. Salts and pH affected the zeta potential of the liposomes

Mozuraityte

et al. [23]

TL total lipids, NL neutral lipids, PL phospholipids, PC phosphatidylcholine, TAG triacyglycerols, PE phosphatidylethanolamine, CHO cho-

lesterol, DP diacetyl phosphate, SA stearylamine, TOC tocopherol

8 Lipids (2011) 46:3–23

123



than in the soybean PC. They suggested that the high sta-

bility of salmon roe PC was mainly correlated with the

conformation of the PC molecule and the phase behavior of

PC aggregation. The main molecular species of soybean

PC was 1,2-dilinoleoyl-phosphatidylcholine (1,2-diLA-

PC), while for salmon roe PC it was 1-palmitoyl-2-PUFA-

phosphatidylcholine (1-PA-2-PUFA-PC) as shown in

Fig. 2b. Hence, the presence of this main molecular species

in salmon roe PC (with most of the PUFA located at the

sn-2 position of PC) may provide a more tightly packed

molecular conformation as compared to the soybean PC

and thereby increase resistance of PC towards oxidation.

The findings of Miyashita et al. [90] corroborated the ori-

ginal work of Applegate and Glomset [91] who reported

that DHA in the sn-2 position of diacylglycerol (DAG)

containing a saturated acyl chain in the sn-1 position could

form a tighter intermolecular packing conformation as will

be further discussed below.

Conformations of DHA at the sn-2 Position

in a DAG Model

Applegate and Glomset (1986) used a molecular modeling

approach to search for conformations of DHA that might

uniquely influence acyl chain packing in cell membranes.

Their DHA conformations of lowest energy as shown in

Fig. 3 were extended conformations in which six double

bonds projected outward from the methylene axis (a) in

two nearly perpendicular planes to form an extend angle-

iron shaped structure or (b) at nearly 90� intervals to form

a helical structure, respectively. Studies of packed arrays

of these hexaenes with or without saturated hydrocarbons

showed that tight packing arrangements were possible

especially for angle iron-shaped molecules as a conse-

quence of back-to-back, intermolecular contacts involving

these chains. Applegate and Glomset [92, 93] further

concluded that different unsaturated fatty acids at the sn-2

position of sn-1,2-diacylglycerols (DAG) may promote

different packing and conformations. For instance, 1-ste-

aroyl-2-DHA-DAG and 1-stearoyl-2-AA-DAG can assume

a regular shape and tight packing while 1-stearoyl-2-

oleoyl-DAG adopt a highly irregular shape and much

looser packing. The simulations by Applegate and Glomset

were done without reference to potential effects of polar

headgroups, water of hydration and applied thermal

energy. However, the molecular areas obtained for the

model of DAG are in good agreement with that of the sn-2

polyunsaturated phosphoglycerides [94, 95]. This raises

the possibility that corresponding natural phosphoglycer-

ides may be able to pack closely together in monolayers

and bilayers if their headgroups do not interfere. The

findings of Applegate and Glomset were supported by

Albrand et al. [96] who also agreed with the existence of

the extended-helical conformations of DHA in PL. How-

ever, they also suggested several coiled conformations for

DHA, tightly back-folded helical conformations with 1.2

and 1.5 spirals appearing to be the most stable as shown in

Fig. 3.

More Recent Studies on the Conformation of PUFA

at the sn-2 Position of PL

Nara et al. [6, 7] further compared the oxidative stability of

PC from salmon roe, soybean and chicken egg in aqueous

micelles and also in the form of liposomes with and

without encapsulation of lipophilic substances. In aqueous

Fig. 3 Extended conformations

of DHA in (a) angle-iron shaped

and helical form, (b) coiled

form
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micelles, salmon roe PC was found to have the highest

oxidative stability as evaluated by the highest content of

un-oxidized PUFA, followed by chicken egg PC and soy-

bean PC. Their findings are in agreement with the findings

of Miyashita et al. [90]. No significant difference was

found in oxidative stability between chicken egg PC and

salmon roe PC when in the pure form of liposomes.

However, for liposomes encapsulating with DHA enriched

TAG resulted in the highest oxidative stability of both

TAG and PC when salmon roe PC was used as the

encapsulation material [7]. This unusual order of oxidative

stability could be expected to be closely related to the

conformation of PUFA at the sn-2 position in PC mole-

cules as mentioned earlier [91]. Consequently, it is difficult

for free radicals and oxygen to attack PUFA in bilayers of

tighter conformation in salmon roe PC liposomes. Nara

et al. [7] also suggested the possibility of using salmon egg

PC as a liposomal material for the prevention of the oxi-

dation of encapsulated fish oils.

Furthermore, Araseki et al. [8] also reported the char-

acteristic oxidative stability of PC liposomes prepared from

synthesized PC containing palmitic acid (PA), linoleic acid

(LA), arachidonic acid (AA) and docosahexaenoic acid

(DHA) in known positions. When the oxidative stability of

1-PA-2-LA-PC or 1-PA-2-AA-PC was compared with that

of a 1:1 (mol ratio) mixture of 1,2-diPA-PC ? 1,2-diLA-

PC, or 1,2-diPA-PC ? 1,2-diAA-PC respectively, the PC

were more oxidatively stable than the latter corresponding

PC mixtures in all oxidation systems despite the fact that

the degree of unsaturation was the same in 1-PA-2-PUFA-

PC and the corresponding mixture of PC. This was sug-

gested to be due to the different conformation of PC

bilayers which refer to the location of PUFA at the sn-2

position and the different rate of hydrogen abstraction by

free radicals from intermolecular and intramolecular acyl

groups. Their finding did not support a study by Lyberg

et al. [9] who reported that the stability of DHA was

improved independent of its position (sn-1 or sn-2) in PC

or PE. Besides that, the more recent experiments and

simulations [97–102] emphasized various degrees of flex-

ibility of the DHA chain that gives looser packing of lipids

bilayer. Their NMR analysis showed that the mobility of

the hydrophobic part of the DHA molecule is higher than

that of LA in liposome formation. These two competing

views were portrayed in a review by Gawrish et al. [103].

However, according to Saiz and Klein [100], the flexibility

of DHA chain conformation gives looser packing of the

membrane at the lipid water interface and causes high

water permeability. The presence of water molecules near

DHA molecules lowers the density of the bisallylic

hydrogen and inhibits the hydrogen abstraction from dou-

ble bonds of PUFA during the propagation stage of auto-

oxidation. As a conclusion, the higher water permeability

of DHA and its specific conformation may be a reason for

higher oxidative stability of DHA or other PUFA con-

taining liposomes.

However, as compared to the study mentioned earlier by

Miyashita et al. [90], contradictory results have also been

reported by Monroig et al. [15, 16, 19] in their efforts to

develop PUFA-rich liposomes for fish feed. They found

that liposomes made from krill PL with 67% PC, 9% PE

and a high content of PUFA showed lower oxidative sta-

bility as compared to liposomes made from soybean leci-

thin with 95% PC. The contradictory findings may be due

to the different experimental conditions in the two studies,

liposomes in model system versus liposomes in Artemia

enrichment condition. In the model system, liposomes were

formulated with pure PC containing fatty acid chains in

known positions of the glycerol moiety and the oxidation

was carried out in a very well-defined condition (temper-

ature of 37 �C, in the dark and without agitation). On the

contrary, the Artemia enrichment conditions were as fol-

lows: enrichment was carried out at 28 �C with strong

aeration and 21 h of incubation.

Synergism Between PL and a-Tocopherol

Many studies have shown that the higher stability of PL

may be due to the presence of antioxidants such as

a-tocopherol in the PL mixture or synergistic effects of PL

together with a-tocopherol [21, 25, 87, 88, 104–107]. The

mechanism responsible for the synergy of tocopherols and

PL is not very well understood. However, Hildebrand et al.

[108] postulated that the mechanism involved in synergism

of PE, PC and PI with tocopherol in the autoxidation of

soybean oils were as follows: (1) amino groups of organic

bases in PE and PC molecules and reducing sugar in the

PI molecule facilitate hydrogen or electron donation to

tocopherol and (2) these PL extend the antioxidant efficacy

of tocopherol by delaying the irreversible oxidation of

tocopherol to tocopherylquinone. Additionally, Saito et al.

[106] reported that antioxidant activity of PL was found to

be attributable not only to side chain amino groups such as

choline and ethanolamine, but also to the hydroxyl group in

the side chain.

Oshima et al. [105] studied the oxidative stability of

sardine and mackerel lipids with respect to synergism

between phospholipids and a-tocopherol. They investi-

gated the oxidative stability of lipid fractions from different

parts of sardine and mackerel; tissue from white and red

muscles, viscera and skin of the fish. The oxidative stability

was determined through the measured changes of the per-

oxide value (PV), fatty acid composition, a-tocopherol

content and the oxygen uptake of lipids during an incu-

bation period at 37 �C. Muscle lipids, which contain

a-tocopherol and larger amounts of PL (PE and PC) than
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other tissues, showed good oxidative stability despite their

high content of PUFA. It was postulated that the synergistic

effect of PE with a-tocopherol was the main reason for this

phenomenon. Cho et al. [21] compared the oxidative sta-

bility of lipid fractions from marine organisms, squid

muscle total lipids (TL), squid viscera TL, squid eye TL,

tuna orbital TL, trout egg TL and bonito TAG. The fatty

acid compositions, lipid classes, tocopherol contents and

average number of bisallylic positions in each lipid fraction

are shown in Table 3. Higher oxidative stabilities of three

kinds of squid tissue TL and trout egg TL compared to

those of bonito TAG and tuna orbital TL were observed as

shown in Fig. 4. The authors suggested that the presence of

PL in lipid fractions from squid tissue and trout egg was

responsible for this increased oxidative stability. In addi-

tion, bonito TAG was found to be less susceptible to oxi-

dation than tuna orbital TL and this could be due to the

presence of a higher tocopherol content in bonito TAG.

Moriya et al. [25] compared the oxidative stability of fish

roe lipids (salmon roe and herring roe) with that of lipids

from commercial fish oils (crude tuna oil and crude sardine

oil). As shown in Table 4, fish roe lipids contain higher

levels of PL, EPA and DHA, and lower levels of tocopherol

while lipids from commercial fish oils contain higher levels

of TAG, tocopherol and lower EPA and DHA levels.

Judging from these data, fish roe lipids were presumed to

have lower oxidative stability. However, the opposite was

observed as shown in Fig. 5 and it was proposed that the

higher oxidative stability of fish roe lipids was mainly due

to their high content of PL. It was also suggested that the

synergistic effect of PL on the antioxidant activity of

tocopherol was the main reason for this phenomenon. The

higher oxidative stability of herring roe as compared to

salmon roe was suggested to be due to synergism between

PE and tocopherol. As shown in Table 4, the PE content in

herring roe lipids was 6.6%, but there was no PE in salmon

roe. Furthermore, herring roe also contained higher levels of

PS and lysoPC than salmon roe and this may also have

caused differences in their oxidative stability. The presence

of antioxidants other than tocopherols in fish roe lipids such

Table 3 Composition of lipids

from marine sources

Data from reference [21]

ND not detected
a Per one fatty acid molecule

Fatty acids (wt%) Squid muscle

TL

Squid viscera

TL

Squid eye

TL

Tuna orbital

TL

Trout egg

TL

Bonito

TAG

14:0 2.1 4.4 0.9 2.9 3.6 3.3

16:0 32.7 15.9 23.2 17.0 10.7 16.3

18:0 4.4 2.9 5.6 3.0 3.0 4.1

18:1n-7 1.3 3.1 1.6 2.9 3.3 2.4

18:1n-9 1.3 8.7 0.2 23.8 15.8 13.8

20:1n-7 ND 2.8 ND ND 1.7 ND

20:1n-9 2.5 4.2 3.4 1.8 1.8 0.9

18:2n-6 0.2 1.3 1.4 ND 1.1 3.6

18:3n-3 0.1 ND 0.2 ND 1.5 ND

20:3n-3 ND ND 4.8 0.5 2.7 ND

20:4n-6 1.9 1.7 ND 2.0 0.7 ND

20:5n-3 10.6 12.3 15.1 4.8 18.4 0.6

22:6n-3 38.1 22.5 37.7 21.0 19.8 26.1

No. of bisallylic positionsa 2.51 2.11 2.77 1.65 2.19 1.92

Lipid class (% of total lipids)

Triacyglycerols ND 95.5 ND 99.3 76.8 99.6

Free fatty acids ND ND ND 0.4 ND 0.1

Glycolipids ND ND 6.8 ND ND ND

Sterols 23.7 0.7 28.3 ND 2.2 0.3

Phospholipids 75.6 3.8 66.4 0.2 23.1 ND

Tocopherol content (lg g-1 lipid)

a-tocopherol 649.8 212.5 1198.8 541.3 215.5 253.4

b-tocopherol ND ND ND ND ND 193.3

c-tocopherol ND ND ND ND ND 703.6

d-tocopherol ND ND 9.2 ND 9.2 496.3

Total tocopherol 649.8 212.5 1208.0 541.3 215.5 1646.6
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as astaxanthin, coenzyme Q10 and lutein might contribute

to this extraordinary stability as well.

Other studies [104, 107, 109] reported that the syner-

gistic effect of PE with a-tocopherol was higher than that

of PC. Bandarra et al. [104] investigated the antioxidant

synergy of a-tocopherol (0.04%) with several PL fractions

(0.5%) such as PE, PC and cardiolipin (CL) in a refined

sardine oil model system. Their results showed that PC was

the most effective individual antioxidant when it was

compared to PE, CL and a-tocopherol while PE provided

the highest synergistic effect with a-tocopherol. Higher

synergism of PE as compared with that of PC could be due

to the easier hydrogen transfer from the amino group of PE

to tocopheroxyl radical and regeneration of tocopherol or

the secondary antioxidant action of PE in reducing qui-

nones formed during oxidation of tocopherols [109]. Since

MPL may contribute to better oxidative stability than

marine TAG, it can be expected that enrichment of foods or

food emulsions with MPL could lead to n-3 PUFA enriched

foods that have better oxidative stability than foods enri-

ched with n-3 TAG.

Stability of MPL Based Liposomes

Under Gastrointestinal Conditions

MPL based liposomes were designed with the purpose of

increasing the PUFA bioavailability and also to protect

entrapped compounds from digestive degradation. How-

ever, liposome characterization with respect to vesicle

composition and membrane integrity under various gas-

trointestinal conditions are needed before considering lip-

osomes as a useful oral dosage form. Many studies have

shown that MPL liposomes could be used as an oral

administration vector [6, 7, 20, 26–28]. This is because

bilayer structures of MPL based liposomes were still

maintained even under acid stress or gastrointestinal con-

ditions despite of slight morphological modifications.

Nacka et al. [28] investigated the in vitro behavior of MPL

based liposomes under the influence of pH from 1.5–2.5

(stomach) to 7.4 (intestine) at physiological temperature

(37 �C) in the presence of bile salts and phospholipase A2

(Table 2). Their study showed that acidification induced

instantaneous vesicle aggregation of MPL based-lipo-

somes, which was partially reversed when the external

medium was neutralized. Acidification also caused a

complex morphological bilayer rearrangement and led to

the formation of small aggregates. Nevertheless, Nacka

et al. [27, 28] reported that the pH and temperature

dependent structural rearrangement is mainly due to the

osmotic shock and chemical lipid alterations such as oxi-

dation and hydrolysis. Hydrolysis of the liposomes was

amplified under the influence of an acid medium and high

temperatures (Table 2).

Cansell et al. [20] investigated the physical stability of

MPL-based liposomes containing vitamin B1 under acidic

conditions simulating the stomach conditions. Encapsula-

tion of vitamin B1 in the liposomes was carried out through

passive encapsulation and active loading methods. They

observed that vitamin B1 was totally released from lipo-

somes after 24 h storage in a neutral medium and the time

of release was shortened to 1 h in acidic condition (pH

1.5). According to their study, this liposome instability

could result from the external medium osmolarity that

forced water to flow out of the liposomes and simulta-

neously dragged vitamin B1 molecules through the bilayer.

Furthermore, protons may also destabilize the lipid mem-

brane by their interaction with PL via structural membrane

rearrangement as previously mentioned. However, their

study also proved that addition of xanthan gum improved

the encapsulation efficiency and also the retention of

vitamin B1 in liposomes regardless of the encapsulation

Fig. 4 a Changes in the peroxide value (PV) and b unoxidized PUFA

in lipids from marine organisms during auto-oxidation at 37 �C. (open
triangle) Squid viscera total lipids (TL); (open circle) squid muscle

TL; (open square) squid eye TL; (filled circle) tuna orbital TL; (filled
triangle ) trout egg TL; (filled square) bonito oil. Reproduced from

Cho et al. [18] with permission from John Wiley & Sons Ltd
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method used. They suggested that this increase is due to the

adsorption of hydrocolloid to the outer surface of the lip-

osomes that not only trapped part of the external vitamin

but also formed a strong xanthan gum coating around the

liposome surface. They postulated that this coating resulted

from strong lipid–hydrocolloid interactions occurring dur-

ing the centrifugation steps of liposome preparation.

The Effect of Lamellarity, pH, Temperature, Ionic

Strength, Presence of Pro-oxidants and Chelators

on MPL-Based Liposomes’ Stability

Chemical and physical stability of liposomes are closely

related to the mechanical strength and lipid bilayer con-

formation. Strong and well-packed lipid bilayers or mul-

tilamellar layers can protect the entrapped substance,

decrease the changes of size distribution, fusion or other

changes in the mechanical properties of lipid bilayers. For

this reason, factors such as lamellarity, pH, temperature,

ionic strength, dissolved oxygen content within the for-

mulation, the presence of antioxidants and chelators are

believed to affect mechanical properties of lipid bilayers

and thereby affect the physical and chemical stability of

MPL-based liposomal products [22, 23].

Nacka et al. [27] showed that the sensitivity of MPL

based liposomes towards harsh condition such as acidic

condition depends on their size and lamellarity (Table 2).

They found that filtered liposomes with higher lamellarity

and a protective effect against aggregation showed a slower

size rearrangement. This finding supported a study by

Monroig et al. [19] who, in addition, reported that lipo-

somes with multilamellar vesicles seem to be more suitable

than liposomes with unilamellar vesicles in the encapsu-

lation of free methionine. They found that methionine

dissolved in the more internal intermembrane spaces of

multilamellar liposomes would remain encapsulated,

whereas methionine from the aqueous compartments

located between the more outer membranes would leak out

Table 4 Composition of

marine lipids used for oxidation

Data from reference [25]

ND not determined, LysoPC
lysophosphatidylcholine,

PE phosphatidylethanolamine,

PL phospholipids,

PS phosphatidylserine

Lipid class (% of total lipids) Crude tuna oil Crude sardine oil Salmon roe Herring roe

Triacyglycerols 99.6 99.8 71.8 9.3

Free fatty acids 0.1 0.2 ND 3.8

Phospholipids ND ND 23.1 73.6

Sterols ? monoacylglycerols 0.3 ND 7.2 12.3

% of phospholipids

PC ND ND 97.0 72.3

PE ND ND ND 6.6

PS ND ND 2.6 8.7

LysoPC ND ND ND 11.8

Fatty acid profiles

14:0 3.3 4.1 3.6 2.1

16:0 16.3 8.0 10.7 25.8

18:0 4.1 1.4 3.0 2.2

18:1n-7 2.4 2.0 3.3 5.1

18:1n-9 13.8 10.9 15.8 13.2

20:4n-6 – 1.3 0.7 1.0

20:5n-3 (EPA) 0.6 21.8 18.4 14.4

22:6n-3 (DHA) 26.1 13.7 19.8 21.6

EPA ? DHA 26.7 35.5 38.2 36.0

Tocopherol content (lg g-1 lipid)

a-tocopherol 253.4 60.2 19.6 22.9

b-tocopherol 193.3 45.7 214.1 258.0

c-tocopherol 703.6 376.7 11.6 7.7

d-tocopherol 496.3 2670.9 11.3 11.5

Total tocopherol 1472.6 3153.5 256.6 300.1

Other antioxidants (lg g-1 lipid)

Astaxanthin ND ND 156 ND

Coenzyme Q10 ND ND 24 100

Lutein ND ND ND 6.4
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into the external medium when the liposomes were sub-

jected to harsh conditions. However, this result contradicts

another study by this group [15] where unilamellar lipo-

somes were found to be more stable than multilamellar

liposomes. The apparent discrepancy in these two studies is

probably due to different experimental conditions and

materials used for the liposomes preparation.

Mozuraityte et al. [22] examined the lipid oxidation rate

of liposomes made from cod PL under influence of factors

such as the temperature, the amount of added Fe2?, the

lipid concentration, pH, the concentration of NaCl, and the

dissolved oxygen. Their study showed that the rate of lipid

oxidation was proportional to the iron and lipid concen-

trations. Furthermore, lipid oxidation was dependent on

pH, with a maximum observed between pH 4 and 5.

Addition of NaCl decreased the rate of lipid oxidation.

However, contradictory results were reported in another

study [110] which showed that addition of NaCl had no

effect or even increased iron-catalyzed oxidation of a

sodium dodecyl sulfate-stabilized salmon oil emulsion.

Mozuraityte et al. [23] examined the effect of zeta

potential on the lipid oxidation rate of liposomes made

from cod PL under the influence of pH and different

cations such as Na?, K?, Ca?, Mg? and anions such as

H2PO4
- and Cl- (Table 2). Their data showed that cations

did not influence the rate of oxidation in the tested range of

the ionic strength from 0 to 0.14 M whereas the opposite

was the case for anions. Both phosphate and chlorides have

an additive antioxidative effect on the oxidation in lipo-

somes. Phosphate was shown to be more effective in

reducing the oxidation rate than chloride. The inhibition of

Fe2? induced oxidation of liposomes by phosphate might

be due to the phosphate chelation of iron [111, 112]. Fur-

thermore, they also concluded that addition of salts and

changes in pH affected the zeta potential of the liposomes.

However, absolute values of the zeta potential alone cannot

be used to predict oxidation rates.

Improvement of MPL Based Liposomes’ Oxidative

Stability

Many studies have been conducted to improve the oxida-

tive stability of liposomes. Most of the studies focus on the

use of cholesterol in improving the oxidative stability of

liposomes [12, 113–115]. For example, a study conducted

by Nara et al. [7] showed that addition of cholesterol and

ingredients such as diacetyl phosphate (DP) and stearyl-

amine (SA) improved the oxidative stability of salmon roe

PC liposomes. Furthermore, in the effort of developing

liposomes as feed supplement in larva culture. Monroig

et al. [15] also showed that addition of cholesterol to

liposomes made from krill PL or 1,2-PA-PC or soy PC

improved the oxidative stability of the liposomes. Cho-

lesterol has a condensing effect on the PC bilayer

arrangement over its phase transition temperature and thus

improves the physical stabilization of PC liposomes [116].

Addition of cholesterol can increase the rigidity of ‘fluid

state’ liposomal bilayers and the retention of entrapped

hydrophilic substances [117]. It counteracts lipids phase

transition and increases resistance to in vivo liposomes

degradation [118–120]. An interaction mechanism between

bilayer forming PL and cholesterol has been proposed. This

is due to the formation of hydrogen bonds between the

three hydroxyl group of cholesterol and fatty acyl esters of

PL at both sn-1 and sn-2 positions [121, 122]. These

physico-chemical effects of cholesterol on liposomes may

contribute to the increased oxidative stability in liposomes

with cholesterol.

a-Tocopherol is widely known for its antioxidative

effect [123]. However addition of high concentrations of

a-tocopherol may also cause prooxidative effects [124, 125].

The most effective concentration of a-tocopherol in the

prevention of lipid oxidation in salmon roe PC liposome

Fig. 5 a Oxygen consumption during the oxidation of fish lipids at

37 �C in the dark. (open diamond) fish-1; (filled diamond) fish-2;

(open triangle) salmon roe lipids; (open circle) herring roe lipids.

b Propanal formation during the oxidation of fish lipids at 37 �C in

the dark. (filled diamond) fish-2; (open triangle) salmon roe lipids;

(open circle) herring roe lipids. Reproduced from Moriya et al. [22]

with permission from John Wiley & Sons Ltd.
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suspensions was 0.25 lM in a study conducted by Nara

et al. [7]. Nacka et al. [26] investigated the most efficient

amount of a-tocopherol for liposomes incorporation under

gastrointestinal-like conditions. Their findings showed that

the best oxidative stability was obtained for liposomes that

were prepared at a ratio of 5 mol% of a-tocopherol of the

total marine lipids. This concentration of a-tocopherol

produced liposomes with the lowest concentration of

propanal as an oxidation product of n-3 PUFA and required

the longest time of oxidation induction phase. They also

found that incorporation of a-tocopherol induced liposome

structural modifications, evidenced by turbidity and the

production of lysophospholipids from PL chemical

hydrolysis.

Nara et al. [6, 7] investigated the effect of addition of

diacetyl phosphate (DP), stearylamine (SA) and chicken

egg albumin, and soybean protein on improving the oxi-

dative stability of MPL based-liposomes. DP and SA give a

negative or positive charge to the liposomes respectively

and thus protect the liposomes from aggregation. An

improved oxidative stability of liposomes after addition of

this ingredient was observed and suggested that it was due

to the physical stabilization of the PC liposomes. Further-

more, added proteins such as chicken egg albumin and

soybean protein improved the oxidative stability of lipo-

somes by protecting the PC bilayer from the attack of free

radicals. Proteins have the ability to absorb at PC–water

interfaces and this adsorption of proteins would closely

relate to its antioxidant activity [6]. However, albumin

acted as a more effective inhibitor of the oxidation of PC

containing DHA than PC containing LA [90].

Determination of Oxidation Products from MPL

As discussed above MPL has been found to exert antiox-

idative effects toward lipids oxidation. However, many of

the lipid oxidation studies [6–8, 21, 90, 105] were per-

formed using simple analyses such as TBARS, PV, deter-

mination of the un-oxidized lipids (PUFAs) content

through gas chromatography, or determination of only one

secondary volatile compound, propanal (as a marker of n-3

PUFA oxidation) by headspace GC–MS analysis [25], etc.

In many of these oxidative stability studies, there is a lack

of determination of the entire spectrum of volatile oxida-

tion products or identification of specific oxidation prod-

ucts which are responsible for sensory off-flavors of the

marine lipids. Furthermore, there are no studies providing

the sensory data or statistical correlation between instru-

mental analysis and sensory data for oxidation of MPL.

These data are particularly important in the studies of MPL

for foods enrichment and additional studies in this area are

clearly needed. Due to the low odor threshold, the presence

of volatile secondary oxidation products, even at low

concentrations, can significantly decrease the sensory

quality of marine lipids or marine lipids containing foods.

In the recent years, the oxidation products of PL have

attracted intensive research interest due to their biological

functions in human pathophysiology. Similar to other lipids

such as TAG, many methods can be used to study the

oxidation of PUFA containing PL such as (1) measurement

of lipid hydroperoxides through spectrophotometric deter-

mination of PV or conjugated dienes (CD). Lipid hydro-

peroxides may also be determined by sample derivatization

followed by HPLC with chemiluminescence detection, (2)

measurement of breakdown products of hydroperoxides,

such as the aldehydes, malondialdehyde, etc. through

anisidine value (AV), 2-thiobarbituric acid value (TBARS),

etc., (3) measurement of secondary volatile compounds

through more sensitive instrumental methods such as GC–

MS, (4) measurement of long chain oxidation derivatives

of PL through MS. Electrospray ionization (ESI) is gaining

in popularity in this area nowadays for this purpose [76].

ESI is a soft ionization technique that does not cause

fragmentation and allows detection of intact PL classes

without sample derivatization. ESI can readily be coupled

to reverse phase LC and allow the analysis of oxidized PL

[126–129]. Interfacing reverse phase LC to ESI–MS has

the advantage as oxidized PL elutes earlier than their native

counterparts due to their higher hydrophilicity. Spickett

et al. [127] used the positive ion ESI–MS for detection of

hydroperoxide in PC vesicles after treatment with tert-

butylhydroperoxide and Fe2? while Yin et al. [129] used

ultra performance liquid chromatography (UPLC) coupled

with negative ion electrospray ion trap MS to identify the

intact oxidation products of glycerophospholipids in vitro

and in vivo such as hydroxyeicosatetraenoates (HETE) and

isoprostanes (IsoP). Other soft ionization methods include

matrix-assisted laser desorption ionization (MALDI) and

tandem mass spectrometry (MS/MS). As a conclusion, the

future direction for research and development could focus

on the investigation of oxidative stability for MPL by using

advanced MS analysis.

Potential of MPL as Liposomal Material

A variety of liposome preparation methods are available

nowadays ranging from traditional methods using solvent

extraction such as thin film hydration, detergent dialysis,

reverse-phase evaporation, etc. to emerging technologies

without using an organic solvent such as pro-liposome,

supercritical fluid extraction, and microfluidization. Each

method has its own advantages and drawbacks as reviewed

by Taylor et al. [130]. Among these technologies, pro-

liposome and microfluidization are recommended to pro-

duce liposomes for food applications. Pro-liposome is a
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simple method for mass production of liposomes without

using large amounts of energy, solvents and complex

equipment. This method is based on the idea that addition

of water to an appropriate mixture of ingredients leads to

the spontaneous formation of liposomes [29]. On the other

hand, microfluidization is a method using a microfluidizer

(a high pressure homogenizer) that can rapidly produce

large volumes of liposomes in a continuous and repro-

ducible manner. The average size of the liposomes can be

adjusted through this technology and the solutes to be

encapsulated are not exposed to sonication, detergents or

organic solvents. Furthermore, this technology enables the

production of stable liposomes with high encapsulation

efficiency [74]. Recently, Thompson et al. [131–133] used

a microfluidization technique to produce liposomes from

milk fat globule membrane PL in the food industry. Studies

showed that liposomes prepared via microfluidization have

high encapsulation efficiencies, smaller size, a narrower

size distribution and a higher proportion of unilamellar

vesicles as compared to methods such as thin film hydra-

tion. PL from soybean and egg yolk, either in purified form,

crude form or hydrogenated form are widely used for

liposome production in both the food and aquaculture

industries. The use of MPL-based liposomes has gained

attention recently in the aquaculture industry and there is

much ongoing research in this area as shown in Table 5.

Several studies have shown the use of MPL such as herring

roe or krill PL for larvae feed in the aquaculture industry

[14–19] but no attempts to use MPL based liposomes for

food purposes have been reported in the literature so far.

One potential advantage of using MPL-based liposomes

for food application is that they may provide better bio-

availability of encapsulated nutrients [26, 134, 135] as

compared to TAG. Nacka et al. [26] showed that MPL-

based liposomes facilitated a-tocopherol uptake after oral

delivery as compared to sardine oil digestion. Furthermore,

Hossain et al. [136] also showed that MPL-based PC

liposomes (squid PC and starfish PC) enhanced the per-

meability, transportation and uptake of PL in Caco-2-cells.

It is also known that the fluidity of liposomes increases

with increasing contents of highly unsaturated PUFA such

as AA and DHA, showing the advantage of PC containing

AA or DHA for use in drug or nutrient delivery systems

[100, 101].

Application of PL Liposomes in the Food Industry

The uses of liposomes in the food industry can be sum-

marized as follows (1) use of liposomes to encapsulate food

ingredients in order to provide better protection or to hide

the bitter taste of entrapped substances and (2) use of lip-

osomes to control the delivery of functional components by

delaying the release of the encapsulated materials. Lipo-

somes have been used to entrap thermally sensitive com-

pounds such as vitamins, enzymes, flavorings, PUFA from

fish oils, antimicrobial peptides (lysozyme, nisin) and other

nutrients [13, 137–144]. Hydrophilic substances can be

entrapped in the internal water core of the liposomes while

lipophilic compounds can be efficiently enclosed in the PL

bilayer at the same time through a pro-liposomes approach

[29]. For this reason, liposomes can be used for the for-

mulation of functional foods or drinks such as energy

drinks, sport drinks, fortified milk, etc. Arnaud et al. [145]

reported that PC from egg or soybean has been used in

development of liposome-based functional drinks. With the

use of PC-based liposomes in food industry, consumers not

only benefit from the health benefits of water soluble

nutrients that are entrapped in the liposomes but also ben-

efit from the nutritional benefits of PL in liposomes. In the

production of cheese, PL liposomes may be used to delay

the release of encapsulated proteinases [146, 147] or to

protect encapsulated enzyme such as protease and lipases

with the purpose of improving the texture and sensory

properties of cheese [148–152]. Liposomes have also been

used to encapsulate vitamin D with the purpose of

increasing the vitamin D content of cheese [153].

Application of PL Liposomes in the Aquaculture

Industry

Besides food incorporation, recent studies have also indi-

cated that liposomes rich in n-3 PUFA can offer a range of

benefits when used for fish larvae feed. Due to the high

consumer demand and limited natural stocks of fish species

such as salmon, trout and eel, much effort has recently been

spent by researchers on developing cost effective aqua-

culture methods for farming such species. Generally, the

main problems faced by aquaculture industry are low sur-

vival rate of the hatched fish larvae of the farmed species

and the difficulty in supplying live prey organisms which

provide nutritionally adequate feed for these larvae. Live

prey such as Rotifers Brachionus plicatilis and Artemia

nauplii provide adequate amounts of protein and energy.

However, they do not provide lipid profiles that cover the

requirements for EPA and DHA, which are essential for

optimum survival, growth and development of larvae [154–

157]. Thus, to provide prey organisms with such a com-

position of n-3 PUFA, it is necessary to cultivate these

organisms in the presence of enrichment products with

high EPA and DHA contents, preferably in an easily

digestible, highly bio available form, such as MPL. During

the enrichment process, enrichment products are passively

filtered by Artemia nauplii and their digestive tract

becomes loaded with these enrichment products. A wide
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Table 5 Application of liposomes in the aquaculture industry

Sources of liposomes Brief summary of findings References

Purified PC, CHO, PG,

menhaden oil

It is feasible to use liposomes for Artemia nauplii enrichment

with PL and free amino acids such as glycine, liposomes

were readily ingested and assimilated by Artemia nauplii

as indicated by 14C-glycine and 14C-PC

Ozkizilcik and

Chu [169]

1,2-PA-PC, egg PC,

bovine brain PS

It is feasible to use liposomes in aquaculture as a delivery

system through Artemia nauplii. PUFA rich liposomes were stable

at least for 3 days at room temperature without agitation and

freeze drying could stabilize liposomes for long term storage

Hontoria et al.

[170]

PE, CHO, Toc It is feasible to use liposomes as a delivery system of water soluble antibiotics,

oxytetracycline for marine larvae

Touraki et al.

[167]

1,2-PA-PC, herring

roe PC, CHO

Artemia nauplii enrichment with MPL emulsion or MPL-liposomes

significantly increased:

McEvoy et al.

[165]

DHA level (% of TL)

PT (14%) [ SS

(6.3%) [ L (2%)

DHA:EPA ratio:

PT (1.8) [ SS

(0.4) [ L(0.3)

Polar lipids content:

L (40.1 mg g-1) [ PT

(32.4 mg g-1) = SS (34.7 mg g-1)

Egg yolk lecithin

(60%PC), CHO

Consumption rate of liposomes in gilthead seabream (Sparus aurata)

and white grouper (Epinephelus aenaeus) larvae:

Liposomes containing CFE (238.5 ng liposome larva-1 n-1) [ liposomes

containing PHS (54.3 ng liposome larva-1 n-1)

It is feasible to use liposomes as a nutrient supplement in first feeding marine fish larvae

Koven et al. [163]

Crude egg yolk PC ([60%)

Purified egg yolk PC

([ 99%), CHO

Content of methionine in Artemia nauplii after different enrichment methods:

Purified egg PC liposomes [ crude egg PC liposomes [ direct enrichment with free

methinone [ unenriched control

Tonheim et al.

[168]

1,2-PA-PC, Krill PL,

soy PC, CHO

Oxidative stability of formulated liposomes:

(100%)Soy PC [ (100%)Krill PL

(40%)1,2-PA-PC (40%)Krill PL(20%)CHO [ (80%)Krill PL(20%)CHO

LUV [ MLV

Addition of CHO improved oxidative stability

Monroig et al. [15]

Krill PL (mainly PC, PE) EFA bioencapsulation depends on methods preparation and structure of vesicles:

LUV detergent [ LUV extrusion [ MLV extrusion

Monroig et al. [18]

Krill PL (mainly PC, PE) Maximal bioencapsulation is achieved:

Nauplii densities: 300 nauplii ml-1, number of doses of liposomes dispersion:

single, product concentration: 0.5 g l-1

Monroig et al. [17]

1,2-PA-PC, Krill PL,

soy PC, CHO

Types of liposomes, membrane composition (w/w) and findings: Monroig et al. [19]

Encapsulation of vitamin A:

LUV: (98%)Krill PL(2%) vit. A

Increase of retinol content in Artemia nauplii

Encapsulation of vitamin A:

LUV: (98%)Krill PL(2%) vit. A

Increase of retinol content in Artemia
nauplii

Encapsulation of methionine:

LUV: 80% soy PC20% CHO or 80% 1,2-PA-PC 20% CHO

MLV: 80% soy PC20%CHO

Efficiency of methionine delivery to Artemia: MLV [ LUV

1,2-PA-PC, Krill PL,

soy PC, CHO

Oxidative stability of formulated liposomes:

(100%)Soy PC [ (80%)1,2-PA-PC (20%)CHO [ (80%)soy PC(20%)CHO [ (100%)Krill

PL (2%) vit A [ (100%)Krill PL

No size changes of liposomes during the experimental period

Monroig et al. [16]

1,2-PA-PC, dipalmitoyl phosphatidylcholine; PL, phospholipids; CHO, cholesterol; LUV, large unilamellar vesicles; MLV, multilamellar vesi-

cles; EFA, essential fatty acids; PG, phosphatidylglycerol; SS, Super Selco (Artemia Systems, INV E, Ghent) as control; PT, Tuna oil orbital oil

emulsified with 12% herring roe polar lipids; L, liposomes with the composition, (40%)1,2-PA-PC (40%)PC(20%)CHO; PS, phosphatidylserine;

CFE, cod fish extract; PHS, physiological saline; Toc, a-tocopherol
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variety of enrichment products are available nowadays

such as microalgae, microcapsules [158] and oil emulsion

products [159].

PL especially MPL are considered to be a better way for

providing EPA and DHA for larvae than TAG fish oil due

to reasons such as: (1) marine fish larvae commonly ingest

and assimilate better natural diets rich in PL than TAG

[160–162]. The ratio of DHA:EPA in the PL naturally

consumed by larvae is generally higher as compared to the

corresponding ratio in TAG fish oil [156], (2) studies also

showed that PL facilitate the absorption of lipids in the

larvae gut [163] and thus promote growth and survival of

larvae [164], and (3) PL have been shown to exert anti-

oxidant properties against oxidation [87, 88].

Mcevoy et al. [14, 165] showed the advantage of using

PC from soybean and marine fish eggs in enrichment of

Artemia nauplii. They found that a mixture of DHA rich

fish oil and PC (90:10) resulted in Artemia nauplii which

were markedly enriched in DHA, and with minimal per-

oxidation in an aerated mixture during 18 h of enrichment.

This is because the added PC functions as a natural

emulsifying agent and a natural protectant against oxida-

tion. They also showed that PC from marine egg sources

was superior to soy PC in terms of n-3 PUFA content. This

is presumably due to the presence of readily assimilable

DHA and EPA in a ratio of 2:1 in marine roe lipids as

compared to LA in soy PC. Their study corroborated the

original work of Kanazawa et al. [166] using soy and

bonito PC as feed supplements for larval sea bream and

aye.

As mentioned earlier, there are several forms of

enrichment products commercially available nowadays for

live prey. However, as compared to an emulsion, liposomes

provide more advantages. This is due to their ability to

encapsulate lipids as well as water soluble components. For

example, liposomes have been successfully used to

encapsulate vitamin C [19] or water soluble antibiotics

[167] in Artemia nauplii enrichment. In addition, liposomes

can also be used to encapsulate hydrophobic components

such as vitamin A [19] and free amino acids such as

methionine [19, 168] or glycine [169]. Many studies have

also shown that it is possible to encapsulate considerable

amounts of n-3 PUFA into liposomes for Artemia enrich-

ment [14, 15, 170].

Future Prospects and Conclusion

MPL may offer more advantages to consumer, food, and

aquaculture industries as compared to fish oils. Particu-

larly, the use of MPL-based liposomes is expected to

provide benefits such as better oxidative stability, higher

bioavailability and higher fluidity as compared to other

PL-based liposomes. However, the use of MPL-based lip-

osomes is just starting to be explored in both aquaculture

and food industries and no current use of MPL-based lip-

osomes for food applications has been reported. The next

frontier in liposome application in the food industry will

probably focus on the use of MPL for the development of

n-3 PUFA enriched functional foods or the use of MPL-

based liposomes as nutrient delivery system in foods and

feed. Additionally, another area of study that needs further

exploration is the use of liposomes for encapsulation of

flavor, aroma and natural coloring compound in foods.

However, due to the high content of n-3 PUFA in MPL,

foods containing MPL are highly susceptible to lipid oxi-

dation, which results in oxidative products that not only

cause deterioration of food quality but also increase the risk

of certain degenerative diseases as mentioned earlier.

Therefore, it is expected that many more studies will be

carried out in the future to explore the oxidative stability

and sensory properties of MPL or MPL liposomes prior

their potential uses in both food and aquaculture industries.
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Abstract High performance liquid chromatography-

electrospray tandem mass spectrometry was used to

elucidate the phospholipids in krill oil extracted from

Euphausia superba, an emerging source for human nutri-

tional supplements. The study was carried out in order to

map the species of the choline-containing phospholipid

classes: phosphatidylcholine and lyso-phosphatidylcholine.

In addition, the prevalent phosphatidylcholine class was

quantified and the results compared with prior analysis.

The qualification was performed with separation on a

reverse phase chromatography column, while the quanti-

fication was obtained with class separation on a normal

phase chromatography column. An Orbitrap system was

used for the detection, and pulsed-Q dissociation frag-

mentation was utilized for the identification of the species.

An asymmetrical exclusion list was applied for detection of

phospholipid species of lower concentration, significantly

improving the number of species observed. A total of 69

choline-containing phospholipids were detected, whereof

60 phosphatidylcholine substances, among others seven

with probable omega-3 fatty acids in both sn-1 and sn-2.

The phosphatidylcholine concentration was estimated to be

34 ± 5 g/100 g oil (n = 5). These results confirm the

complexity of the phospholipid composition of krill oil,

and the presence of long chained, heavily unsaturated fatty

acids.

Keywords Fish oil � Krill oil � Mass spectrometry �
Omega-3 � Phosphatidylcholine � Phospholipid

Abbreviations

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid

lyso-PtdCho Lyso-phosphatidylcholine

NPLC Normal phase liquid chromatography

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PtdIns Phosphatidylinositol

PtdSer Phosphatidylserine

PL Phospholipid

RPLC Reverse phase liquid chromatography

Introduction

Krill oil has emerged as an important source of omega-3

fatty acids for human consumption during the last decade,

and the amount sold on the world market is rapidly

increasing. In contrast to traditional omega-3 supplements

on today’s market, which are based on omega-3 fatty acids

bound to triglycerides (such as cod liver oil and fish oil)

or bound as ethyl esters (Omacor/Lovaza), krill oil contains

a high proportion of omega-3 fatty acids bound to

phospholipids.

Krill oil has been investigated in several preclinical and

clinical studies [1–4], and there is growing evidence that

the molecular form of the omega-3 fatty acids (i.e. tri-

glycerides, ethyl-esters, phospholipids) might be of

importance for their biological effect as well as distribution

of the omega-3 fatty acids in the body. In one animal study,
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it was demonstrated that when krill oil and fish oil were

administrated to Zucker rats with an equimolar dose eico-

sapentaenoic acid (EPA) ? docosahexaenoic acid (DHA),

krill oil had stronger and in some instances different effects

than fish oil on specific parameters related to the metabolic

syndrome [1]. The lipid level in both heart and liver was

significantly lower in rats treated with krill oil, when

compared to rats fed the fish oil diet. The authors suggest

that this difference may be linked to differences in the

incorporation of omega-3 fatty acids into membranes, and

consequently a reduction of inflammatory molecules and

endocannabinoids, which might be relevant for the differ-

ences observed between fish oil and krill oil. Further, in the

same study, it was demonstrated that the level of DHA in

the brain increased significantly after krill oil administra-

tion, but not after fish oil administration, when compared to

control animals [2]. Thus, omega-3 fatty acids linked to

phospholipids may be differently distributed in the body

compared to omega-3 fatty acids in other molecular forms.

Moreover, in a clinical safety study, the presence of EPA

and DHA in the blood plasma was determined after daily

administration of 2 g krill oil or 2 g menhaden oil for

4 weeks [3]. The authors concluded that EPA and DHA

from krill oil are absorbed at least as well as that from

menhaden oil.

The aim of the current study was to characterize the

phospholipids in krill oil in more detail to evaluate the

composition of the fatty acids present in the phospholipids.

The composition was determined using LC/ESI–MS(/MS),

a technique which has lately played an important role in

characterization of the lipidome in tissues and organisms

[5]. An inherent limitation in the use of ESI for the ioni-

zation of long chained fatty acids has been described by

Koivusalo et al. [6]. The study showed that the instrument

response is affected by the acyl chain length. This is a

consideration which is important particularly in the quan-

tification of the lipids.

The elucidation of the phospholipid species is often

performed either by doing a precursor ion scan or a neutral

loss scan with triple quadrupole instrumentation [7–9], or

with MSn fragmentation with systems based on ion traps

[10–13]. Normal phase liquid chromatography (NPLC) and

reverse phase liquid chromatography (RPLC) are both

frequently used for the separation of the components [10,

14–17]. Of these two separation techniques, RPLC has

been shown to be more suitable for species separation and

characterization [8].

Different ionization and fragmentation techniques can

be used for the evaluation of phospholipids. Ionization of

the phospholipids may be performed in negative- and

positive-ionization mode. In general, fragmentation of

phospholipids in the positive mode provides information

about the phospholipid head group, while fragmentation in

the negative mode is the source of structural information.

For phospholipids containing choline-headgroups, the

choline-specific fragment m/z 184 has been used in pre-

cursor ion scanning operating in the positive ionization

mode for class determination [7, 18]. Also in the negative

mode, class-specific fragments may be used in the char-

acterization. All phospholipid classes, except those con-

taining choline, yield molecular ions [M-H]- when a

formate-based mobile phase is used. On the other hand, the

choline-containing classes form stable adducts with formic

acid in the mobile phase, yielding [M ? FA-H]- ions

(m/z = M ? 45) [19, 20]. With fragmentation, this adduct

dissociates with the loss of (HCOO ? CH3) into the frag-

ment ion [M-CH3]-. This is in particularly useful in

methods utilizing RPLC for separation. Although the

chromatographic class information is lost in such setups,

the class-specific fragments may be used in the character-

ization of the species [11].

Two ion activation techniques may be used for MS

analysis utilizing ion traps: collision-induced dissociation

(CID) and pulsed-Q dissociation (PQD) techniques. While

CID has a low mass cut off below 28% of the m/z for the

precursor ion, the novel PQD technique eliminates the

potential loss of low mass fragments [21, 22]. This dif-

ference could be crucial in the fragmentation of larger

molecules into low mass, specific fragments, as shown with

detection of iTRAQ fragments with a linear ion trap [23].

The fatty acid composition of phosphatidylcholine

(PtdCho) from krill oil has previously been investigated by

Le Grandois et al. [24]. This study was performed with a

method based on the ESI operated in the positive mode

with triple quadrupole detection of lithium adduct ions, and

showed the presence of a higher number of PtdCho species

with long chained unsaturated fatty acids, than seen in egg

yolk, ox liver and soy.

We believe the current study verifies previously pre-

sented findings and offer new insights into the composition

of krill oil. In addition; it shows the advantage of per-

forming an additional fragmentation using an exclusion list

in the identification of low prevalent species.

Experimental Procedures

Chemicals

Phospholipid standards of lyso-phosphatidylcholine (lyso-

PtdCho), PtdCho, phosphatidylethanolamine (PtdEtn),

phosphatidylinositol (PtdIns) and phosphatidylserine

(PtdSer) were purchased from Sigma-Aldrich (St. Louis,

MO, USA). Lyso-PtdCho, PtdCho and PtdEtn were

lyophilized powders obtained from egg yolk, whereas the

PtdIns source was glycine max and the PtdSer source was
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bovine brain. EPAX 6000 TG� fish oil was donated by

EPAX (Ålesund, Norway), and SuperbaTM krill oil was

obtained from Aker BioMarine (Oslo, Norway). All other

chemicals were of MS grade.

Instrumentation

The chromatography was carried out on a Dionex system

consisting of an Ultimate 3000 pump, an Ultimate 3000 RS

autosampler, and an Ultimate 3000 flow manager. Detec-

tion was obtained using a linear ion trap LTQ XL coupled

to an Orbitrap Discovery, LC-operation, data acquisition

and processing were carried out using Chromelion SDK

6.80 SP2 Build 2327 and Xcalibur version 2.0.7 coupled

with DCMSLink 2.5 (all Instrument-Teknikk AS, Østerås,

Norway).

Mass Spectrometry

The LTQ Orbitrap system was operated with a spray voltage

of 5.00 kV, nitrogen as the sheath gas with flow rate set to

30 arbitrary units, and helium as the collision gas. The

quantification of the PtdCho class was performed with a

scan from m/z = 400 to m/z = 1,000 operated in negative

ionization mode. MSn experiments for identification of the

choline-containing phospholipids were performed using

data dependent PQD for the first fragmentation step. The

molecular ion selected for each fragmentation in this step,

was the most intense ion detected by the Orbitrap analyzer

with target mass resolution of 30,000 and a scan window

from m/z = 400 to m/z = 1,000. The normalized collision

energy was 200 and the isolation width 2.00 Da. Subse-

quently, the most intense fragment ion detected was further

fragmented using CID, with the normalized collision energy

at 35 and an isolation width of 2.00 Da (MS3). The LTQ

was utilized for the detection of the fragments and the

m/z range was relative to the m/z of the molecular ion. An

alternative method was used in order to be able to observe

species that were not selected for fragmentation in this way.

The overall setup of this method was as described above,

with the distinction of adding an asymmetric exclusion list.

The exclusion list was generated with the purpose of the

LTQ to ignore already identified substances. The list was

based on the m/z of the molecular ions, with an exclusion

window from this mass-to-charge ratio, up to m/z ? 1. The

width of the exclusion window was selected in order to

diminish the detection of isotopes of the molecular ions.

Chromatographic Conditions RPLC

Chromatographic separation was performed on a ZORBAX

Eclipse Plus C18 column with particle diameter of 5 lm

and the column dimensions were 150 9 2.1 mm i.d.

The mobile phase A consisted of 90 parts 1% TEA and

0.2% formic acid in water, and 10 parts mobile phase B (v/v).

Mobile phase B consisted of 1% TEA and 0.2% formic acid

in 60 parts methanol and 40 parts acetonitrile (v/v).

A linear gradient was used for the separation. The sys-

tem was first kept isocratic at 65% mobile phase B for

5 min after injection of sample. The gradient was then run

from 65 to 100% mobile phase B in 5 min and was kept

isocratic at 100% mobile phase B for 20 min, before it was

returned to the initial condition in 0.1 min. The column

was regenerated with 65% mobile phase B for 16 min. The

mobile phase flow was set to 0.2 mL/min and the injection

volume was 20 lL throughout the study.

Chromatographic Conditions NPLC

NPLC was performed on a HiCHROM LiChrospher 100

DIOL column with a particle diameter of 5 lm and column

dimensions of 250 9 2 mm i.d. Mobile phase C was 100%

chloroform, and the mobile phase D consisted of 0.05%

TEA, 0.05% ammonia and 0.1% formic acid in methanol

(v/v). For the class separation of the phospholipids, a linear

gradient was used. The gradient was run from 5 to 27.5%

mobile phase D in 15 min, followed by a rise to 80% in

2 min to flush the column. This concentration was kept

isocratic for 4 min, before it was returned to the initial

condition in 2 min. The column was regenerated with 5%

mobile phase D for 12 min. The mobile phase flow was set

to 0.3 mL/min, and the injection volume was 20 lL

throughout the study.

Sample Preparation

Samples of krill oil and stock solutions of standards were

prepared by dissolving the lipids in a mixture of chloro-

form and methanol at a ratio of 2:1. These solutions were

stored at -32�C and excessive heating cycles were avoi-

ded. Samples were prepared by further dilution with sol-

vents compatible with the mobile phases used. For NPLC,

this was achieved with chloroform:MeOH 95:5, while it

was attained by dilution in mobile phase A for RPLC.

Calibration Curve

For the quantification, a calibration curve was established

with samples of PL free fish oil (EPAX�) spiked with a

PtdCho standard purified from egg yolk to concentrations

of 100 lg/mL. The spiking of PL free fish oil was per-

formed in order to produce comparable matrixes in the

standards and the krill oil samples. Stock solutions were

made by dissolving PtdCho standard, PL free fish oil and

krill oil separately in mixtures of chloroform:MeOH 2:1.

The concentration of krill oil and PtdCho standard was
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1 mg/mL and for PL free fish oil 10 mg/mL for these

solutions. Respectively, 100 lL of PtdCho standards and of

krill oil was added to 900 lL of the PL free fish oil, pro-

ducing samples with concentrations of 100 lg/mL. For the

calibration curve, the PtdCho standard samples were con-

secutively diluted to the desired concentrations of 10.0,

5.00, 2.50, 1.00, 0.50, 0.25, and 0.10 lg/mL (n = 5) with a

mixture of chloroform:MeOH 95:5. The krill oil samples

were diluted in the same way to a concentration of 1.00 lg/

mL in order to measure the PtdCho content within the

linear area of response of the calibration curve.

Results

Selection of MS-Mode for PtdCho-Classification

Initial experiments with standards of PtdEtn, PtdIns,

PtdSer, PtdCho and lyso-PtdCho, were performed in both

positive- and negative- ion mode using the LTQ Orbitrap

as a detector. Separation of these substances on a NPLC

column yielded class-specific baseline separation (data not

shown). The results of these tests indicated a minor dif-

ference in the signal intensities obtained between the two

settings, with a slightly higher response in negative mode.

Identification of Choline-Containing Phospholipids

in Krill Oil

Since krill oil, as established in Fig. 1, is predominantly

composed of choline-containing phospholipids, the

emphasis of the work was focused on the elucidation of the

species in the PtdCho and lyso-PtdCho classes. In NPLC,

class separation of the phospholipids is achieved. A clear

tendency of the elution order from the column was seen

from high m/z to lower m/z. PtdCho class species eluted

from 6.5 to 8 min, and the elution of the lyso-PtdCho class

occurred between 10.5 and 12 min. Some species separation

Fig. 1 Base peak

chromatogram and three

dimensional (3D) map of

phospholipid class separation of

krill oil, performed with a linear

gradient NPLC/ESI–MS on a

HiCHROM LiChrospher 100

DIOL column (250 9 2 mm

i.d., 5 lm). MS was operated in

the negative ionization mode

and set to scan m/z 400–1,000.

Only the relevant part of the

chromatogram is shown

(5–15 min). For the major part

of the species, the map show

adduct ions in the form of

[M ? FA–H]-
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was seen within the PtdCho class, however, this was not

adequate for identification of the diverse species within the

classes.

As the identification of the components is performed

with data dependent fragmentation, chromatographic sep-

arations of the substances are critical for detection of the

less prominent species. Hence, the separation for charac-

terization of the species was performed utilizing a RPLC

C18 column as described under ‘‘Experimental Proce-

dures’’. This improved the chromatographic performance

for species separation compared to NPLC (Fig. 2). As lyso-

PtdCho only carry one fatty acyl group, these components

elute earlier in the chromatogram than the PtdCho species.

Lyso-PtdCho dominate the region between 12.0 min and

14.5 min in the chromatogram, while the heavier PtdCho

components dominate the chromatogram after 14.5 min.

The identification of the species was performed utilizing

a MS3 data dependent fragmentation method, with an initial

PQD fragmentation resulting in the loss of methyl formate,

followed by a CID fragmentation. Analysis of the frag-

mentation spectra obtained typically revealed the identity of

the substances without ambiguity. However, co-elution of

isobaric compounds could potentially complicate the

interpretation of the spectra. This challenge is minimized by

applying a set of criteria for reliable identification. The

following criteria were applied for reliable interpretation of

a choline-containing phospholipid: based on the mass-to-

charge ratio of the molecular ion, it is likely to be a choline-

containing phospholipid (i.e. m/z being an even number).

Following the first CID with PQD, a daughter ion should be

produced by the loss of (HCOO ? CH3) as 60 Da. Further

fragmentation with CID of the resulting product should

produce specific fragments revealing the nature of the fatty

acyl groups in both the sn-1 and the sn-2 position, either by

the occurrence of the fragment for the fatty acyl group itself,

or by the presence of the corresponding fragments of the

lyso-compound. The sum of the fatty acyl groups elucidated

in this matter should yield a mass matching the initial

molecular mass. This is illustrated in Fig. 3, showing the

elucidated fragment identity for the fragmentation of the

20:5–22:6 diacyl PtdCho.

The spectra were generally dominated by fatty acyl

fragments from both the sn-1 and the sn-2 positions in

addition to their corresponding fragments of the lyso-

compound, ensuring identification of the species. The lyso-

PtdChoand PtdCho substances identified by applying this

method are presented in Tables 1 and 2. The relative

intensity of the molecular ions is also presented.

As described earlier, the use of signal intensities in MS,

for concentration comparison of the different substances, is

only semi-quantitative. However, it provides a valuable

indication of the composition of the PtdCho and lyso-

PtdChoclasses. Chromatograms and fragmentation patterns

are presented in Figs. 4 and 5 for the 10 foremost sub-

stances characterized from the PtdCho class.

As data dependent fragmentation methods are, by nat-

ure, biased in the selection of the most prevalent sub-

stances, the experiments where repeated with the use of an

asymmetric exclusion list added to the MS-method. The

exclusion list was based on the data sets obtained with the

initial settings (i.e. Tables 1, 2). This method allowed

the detection and identification of the additional substances

presented in Table 3.

Quantification of PtdCho-Class in Krill Oil

Krill oil predominantly contains phospholipids from the

PtdCho class (Fig. 1). It was therefore attempted to quan-

tify the absolute concentration of this class by use of class

separation with NPLC. Quantification of the PtdCho class

was performed with a method developed ‘‘in-house’’ with a

LTQ Orbitrap mass spectrometer for the detection.

In the construction of the calibration curve, PtdCho

concentrations above 1.00 lg/mL resulted in a relative

decrease in the MS signal response, yielding a quadratic

polynomial curve (y = ax2 ? bx ? c) where a = -9,766,

b = 330,360 and c = 4763.8 with r2 = 0.9995. From

0.10 lg/mL to 1.00 lg/mL, the calibration curve showed a

high degree of linearity (r2 = 0.9995) with a linear

regression curve (y = bx ? c) where b = 368,737 and

c = -16,547.

The latter area was chosen for quantification purpose.

From this, the PtdCho content of the undiluted krill oil was

determined to be 34 ± 5% (w/w) (n = 5). Comparisons of

the mass spectrum of the sample with the spectrum of the

PtdCho standard indicated a difference in PtdCho class

composition (Fig. 6). From the results, the average acyl

chain lengths appear to be higher in krill oil than in egg

yolk. This has also previously been shown by others [24].

As mentioned above, instrument response is affected by the

acyl chain length of the PtdCho. These differences in chain

lengths could therefore influence the quantification of the

PtdCho class as discussed later. The quantitative results

were compared with an earlier analysis of the krill oil,

performed by the accredited analytical company Nofima

(Bergen, Norway). They reported the PtdCho concentration

in the krill oil sample to be 35 g/100 g oil.

Discussion

The fact that fatty acyl chain lengths of the PtdCho species

are relatively long, affects both the choice of fragmentation

technique and the effect of standards used for quantifica-

tion purposes. Due to the low mass cut-off limit at 28% of

the molecular ion mass with CID fragmentation in ion
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traps, fragmentation utilizing PQD in the positive ioniza-

tion mode was chosen as the first fragmentation step. In

addition, utilizing PQD in the first fragmentation step of a

MS3 method, operating with negative mode ionization, also

yields class elucidation of phospholipids with choline head

groups. This is achieved by the detection of the [M-CH3]-

fragment formed after (HCOO ? CH3) loss from formate-

molecular ion adducts. Consequently, performing a mode

shift from the positive to the negative ionization mode is

not necessary for the overall identification of lyso-PtdCho

and PtdCho class phospholipids. PQD with a normalized

collision energy at 200 produced the [M-CH3]- frag-

ments, without extensive fragmentation to secondary

fragment ions. Higher collision energies produced sec-

ondary fragments that could be used as a source of struc-

tural information; however, this was better achieved with

CID as a second fragmentation step. The CID was operated

with a normalized collision energy of 35, for further

fragmentation of the [M-CH3]- ion. This value was not

optimized for the individual species, and additional struc-

tural information could potentially have been achieved by

specie specific optimization of this setting.

With the described method for separation and frag-

mentation of the phospholipids, typical fragmentation

patterns were obtained, as shown in Fig. 3. The spectra

were dominated by fatty acyl fragment ions originating
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Fig. 2 Base peak chromatogram and three dimensional (3D) map of

phospholipid specie separation of krill oil, performed with RPLC/

ESI–MS on a ZORBAX Eclipse Plus C18 column (150 9 2.1 mm

i.d., 5 lm). MS was run in negative the ionization mode and set to

scan from m/z 400 to m/z 1,000. Only the most relevant part of the

chromatogram is shown (10–35 min). Adduct ions in the form of

[M ? FA–H]- is seen throughout the map
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from both sn-1 and sn-2, except in the fragmentation of

alkyl–acyl species, where only a single fatty acyl fragment

ion was observed. In addition, the corresponding fragment

ions of the lyso-PtdCho compound were prevalent, con-

firming the characterization of the species. The fragments

associated with the lyso-PtdCho compounds were either in

the form of [lyso-PtdCho–CH3]- or [lyso-PtdCho–CH3–

H2O]-. Furthermore, fragments specific for phospholipids

carrying a choline head group were often registered. These

dissociation products were m/z 257, m/z 242 and m/z 223,

representing [Glycero phospho choline]-, [Glycero phos-

pho choline–CH3]- and [Glycero phospho choline–CH3–

H2O]-, respectively. The identification of the phospholipid

class was made based on the loss of 60 Da in the

PQD fragmentation step. However, fragments specific for

phospholipids carrying a choline head group affirms this

interpretation. In spectra obtained from the dissociation of

species carrying a 20:5 fatty acyl group, an ambiguous

[20:5–H2O]- fragment ion with m/z 283 can often be

detected. This ion can potentially be misinterpreted as the

fatty acyl fragment [18:0]-, but meeting the criteria

for reliable identification will rule out this erroneous

conclusion.

In some incidences, a molecular ion could be explained

by either being a diacyl-, or an alkyl–acyl-compound. In

these cases, the possible identification of alkyl–acyl

PtdCho species was based on the presence of a relatively

high MS-signal for a single fatty acyl fragment ion and the

corresponding lyso-PtdCho compound. In addition, there

should be a total absence of signals (i. e. both fatty acyl-,

and lyso-PtdCho-ions) potentially explained by fragmen-

tation of an ester bond in the opposite sn-position. An

example of this is m/z 764.6 (spectrum shown in Fig. 5f)

which could originate from both O16:0–20:5 alkyl–acyl

PtdCho and 15:0–20:5 diacyl PtdCho. The presence

m/z 466 [(lyso-PtdCho O16:0/15:0)–CH3]-, 448 [(lyso-

PtdCho O16:0–15:0)–CH3–H2O]- and 301 [20:5]- indi-

cate a fatty acyl group of 20:5, while there is no fragment

indicating a fatty acyl group of 15:0 in the opposite

sn-position. This is therefore assumed to be a PtdCho-

specie with an alkyl-acyl composition of O16:0–20:5.

Altogether, seven different potential alkyl-acyl PtdCho

species were characterized. For all these species, the fatty

alkyl chains were either hexadecanoic or octadecanoic, and

either saturated or with a single double bond.

No further attempt was made to clarify the stereospec-

ificity of the species. It is important to keep in mind that
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Fig. 3 MS3 product ion

spectrum of 22:6–20:5 diacyl

PtdCho obtained in negative

ionization mode. The molecular

ion of m/z 896.6 was selected

for PQD fragmentation; this

yielded a fragment ion of

m/z 836.3 which was further

fragmented with CID resulting

in the presented spectrum.

Fragment identity is explained

in the table on the right hand
side, indicating the high level of

certainty in the characterization

Table 1 Identified lyso-phospholipid species with choline head

group in krill oil

Class Mass m/za Molecular specie Relative intensity

Lyso-PtdCho 493.4 538.4 16:1 6.01

Lyso-PtdCho 495.4 540.4 16:0 32.42

Lyso-PtdCho 509.4 554.4 17:0 4.06

Lyso-PtdCho 521.4 566.4 18:1 23.21

Lyso-PtdCho 541.4 586.4 20:5 31.31

Lyso-PtdCho 563.4 608.6 21:1 16.70

Lyso-PtdCho 567.4 612.4 22:6 12.19

Data were obtained with RPLC/ESI–MS3 operated in negative ioni-

zation mode and with data dependent fragmentation without exclu-

sion list
a m/z for [M ? FA–H]- adduct
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stereoisomers would be difficult to separate and specifi-

cally identify. Therefore, the relative intensity values pre-

sented in Table 2 will in many cases be the sum of the

signal intensities of the two stereoisomers. The ratio

between the stereoisomers will vary among the different

species. However, an interesting observation was that

several of the n-3 acylated species appear to carry the n-3

fatty acyl group in the sn-1 position, based on the fragment

ratios in the fragmentation spectra (e.g. 22:6–18:1 diacyl

PtdCho).

In total, 58 species were characterized without the use of

the exclusion list, whereof seven were from the lyso-

PtdCho class and 51 from the PtdCho class. An additional

11 species were detected by applying the asymmetric

exclusion list. Of these latter, two were identified as lyso-

PtdCho and nine as PtdCho compounds, yielding an overall

total of nine lyso-PtdCho class species and 60 PtdCho class

species elucidated. Seven species yielded signals for highly

probable fatty acyl n-3 groups in both the sn-1 and sn-2

positions (i.e. the diacyl PtdCho species 18:4–20:5,

18:4–22:6, 20:5–20:5, 20:5–22:6, 20:5–23:5, 22:6–22:6

and 20:5–22:5). Those species and the detection of more

exotic species such as 22:6–23:5 and 20:5–26:4 diacyl

PtdCho, show the complexity of krill oil.

Prior to analysis of the krill oil, the total fatty acid

composition, wherein information on the concentration of

individual fatty acids and their n-3 content was obtained

and provided by Nofima, with the method AOCS Ce 1b-89

(data not shown). The sum of polyunsaturated (n-3) fatty

acids was reported to be 18.5 g/100 g oil. The assumed

homologous distribution of the fatty acid composition

between triacylglycerols, free fatty acids, and the lyso-

PtdCho- and PtdCho-classes, combined with the described

relative intensities of the known species (Tables 1, 2),

makes it possible to estimate the prevalence of n-3 fatty

acids in one or both sn positions of the PtdCho species. For

the PtdCho class, approximately 58% of the components

contained a single n-3 fatty acid, and 10% held an n-3 fatty

acid in both sn-1 and sn-2 positions. Of the species in the

lyso-PtdCho class, approximately 35% contained an n-3

Table 2 Identified phospholipid species with choline head group in

krill oil

Class Mass m/za Molecular specie Relative intensity

PtdCho 703.6 748.6 14:0–16:1 5.33

PtdCho 717.7 762.7 15:0–16:1 0.90

PtdCho 717.7 762.7 13:0–18:1 21.08

PtdCho 731.6 776.6 14:0–18:1 13.75

PtdCho 731.6 776.6 16:0–16:1 27.48

PtdCho 737.6 782.6 13:0–20:5 17.38

PtdCho 745.6 790.6 15:0–18:1 6.71

PtdCho 745.6 790.6 16:0–17:1 6.80

PtdCho 749.6 794.6 14:1–20:5 6.94

PtdCho 751.6 796.6 14:0–20:5 17.62

PtdCho 753.6 798.6 14:0–20:4 0.26

PtdCho 753.6 798.6 16:0–18:4 14.88

PtdCho 755.6 800.6 16:0–18:3 13.30

PtdCho 757.6 802.7 16:1–18:1 1.41

PtdCho 757.6 802.7 16:0–18:2 32.42

PtdCho 759.7 804.7 16:1–18:0 0.10

PtdCho 759.7 804.7 16:0–18:1 100.00

PtdCho 761.7 806.7 16:0–18:0 15.83

PtdCho 763.6 808.6 13:0–22:6 0.30

PtdCho 763.6 808.6 O16:1–20:5 20.17

PtdCho 765.6 810.7 O16:0–20:5 28.24

PtdCho 777.6 822.6 18:3–18:3 \0.01

PtdCho 777.6 822.6 12:4–24:2 0.03

PtdCho 777.6 822.6 18:1–18:5 0.07

PtdCho 777.6 822.6 16:1–20:5 4.85

PtdCho 777.6 822.6 14:0–22:6 12.25

PtdCho 779.6 824.6 18:1–18:4 0.10

PtdCho 779.6 824.6 16:0–20:5 96.57

PtdCho 781.6 826.6 16:0–20:4 24.23

PtdCho 783.7 828.7 18:1–18:2 7.69

PtdCho 785.6 830.7 18:1–18:1 14.69

PtdCho 789.6 834.7 O16:1–22:6 3.50

PtdCho 789.6 834.7 17:2–20:5 3.85

PtdCho 791.7 836.7 17:1–20:5 15.64

PtdCho 791.7 836.7 O16:0–22:6 22.97

PtdCho 793.6 838.6 O18:0–20:5 15.01

PtdCho 799.6 844.6 18:4–20:5 8.17

PtdCho 803.6 848.7 18:2–20:5 9.28

PtdCho 805.6 850.6 18:1–20:5 3.51

PtdCho 805.6 850.6 16:0–22:6 76.34

PtdCho 807.6 852.6 18:0–20:5 23.92

PtdCho 825.6 870.6 18:4–22:6 0.15

PtdCho 825.6 870.6 20:5–20:5 30.31

PtdCho 827.6 872.6 20:4–20:5 16.18

PtdCho 831.7 876.7 18:1–22:6 17.10

PtdCho 833.7 878.7 20:1–22:6 \0.01

PtdCho 851.6 896.6 20:5–22:6 24.80

Table 2 continued

Class Mass m/za Molecular specie Relative intensity

PtdCho 861.7 906.7 20:5–22:1 20.80

PtdCho 867.6 912.7 20:5–23:5 \0.01

PtdCho 875.7 920.7 20:5–23:1 5.75

PtdCho 877.6 922.6 22:6–22:6 7.49

Data were obtained with RPLC/ESI-MS3 operated in negative ioni-

zation mode and with data dependent fragmentation without exclu-

sion list
a m/z for [M ? FA–H]- adduct
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fatty acid. The phospholipid composition might potentially

give better insight into the mechanism and distribution of

krill oil in the body.

In the analysis performed by Nofima, the PtdCho con-

centration of the same krill oil as was used in the current

study was reported to be 35 g/100 g oil (Nofima internal

method N A88, based on [25, 26]). With the method

developed for this work, the PtdCho concentration was

estimated to be 34 ± 5 g/100 g oil. This shows that, in

spite of the difference between the methods, the correlation

of the values obtained with the two methods is relatively

high. Dissimilarity between the standards used for cali-

bration and the actual composition of the phospholipid

classes in the sample could influence the quantification. In

this work, we utilized a PtdCho standard originating from

egg yolk. The difference in the PtdCho profile between this

standard and the krill oil (Fig. 6) could potentially result in

an underestimation of the PtdCho content of the sample.

This is a result of krill oil containing long chained fatty

acids in the phospholipid components, which are less prone

Fig. 4 Reconstructed ion

chromatograms obtained for the

10 species with the highest

relative intensities in falling

order from a to j. The following

m/z values for the adducts

[M ? FA–H]- were used for

the reconstruction: a 804.6

b 824.6 c 850.6 d 802.6 e 870.6

f 810.6 g 776.6 h 896.6 i 826.6

j 852.6
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Fig. 5 MS3 product ion spectrum for the 10 species with the highest relative intensities, obtained using RPLC for separation with data dependant

fragmentation. Fig. 5 a–j corresponds to Fig. 4 a–j, respectively
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to ionization with ESI as described earlier. Hence, the use

of a PtdCho standard originating from krill oil would have

been preferred. However, this type of standard was not

commercially available when the study was performed.

Krill oil has been analyzed by a novel method and

numerous molecular species were found that were previ-

ously not known to be present in krill oil. To our knowl-

edge, there has previously only been one report showing

the fatty acid composition in PtdCho from krill oil [24] The

method used in that study was comparable to the platform

used in the current study, however, their detection was

based on the formation of lithium adducts, detected with a

triple quadrupole. The krill oil used in that study was

delivered by Nestec SA (Lausanne, Switzerland), and the

composition of the two krill oils might therefore not be

directly comparable in respect to composition. However, in

both studies the following three PtdCho species were

among the five most prevalent: (16:0–20:5) (16:0–22:6),

and (16:0–18:1). On the other hand, they detected high

levels of other PtdCho species that are low or absent in our

study, such as: (18:1–20:5) and (18:0–18:2). Le Grandois

et al. detected neither fatty acids longer than 22 carbons nor

ether-linked fatty acids. Moreover, in our study, a higher

number of PtdCho species was detected. Whether these

differences are due to a different composition of the two

krill oils, or the methodology is not known, but might

indicate that the detection method used in the current study

is more sensitive.

The method used for quantification purposes in this

study was optimized for specific quantification of the

PtdCho class, and quantification of other PL classes was

not attempted. However, it would be of great interests and

an aid in the field of lipidomics, to develop standardized

and validated LC–MS methods that meet the need for

quantification of all phospholipid classes in complex

matrixes like krill oil. One of the potential challenges in the

development of such strategies would be the choice of

suitable standards for the calibration curves.

Table 3 Identified lyso-phospholipid and phospholipid species with

choline head group in krill oil

Class Mass m/za Molecular specie

Lyso-PtdCho 549.4 594.4 20:1

Lyso-PtdCho 569.4 614.4 22:5

PtdCho 771.3 816.3 O18:1–18:1

PtdCho 795.6 840.6 16:0–21:4

PtdCho 819.7 864.7 O18:0–22:6

PtdCho 829.5 874.5 18:2–22:6

PtdCho 845.6 890.6 20:5–21:2

PtdCho 853.2 898.2 22:6–23:5

PtdCho 853.2 898.2 20:5–22:5

PtdCho 893.6 938.6 20:4–22:6

PtdCho 911.6 956.6 20:5–26:4

Data were obtained with RPLC/ESI-MS3 operated in negative ioni-

zation mode and with data dependent fragmentation with asymmetric

exclusion list. Relative intensities for the two different methods

cannot be compared
a m/z for [M ? FA–H]- adduct

RT: 6.87-7.34 AV: 232 NL: 1.92E4
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b

Fig. 6 a Mass spectrum of

PtdCho class standard used as

calibrant for quantification.

b Mass spectrum of the krill

PtdCho class. Both spectra were

obtained with NPLC/ESI–MS

operated with negative mode

ionization, and show [M ? FA–

H]- adduct ions. The mass
spectra indicate a higher

occurrence of long chained fatty

acyl groups in PtdCho species

originating from krill than in the

PtdCho standard from egg yolk
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Abstract The purpose of the present study is to investi-

gate the effects of krill oil and fish oil on serum lipids and

markers of oxidative stress and inflammation and to eval-

uate if different molecular forms, triacylglycerol and

phospholipids, of omega-3 polyunsaturated fatty acids

(PUFAs) influence the plasma level of EPA and DHA

differently. One hundred thirteen subjects with normal or

slightly elevated total blood cholesterol and/or triglyceride

levels were randomized into three groups and given

either six capsules of krill oil (N = 36; 3.0 g/day, EPA ?

DHA = 543 mg) or three capsules of fish oil (N = 40;

1.8 g/day, EPA ? DHA = 864 mg) daily for 7 weeks. A

third group did not receive any supplementation and served

as controls (N = 37). A significant increase in plasma

EPA, DHA, and DPA was observed in the subjects sup-

plemented with n-3 PUFAs as compared with the controls,

but there were no significant differences in the changes in

any of the n-3 PUFAs between the fish oil and the krill oil

groups. No statistically significant differences in changes in

any of the serum lipids or the markers of oxidative stress

and inflammation between the study groups were observed.

Krill oil and fish oil thus represent comparable dietary

sources of n-3 PUFAs, even if the EPA ? DHA dose in the

krill oil was 62.8% of that in the fish oil.

Keywords Plasma lipoproteins � Plasma lipids � Dietary

fat � Nutrition, n-3 fatty acids � Lipid absorption �
Phospholipids

Abbreviations

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid

FA Fatty acid

PL Phospholipids

PUFA Polyunsaturated fatty acid

TG Triglycerides

Introduction

An association between consumption of fish and seafood

and beneficial effects on a variety of health outcomes has

been reported in epidemiologic studies and clinical trials

[1–5]. These effects are mainly attributed to the omega-3
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long-chain polyunsaturated fatty acids (n-3 PUFAs) abun-

dant in fish and seafood, and in particular to eicosapenta-

enoic acid (EPA) and docosahexaenoic acid (DHA). The

effects of marine n-3 PUFAs on various risk factors of

cardiovascular disease (CVD) are in particular well docu-

mented. In large systematic reviews of the available liter-

ature, consistent reductions in triglyceride (TG) levels

following consumption of n-3 PUFAs have been demon-

strated as well as increases in levels of high-density lipo-

protein (HDL) cholesterol [6, 7]. The net beneficial

effects of these changes have been disputed, although

several large intervention studies indicate that n-3 PUFAs

reduce mortality in patients with high risk of developing

coronary heart disease (CHD) [8]. Moreover, guidelines

published by the American Heart Association for reduc-

ing CVD risk recommend fish consumption and fish oil

supplementation based on the acknowledgement that EPA

and DHA may decrease the risk of CHD, decrease sudden

deaths, decrease arrhythmias, and slightly lower blood

pressure [9].

Reports on health benefits have led to increased demand

for products containing marine n-3 PUFAs. Since fish is a

restricted resource, there is growing interest in exploiting

alternative sources of marine n-3 PUFAs. Antarctic krill

(Euphausia superba) is a rich source of n-3 PUFAs. Krill is

by far the most dominant member of the Antarctic zoo-

plankton community in terms of biomass, which is esti-

mated to be between 125 and 750 million metric tons

(according to the Food and Agriculture Organization of the

United Nations; http://www.fao.org/fishery/species/3393/

en), and thus attractive for commercial harvest. The DHA

content of krill oil is similar to that of oily fish, but the EPA

content is higher [10]. The overall fatty acid composition

resembles that of fish. In fish, the fatty acids are mainly

stored as TG, whereas in krill 30–65% of the fatty acids are

incorporated into phospholipids (PL) [10]. Whether being

esterified in TG or in PL impacts on the absorption effi-

ciency of FAs into the blood and on effects on serum lipid

levels are issues for discussion. In a study by Maki et al.

[11] comparing the absorption efficacy of n-3 PUFAs from

different sources it was shown that EPA and DHA from

krill oil were absorbed at least as efficiently as EPA and

DHA from menhaden oil (TG) [11], and studies in newborn

infants have indicated that fatty acids in dietary PL may be

better absorbed than those from TG [12–14]. Studies

addressing the compartmental metabolism of dietary DHA

have indicated that the metabolic fate of DHA differs

substantially when ingested as TG compared with phos-

phatidylcholine, in terms of both bioavailability of DHA in

plasma and accumulation in target tissues [15]. Only a

limited number of studies addressing health outcomes

following ingestion of krill oil as compared with fish oil are

currently available, but some of these have shown

promising effects of krill oil on serum lipids and on

markers of inflammation and oxidative stress (reviewed in

[10]).

The aim of this study is to investigate the plasma levels

of EPA and DHA, and the effects on serum lipids and on

some biomarkers of inflammation, oxidative stress, and

hemostasis, after krill oil and fish oil administration

in healthy subjects after a 7-week intervention period.

Safety was evaluated based on assessment of hematology

and biochemistry parameters, and registration of adverse

events.

Experimental Procedures

Study Subjects

The 129 subjects included in the study were healthy vol-

unteers of both genders with normal or slightly elevated

total blood cholesterol (\7.5 mmol/L) and normal or

slightly elevated blood triglyceride level (\4.0 mmol/L).

Subjects with body mass index (BMI) [30 kg/m2, hyper-

lipidemia, hypertension, coronary, peripheral or cerebral

vascular disease were excluded from participating in the

study. No concomitant medication intended to influence

serum lipid level was permitted. All study subjects were

informed verbally and in writing, and all subjects signed an

informed consent form before entering the study. The study

was approved by the Regional Ethics Committee.

Study Design

The study was an open single-center, randomized, parallel

group designed study. Screening of subjects (N = 149) was

performed at the first visit to include subjects that satisfied

the eligibility criteria (N = 129). These were randomized

into three study groups. Seven participants were lost before

the baseline visit. The remaining 122 participants were

given either 3 g krill oil daily (N = 41), 1.8 g fish oil daily

(N = 40) or no supplementation (N = 41) for a period of

7 weeks. A total of 115 participants finished the study. The

disposition of the subjects is illustrated in Fig. 1. None of

the subjects regularly ate fatty fish more than once a week

prior to inclusion or during the 7-week intervention period.

None were using cod liver oil or other marine n-3 sup-

plements during the study or at least 2 months prior to

inclusion. All the participants were instructed by a nutri-

tionist to keep their regular food habits during the study.

Study Products

The krill oil capsules contained processed krill oil extracted

from Antarctic krill (Euphausia superba). The product was

38 Lipids (2011) 46:37–46
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manufactured by Aker BioMarine ASA. Each capsule

contained 500 mg oil that provided 90.5 mg EPA and

DHA, and a total of 103.5 mg n-3 PUFAs. The capsules

were made of gelatin softened with glycerol. The daily

study dosage was six capsules (each of 500 mg oil). The

comparator omega-3 fish oil product was manufactured by

Peter Möller AS, Oslo, Norway. The daily study dosage

was three capsules each containing 600 mg fish oil that

provided 288 mg EPA and DHA, and a total of 330 mg n-3

PUFAs. The capsules were made of gelatin softened with

glycerol. The fatty acid profile of the study products is

presented in Table 1. The daily dose of EPA, DHA, and

total n-3 PUFAs in the krill oil and fish oil groups is pre-

sented in Table 2. The daily EPA ? DHA dose in the krill

oil group was 62.8% of the dosage given in the fish oil

group. DL-a-tocopheryl acetate (vitamin E), retinyl palmi-

tate (vitamin A), and cholecalciferol (vitamin D) were

added to the product.

Clinical Assessment

Demographic characteristics (gender, age, height, and

weight), concomitant medication, and medical history were

recorded at the screening visit. In addition, all subjects

went through a physical examination to confirm satisfac-

tion of the eligibility criteria.

Changes in concomitant medication from screening,

smoking and alcohol habits, and clinical symptoms before

intake of the study products were also registered.

Serum Lipids and Blood Safety Parameters

Blood from venipuncture was collected after an overnight

fast (C12 h) at baseline and at final visit. The subjects were

instructed to refrain from alcohol consumption and from

vigorous physical activity the day before the blood sam-

pling. Serum was obtained from silica gel tubes (BD

Vacutainer), kept at room temperature for at least 30 min

until centrifugation at 1,300 9 g for 12 min at room tem-

perature. Serum analysis of total, low-density lipoprotein

Assessed for eligibility (n=149)

Randomized (n=129)

Allocated to control (n=42)
Received allocated
intervention  (n=41)

Allocated to krill oil (n=44)
Received allocated
intervention  (n=41)

Completed the study (n=37)

Analyzed (n=37)
Excluded from analysis (n=0)

Analyzed (n=36)
Excluded from analysis (n=2)

Analyzed (n=40)
Excluded from analysis (n=0)

Completed the study (n=40)

Allocated to fish oil (n=43)
Received allocated
intervention (n=40)

Completed the study (n=38)

Fig. 1 Disposition of subjects

Table 1 Relative content of fatty acids in the study products

Fatty acid Fish oil (area %) Krill oil (area %)

14:0 3.2 7.4

16:0 7.8 21.8

18:0 2.6 1.3

20:0 0.6 \0.1

22:0 0.4 0.2

16:1n-7 3.9 5.4

18:1n-9, -7, -5 6.1 18.3

20:1n-9, -7 2.0 1.2

22:1n-11, -9, -7 2.5 0.8

24:1n-9 \0.2 0.2

16:2n-4 0.7 0.5

18:2n-6 0.8 1.8

18:3n-6 \0.2 0.2

20:2n-6 0.3 \0.1

20:3n-6 0.2 \0.1

20:4n-6 1.5 0.5

22:4n-6 0.5 \0.1

18:3n-3 0.5 1.0

18:4n-3 1.9 1.6

20:3n-3 \0.2 \0.1

20:4n-3 \0.2 0.7

20:5n-3 27.0 19.0

21:5n-3 1.5 0.5

22:5n-3 4.8 0.5

22:6n-3 24.0 10.9

Other FA 7.2 6.4

Saturated FA 16.0 30.7

Monounsaturated FA 18.0 25.9

n-3 59.0 34.1

n-6 2.9 2.5
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(LDL), and HDL-cholesterol, TG, apolipoprotein A1, and

apolipoprotein B was performed at the routine laboratory

at Department of Medical Biochemistry at the National

Hospital, Norway using standard methods. Blood samples

for analysis of hematology and serum biochemistry

parameters including hemoglobin, leukocytes, erythro-

cytes, thrombocytes, hematocrit, glucose, calcium, sodium,

potassium, urea, creatinine, alkaline phosphatase, alanine

aminotransferase, bilirubin, albumin, and total protein were

collected and analyzed at the routine laboratory at

Department of Medical Biochemistry at the National

Hospital, Norway using standard methods.

Plasma Fatty Acid Composition

Plasma was obtained from ethylenediamine tetraacetic acid

(EDTA) tubes (BD Vacutainer) kept on ice immediately

and within 12 min centrifuged at 1,300 9 g for 10 min at

10�C. Plasma samples were kept frozen at -80�C until

analysis. Plasma fatty acid composition was analyzed by

Jurilab Ltd., Finland using a slight modification of the

method of Nyyssonen et al. [16]. Plasma (250 lL), fatty

acids, and 25 lL internal standard (eicosane 1 mg/mL in

isopropanol) were extracted with 6 mL methanol–chloro-

form (1:2), and 1.5 mL water was added. The two phases

were separated by centrifugation, and the upper phase was

discarded. To the chloroform phase, 1 mL methanol–water

(1:1) was added, and this extraction was repeated twice.

The chloroform phase was evaporated under nitrogen. For

methylation, the remainder was treated with 1.5 mL sul-

furic acid–methanol (1:50) at 85�C for 2 h. The mixture

was diluted with 1.5 mL water and extracted with light

petroleum ether. The fatty acids from the ether phase were

determined using a gas chromatograph (Agilent Technol-

ogies 6890)/mass spectrometer (Agilent Technologies

5973) with electron impact ionization and a HP-5ms cap-

illary column (Hewlett Packard). For retention time and

quantitative standardization, fatty acids purchased from

Nu-Chek-Prep (Elysian, MN, USA) were used. All work

was carried out under a certified ISO 9001/2000 quality

system.

Plasma a-Tocopherol

Human plasma (100 lL) was diluted with 300 lL 2-pro-

panol containing the internal standard tocol and butylated

hydroxytoluene (BHT) as an antioxidant. After thorough

mixing (15 min) and centrifugation (10 min, 4,000 9 g at

10�C), an aliquot of 1 lL was injected from the supernatant

into the high-performance liquid chromatography (HPLC)

system. HPLC was performed with a HP 1100 liquid

chromatograph (Agilent Technologies, Palo Alta, CA,

USA) with a HP 1100 fluorescence detector (emission

295 nm, excitation 330 nm). Tocopherol isomers were

separated on a 2.1 9 250 mm reversed-phase column. The

column temperature was 40�C. A two-point calibration

curve was made from analysis of a 3% albumin solution

enriched with known concentration of tocopherols.

Recovery is[95%, the method is linear from 1 to 200 lM

at least, and the limit of detection is 0.01 lM. Relative

standard deviation (RSD) is 2.8% (17.0 lM) and 4.6%

(25.1 lM).

Urinary F2 Isoprostanes

Fasting urine samples were analyzed for 8-iso-prostaglan-

din F2a (8-iso-PGF2a) by a highly specific and validated

radioimmunoassay as described by Basu [17]. Urinary

levels of 8-iso-PGF2a were adjusted by dividing the 8-iso-

PGF2a concentration by that of creatinine.

Markers of Inflammation and Hemostasis

Plasma interleukin-6 (IL-6), tumour necrosis factor-alpha

(TNFa), monocyte chemotactic protein-1 (MCP-1),

thromboxane B2 (TxB2), interferon-gamma (INFc), soluble

E-selectin and P-selectin, soluble intracellular adhesion

molecule-1 (ICAM-1), and vascular cell adhesion mole-

cule-1 (VCAM-1) were determined by Fluorokine� MAP

kits (R&D Systems, Inc., Minneapolis, MN, USA). Plasma

leukotriene B4 (LTB4) and thromboxane B2 (TxB2) were

assessed as described by Elvevoll et al. [18]. High-sensi-

tivity C-reactive protein (hsCRP) evaluation was per-

formed at the routine laboratory at Department of Medical

Biochemistry at the National Hospital, Norway using

standard method.

Statistics

All continuous variables were summarized by product

group and visit number and described using standard

statistical measures, i.e., number of observations, mean,

Table 2 n-3 fatty acid contents

of the study products
Study product Daily study dose Daily dose

EPA

Daily dose

DHA

Daily dose

EPA ? DHA

Daily dose

n-3 PUFAs

Fish oil 3 capsules (1.8 g oil) 450 mg 414 mg 864 mg 990 mg

Krill oil 6 capsules (3.0 g oil) 348 mg 195 mg 543 mg 621 mg
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standard deviation (SD), median, minimum, and maxi-

mum. Absolute and percentage change from baseline to

the week-7 visit are presented as summary statistics. All

categorical (discrete, including ordinal) variables are

presented in contingency tables showing counts and

percentages for each treatment group at all time points.

Continuously distributed efficacy laboratory parameters

(lipids, EPA, DHA, and docosapentaenoic acid (DPA))

were analyzed by analysis of covariance (ANCOVA)

using the following model: change in parameter value =

baseline value ? treatment ? gender ? age ? error.

Change from baseline to week 7 was used as a depen-

dent variable in the model. A linear model using SAS GLM

with gender as fixed effect, subject as random effect, and

baseline value and age as covariates was applied. A

reduced ANCOVA model with baseline value and treat-

ment was used for the secondary efficacy parameters.

Significant treatment effects were analyzed by pairwise

tests. Changes from baseline to end of intervention were

tested by paired t-test.

Results

Subject Characteristics at Baseline

Figure 1 shows the disposition of all subjects. One hundred

fifteen of 129 randomized subjects completed the study.

Withdrawal rates were similar in all three groups (three

withdrawals in the fish oil group, six withdrawals in the

krill oil group, and five withdrawals in the control group).

Three subjects discontinued the study due to clinical

symptoms (all in the krill group), three subjects violated

the exclusion criteria (two in the fish oil group and one in

the krill oil group), and one subject in each group was lost

to follow-up. Two subjects in the control group were

withdrawn due to concomitant treatments, and three sub-

jects withdrew their consent (one subject in the krill oil

group and two subjects in the control group). Clinical

symptoms included symptoms of common cold or gastro-

intestinal symptoms. During database clean-up, it was

detected that two subjects (in the krill oil group) had been

allowed to enter the study although they violated the entry

criteria. They where therefore excluded from the per pro-

tocol subjects. The statistical analyses of efficacy were

performed on the data collected from 113 per protocol

subjects (Fig. 1).

The study groups were comparable in terms of weight,

height, BMI, gender, and age at baseline (Table 3). Vital

signs including systolic and diastolic blood pressure and

heart rate were within normal ranges. More females than

males were included in all study groups.

Fatty Acid Composition in Plasma

Plasma levels of EPA, DHA, and DPA increased signifi-

cantly from baseline to the end of the intervention phase in

the groups receiving fish oil and krill oil, but not in the

control group. The changes in EPA, DHA, and DPA dif-

fered significantly between the subjects supplemented with

n-3 PUFAs and the subjects in the control group, but there was

no significant difference in the change in any of the n-3 PUFAs

between the fish oil and the krill oil groups (Table 4).

There were significant within-group changes in indi-

vidual FAs from start to end of intervention, but no clear

trends in changes in the plasma FA composition were

apparent in any of the study groups (Table 4).

The level of arachidonic acid (C20:4n-6) increased from

baseline in the krill group, whereas a decrease was

observed in the fish oil group. The changes in arachidonic

acid between the fish oil and the krill oil groups, and the

control group differed significantly (p = 0.001). Pairwise

comparisons showed that the mean increase in arachidonic

acid in the krill oil group was significantly different from

the mean decreases in the fish oil and control groups, but

there was no significant difference between the mean

changes in arachidonic acid level between the fish oil and

control groups.

Serum Lipids

Small changes in the levels of HDL-cholesterol, LDL-

cholesterol, and TG were observed in all study groups from

start to end of the intervention phase, but only the within-

group increase in LDL-cholesterol seen in the fish oil

group (p = 0.039) was statistically significant. The tests

comparing the differences between the study groups gave

no statistically significant results (Table 5). The HDL-

cholesterol/TG ratio and the change from start to end of the

intervention were calculated for all study groups. No sig-

nificant changes in the HDL-cholesterol/TG ratio from start

to end of the interventions were detected in the fish oil or

Table 3 Demographic information and body measurements

Parameter, mean (SD) Study groups

Fish oil

(N = 43)

Krill oil

(N = 44)

Control

(N = 42)

Age (years) 38.7 (11.1) 40.3 (14.8) 40.5 (12.1)

Height (cm) 171.2 (7.8) 171.3 (8.6) 172.2 (9.4)

Weight (kg) 71.7 (12.0) 69.8 (13.7) 71.7 (12.0)

BMI (kg/m2) 24.4 (3.0) 23.6 (3.3) 23.9 (3.0)

Gender

Female (n) 34 (79.1%) 31 (70.5%) 28 (66.7%)

Male (n) 9 (20.9%) 13 (29.5%) 14 (33.3%)
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Table 4 Fatty acid composition in plasma

Parameter (lmol/L) Treatment N Baseline End of study Change p-Valuea for

change

p-Valueb

between

groups

C14:0 myristic acid Fish oil 40 67.4 ± 57.07 69.4 ± 62.32 2.0 ± 44.05 0.77

Krill oil 36 55.5 ± 32.43 57.8 ± 26.15 2.3 ± 30.93 0.65 0.71

Control 37 60.5 ± 29.25 58.1 ± 38.01 -2.4 ± 35.46 0.69

C15:0 pentadecanoic acid Fish oil 40 18.2 ± 14.42 16.2 ± 8.22 -2.1 ± 12.01 0.28

Krill oil 36 14.7 ± 5.03 15.5 ± 3.69 0.8 ± 4.44 0.30 0.27

Control 37 15.0 ± 5.02 15.0 ± 5.26 0.1 ± 4.32 0.94

C16:0 palmitic acid Fish oil 40 1,661.0 ± 496.5 1,522. ± 339.3 -139.0 ± 409.5 0.038

Krill oil 36 1,548.9 ± 477.9 1,547. ± 260.0 -2.3 ± 414.9 0.97 0.35

Control 37 1,652.7 ± 374.2 1,578. ± 315.6 -74.6 ± 327.7 0.17

C16:1n-7 palmitoleic acid Fish oil 40 67.7 ± 35.41 63.0 ± 33.54 -4.7 ± 27.91 0.29

Krill oil 36 66.1 ± 49.18 61.8 ± 26.56 -4.4 ± 35.91 0.47 0.62

Control 37 68.7 ± 32.98 63.9 ± 35.07 -4.8 ± 28.62 0.31

C17:0 margaric acid Fish oil 40 24.2 ± 8.38 23.9 ± 8.44 -0.3 ± 6.09 0.76

Krill oil 36 22.6 ± 5.85 24.0 ± 5.84 1.4 ± 5.49 0.14 0.089

Control 37 23.3 ± 5.46 21.7 ± 5.84 -1.6 ± 4.85 0.048

C18:0 stearic acid Fish oil 40 580.6 ± 136.6 578.5 ± 130.2 -2.2 ± 133.2 0.92

Krill oil 36 548.5 ± 116.7 568.9 ± 112.6 20.4 ± 91.7 0.19 0.17

Control 37 594.8 ± 103.5 562.4 ± 147.2 -32.4 ± 125.4 0.12

C18:1n-9 oleic acid Fish oil 40 558.9 ± 166.1 516.2 ± 146.8 -42.7 ± 154.0 0.087

Krill oil 36 532.8 ± 198.5 521.8 ± 109.1 -11.0 ± 191.0 0.73 0.71

Control 37 570.2 ± 146.8 547.2 ± 156.1 -23.0 ± 151.9 0.36

C18:2n-6 linoleic acid Fish oil 40 829.3 ± 349.8 779.8 ± 254.5 -49.6 ± 251.3 0.22

Krill oil 36 742.0 ± 214.0 744.2 ± 187.9 2.2 ± 215.8 0.95 0.44

Control 37 812.0 ± 219.6 735.7 ± 212.4 -76.3 ± 167.5 0.0088

C18:3n-3 alpha-linoleic acid Fish oil 40 61.7 ± 17.89 61.9 ± 20.22 0.2 ± 20.95 0.95

Krill oil 36 67.3 ± 25.24 68.4 ± 21.88 1.1 ± 20.08 0.73 0.15

Control 37 68.3 ± 20.40 62.8 ± 22.07 -5.5 ± 19.55 0.094

C20:3n-3 eicosatrienoic acid Fish oil 40 39.6 ± 18.08 33.5 ± 17.97 -6.0 ± 10.00 0.0005

Krill oil 36 39.3 ± 19.20 34.9 ± 13.20 -4.4 ± 13.23 0.054 0.22

Control 37 39.8 ± 18.24 37.7 ± 18.28 -2.1 ± 8.65 0.16

C20:4n-6 arachidonic acid Fish oil 40 192.6 ± 50.0 178.5 ± 45.3 -14.1 ± 29.6 0.0046

Krill oil 36 180.1 ± 52.4 192.1 ± 40.2 12.0 ± 32.8 0.035 0.0010

Control 37 189.8 ± 44.2 182.8 ± 38.0 -7.0 ± 32.3 0.20

C22:0 behenic acid Fish oil 40 21.5 ± 6.05 21.8 ± 6.36 0.4 ± 3.30 0.49

Krill oil 36 20.2 ± 5.29 22.0 ± 6.25 1.9 ± 3.51 0.003 0.040

Control 37 18.9 ± 6.02 18.3 ± 4.83 -0.6 ± 4.07 0.36

C24:0 lignoceric acid Fish oil 40 10.0 ± 4.07 10.3 ± 4.19 0.3 ± 1.71 0.22

Krill oil 36 9.7 ± 2.86 10.4 ± 3.15 0.7 ± 2.04 0.040 0.26

Control 37 8.9 ± 3.37 8.5 ± 3.05 -0.4 ± 2.57 0.40

C24:1n-9 neuronic acid Fish oil 40 18.2 ± 6.88 18.9 ± 6.15 0.6 ± 3.75 0.29

Krill oil 36 16.7 ± 5.99 17.3 ± 5.87 0.6 ± 5.00 0.48 0.17

Control 37 15.7 ± 5.39 16.7 ± 5.70 1.0 ± 5.67 0.30

C20:5n-3 EPA Fish oil 40 31.2 ± 23.11 76.3 ± 36.02 45.2 ± 29.65 \0.0001

Krill oil 36 30.4 ± 21.57 74.9 ± 38.66 44.5 ± 35.21 \0.0001 \0.0001

Control 37 43.9 ± 40.74 37.2 ± 28.64 -6.6 ± 28.58 0.17
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control groups. In the krill oil group, however, there was a

significant increase in the HDL-cholesterol/TG ratio. The

test for differences between the study groups gave no

significant results (Table 5).

Although the interventions did not significantly change

TG levels a reduction was seen in those subjects in the krill

oil group having the highest baseline values (Fig. 2).

The changes in levels of Apo B-100 from baseline to

end of study were minor in all study groups. Moreover,

the test for differences between the study groups in

changes in Apo A1 was not significant. However, the

within-group changes of Apo A1 levels from start to end

of the interventions were statistically significant in the

krill oil group.

Table 5 Serum lipids and lipoproteins

Parameter Treatment N Baseline End of study Change p-Valuea for

change

p-Valueb

between

groups

HDL-cholesterol (mmol/L) Fish oil 40 1.56 ± 0.384 1.61 ± 0.396 0.05 ± 0.157 0.063

Krill oil 36 1.50 ± 0.368 1.63 ± 0.517 0.13 ± 0.404 0.061 0.50

Control 37 1.59 ± 0.354 1.63 ± 0.395 0.04 ± 0.228 0.29

LDL-cholesterol (mmol/L) Fish oil 40 2.96 ± 0.747 3.09 ± 0.827 0.13 ± 0.377 0.039

Krill oil 36 3.07 ± 0.724 3.16 ± 0.796 0.09 ± 0.390 0.18 0.45

Control 37 2.98 ± 0.824 3.03 ± 0.802 0.05 ± 0.361 0.44

Triglycerides (mmol/L) Fish oil 40 0.95 ± 0.541 0.94 ± 0.542 -0.01 ± 0.462 0.84

Krill oil 36 1.10 ± 0.638 1.01 ± 0.649 -0.09 ± 0.417 0.21 0.65

Control 37 0.92 ± 0.414 0.93 ± 0.523 0.02 ± 0.429 0.82

HDL/triglycerides (%) Fish oil 40 225.8 ± 151.08 216.8 ± 119.33 109.5 ± 44.62 0.19

Krill oil 36 196.9 ± 134.24 228.3 ± 146.62 129.2 ± 68.99 0.016 0.41

Control 37 217.7 ± 138.65 234.4 ± 148.20 113.0 ± 49.28 0.12

Total-cholesterol (mmol/L) Fish oil 40 4.93 ± 0.778 5.13 ± 0.809 0.20 ± 0.424 0.0049

Krill oil 36 4.99 ± 0.815 5.20 ± 0.917 0.21 ± 0.496 0.014 0.78

Control 37 4.95 ± 0.925 5.07 ± 0.861 0.12 ± 0.524 0.18

Apo A1 (mmol/L) Fish oil 40 1.64 ± 0.269 1.68 ± 0.250 0.04 ± 0.130 0.058

Krill oil 36 1.64 ± 0.241 1.73 ± 0.376 0.09 ± 0.267 0.047 0.70

Control 37 1.68 ± 0.272 1.75 ± 0.272 0.07 ± 0.173 0.023

Apo B-100 (mmol/L) Fish oil 40 0.81 ± 0.184 0.80 ± 0.199 -0.01 ± 0.100 0.64

Krill oil 36 0.83 ± 0.208 0.81 ± 0.226 -0.02 ± 0.126 0.35 0.80

Control 37 0.79 ± 0.197 0.78 ± 0.198 -0.01 ± 0.098 0.41

a Test of within-group changes
b Test comparing change from start to end of intervention between the fish oil, krill oil, and control groups

Table 4 continued

Parameter (lmol/L) Treatment N Baseline End of study Change p-Valuea for

change

p-Valueb

between

groups

C22:6n-3 DHA Fish oil 40 47.0 ± 22.08 70.4 ± 25.70 23.4 ± 16.55 \0.0001

Krill oil 36 44.8 ± 21.36 64.2 ± 26.15 19.4 ± 23.75 \0.0001 \0.0001

Control 37 57.4 ± 30.94 51.3 ± 23.70 -6.1 ± 21.25 0.088

C22:5n-3 DPA Fish oil 40 8.8 ± 3.98 12.7 ± 5.06 3.9 ± 3.24 \0.0001

Krill oil 36 8.2 ± 3.33 11.9 ± 3.56 3.6 ± 3.68 \0.0001 \0.0001

Control 37 9.6 ± 5.09 8.6 ± 3.84 -1.0 ± 3.56 0.090

Total fatty acids Fish oil 40 4,250.7 ± 1,148.1 4,064.6 ± 890.8 -186.0 ± 921.8 0.21

Krill oil 36 3,958.1 ± 983.7 4,045.5 ± 662.5 87.4 ± 810.7 0.52 0.15

Control 37 4,261.3 ± 804.2 4,016.8 ± 774.4 -244.5 ± 685.5 0.037

a Test of within-group changes
b Test comparing change from start to end of intervention between the fish oil, krill oil, and control groups
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Oxidative Stress, Markers of Inflammation,

and Hemostasis

a-Tocopherol is considered an antioxidant, and an increase

in PUFAs may lead to increased oxidative stress. Although

a-tocopherol was added to both supplements, no significant

change in levels of a-tocopherol was detected (Supple-

mentary Table). A tendency towards a reduced level of

a-tocopherol was observed in all study groups. F2-iso-

prostanes, formed from free-radical-induced peroxidation

of membrane-bound arachidonic acid, are considered a

reliable biomarker of oxidative stress. However no differ-

ences were observed in urine F2-isoprostane, suggesting

that there was not an increase in oxidative stress. No sig-

nificant changes were observed in levels of hsCRP, markers

of inflammation or hemostasis (Supplementary Table).

Discussion

The primary finding of the present study was that plasma

concentrations of EPA, DPA, and DHA increased signifi-

cantly in both the krill oil and fish oil groups compared

with the control group following daily supplementation for

7 weeks. There was no statistically significant difference

between these two groups in the levels of the increases in

EPA and DHA. Since the subjects in the krill oil group

received 62.8% of the total amount of n-3 PUFAs received

by the subjects in the fish oil group, these findings indicate

that the bioavailability of n-3 PUFAs from krill oil (mainly

PL) is as, or possibly more, efficient as n-3 PUFA from fish

oil (TG). This supports the results of a previous study with

krill oil and menhaden oil in humans [11]. In the study

performed by Maki et al., plasma EPA increased 90% and

DHA increased 51% from baseline levels. In the current

study EPA increased 146% and DHA increased 43% from

baseline levels. The small discrepancy between these two

studies might be related to different levels of EPA and

DHA in the oils used, different treatment time (7 versus

4 weeks), and different dose used (3 g oil versus 2 g). It

has been hypothesized that PL improve the bioavailability

of lipids, which may facilitate absorption of EPA and DHA

from marine PL compared with TG, but the extent to which

this contributes to the efficient absorption observed in the

krill oil group is unknown.

AHA dietary guidelines for long-chain n-3 PUFAs and

fish for primary prevention of coronary diseases are two

servings of fatty fish per week [9]. This recommendation

will provide the order of 250–500 mg EPA ? DHA per

day [19]. In the present study we have shown that daily

intake of 3 g krill oil containing 543 mg EPA ? DHA

increases the plasma level of EPA and DHA to the same

extent as intake of fish oil containing 864 mg EPA ? DHA.

A food-based approach for achieving adequate intake of

n-3 PUFAs is recommended [20]. However, for some

individuals nutritional supplements may be needed, such as

those who do not like fish or for other reasons choose not to

include fish in their diet. This study demonstrates that

supplementation with krill oil will be a good source of EPA

and DHA in their daily diet.

Serum TG and HDL-cholesterol have been observed to

be inversely related [21]. Although the metabolic relation

that exists between HDL-cholesterol and TG is not fully

understood, the ratio between TG and HDL-cholesterol has

been shown to be a powerful risk predictor for CHD [22,

23]. In the present study, no statistically significant dif-

ferences in HDL-cholesterol, TG or HDL-cholesterol/TG

ratio were observed between the study groups. However,

the change in the HDL-cholesterol/TG ratio in the krill oil

group was statistically significant (Table 5). This obser-

vation supports the impression of a more pronounced effect

of krill oil supplementation on HDL-cholesterol and TG

compared with other n-3 PUFA supplements. However, to

verify these effects of krill oil, they should be studied in a

population with elevated blood TG levels and lowered

HDL-cholesterol, i.e., in a population with markers of

metabolic syndrome. The increase in HDL-cholesterol was

slightly higher in the krill oil group than in the fish oil

group (8.7% versus 3.2%), although not significantly so

(p = 0.061). Compared with fish oil, krill oil contains a

high amount of astaxanthin, which has been indicated to

Fig. 2 Correlation between baseline TG levels and change in TG

levels after 7 weeks of intervention with krill oil or fish oil
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increase HDL-cholesterol as well as decrease TG in

humans [24]. Moreover, intake of PL may increase HDL-

cholesterol [25]. The small increase in LDL-cholesterol,

but no effect on HDL-cholesterol, in the fish oil group is in

accordance with previous findings [7].

The analysis of the changes in the plasma fatty acid

composition following 7 weeks of intervention with n-3

PUFAs showed that the levels of arachidonic acid and

behenic acid significantly increased from baseline in the

krill oil group as compared with the fish oil and control

groups. Moreover, arachidonic acid was significantly

decreased in the fish oil group. Intake of n-3 PUFAs from

fish oil can be incorporated in cell PL in a time- and dose-

dependent manner at the expense of arachidonic acid [26].

The explanation and importance of this finding are not

clear. However, one possible explanation might be that

arachidonic acid is mobilized from the cell membranes to

the blood by EPA and DHA linked to the PL in the krill oil.

However, the changes in plasma arachidonic acid were

small compared with the changes in EPA and DHA, and

there was no significant difference in the increase in EPA/

arachidonic acid ratio between the two intervention groups.

The CRP level did not change during the study in any of the

study groups, and no significant changes were observed in the

other markers of inflammation and hemostasis (data not

shown). This is in accordance with others who have examined

the effect of fish oil among apparently healthy individuals

[27–31]. Moreover, no statistically significant differences

were found in a-tocopherol levels and F2-isoprostanes in

urine, suggesting that no oxidative stress occurred.

The safety analysis revealed no clear patterns in the changes

in any of the hematological or serum biochemical variables,

vital signs or weight that might indicate a relation with

administration of any of the studied products. Clinical symp-

toms registered during the study included mainly symptoms of

common cold or gastrointestinal symptoms. However, one

subject in the fish oil group experienced moderate bruises, and

one subject in the krill oil group withdrew from the study

because of an outbreak of rash that was possibly related to

intake of the study products. Safety laboratory parameters and

other safety observations such as occurrence of adverse events

indicate that krill oil is well tolerated. There were no apparent

differences in the rate of adverse events or blood safety

parameters between the krill oil, fish oil or control groups.

In conclusion, the present study shows that n-3 PUFAs

from krill oil in the form of PL are readily and effectively

absorbed after ingestion and subsequently distributed in the

blood. The krill oil supplement is safe and well tolerated.

Krill oil thus represents a valuable source of n-3 PUFAs.
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Abstract The effects of the polyunsaturated omega-3

(n-3) and omega-6 (n-6) fatty acids (FA) on hematopoiesis

are complex in that both FA forms are processed into

leukotrienes, eicosanoids, and prostaglandins, which can

have independent effects. These FA have antagonistic

effects in that n-6 FA prostaglandins tend to be pro-pro-

liferative and pro-inflammatory, while the effects of n-3 FA

prostaglandins are the opposite. We have previously shown

that diets high in n-3 FA reduce the size of the middle to

later stage myeloid progenitor compartment in FVB X

sv129 F1hybrid mice. To assay the effects of high n-3 FA

diets on earlier stages of myelopoiesis, we fed C57BL/6J

mice diets high in n-3 FA or levels of n-3/n-6 FA similar to

western diets and assayed the effects on myelopoiesis with

flow cytometry and colony forming cell assays. Results

indicate an expansion of the common myeloid progenitor

cell compartment in high n-3 FA diets, which does not

persist into later stages where the number of progenitor

cells is actually lower in high n-3 FA fed animals. Inves-

tigations in vitro with the hematopoietic stem cell line

EML-clone 1 indicate that cells cultured with eicosapen-

taenoic acid (n-3 FA) or arachidonic acid (n-6 FA) have no

differences in cell viability but that arachidonic acid more

rapidly produces progenitors with low levels of the mac-

rophage developmental marker, F4/80.

Keywords Omega fatty acids � EPA � DHA �
Immunology � Stem cells � Progenitor cells �
Bone marrow � Nutrition
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ATRA all-trans Retinoic acid

BHK Baby hamster kidney

CFC Colony forming cell(s)

CFU-GM Colony forming unit granulocyte–
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PBS Phosphate-buffered saline

SCF Stem cell factor

SSC Side scatter

Introduction

The examination of omega-3 (n-3) and omega-6 (n-6) fatty

acids (FA) effects on hematopoiesis is important to patient

care. The inhibitory effect of n-3 FA on inflammation has

led to the use of fish oils that are high in these FA in the

management of several inflammatory and autoimmune

diseases [1]. n-3 FA affect hematopoietic differentiation by

influencing myeloid progenitor cells [2]. n-3 FA are known

to affect immune system function by reducing several

aspects of neutrophil, monocyte, and lymphocyte function

[1]. Suppression of n-6 derived eicosanoids has been pro-

posed as a strategy for chemoprevention and as an adjunct

for treatment of cancer [3–6].

n-3 and n-6 FA are incorporated into cell membranes

either directly or after elongation and then desaturation by

D6 and D5 desaturases. Dietary linoleic acid (LNA, 18

carbons, n-6 FA) is generally considered to be the major

source of tissue arachidonic acid (ARA, 20 carbons, n-6

FA) although meat fat can be a direct source of ARA [7].

n-3 FA have greater affinity for the D5 and D6 desatu-

rases than n-6 FA. Consequently, increasing dietary intake

of n-3 FA reduces the desaturation of LNA and reduces

the production of ARA [8]. All three major n-3 FA—

a linolenic acid (ALA, 18:3, n-3)—eicosapentaenoic acid

(EPA, 20:5, n-3), and docosahexaenoic acid (DHA, 22:6,

n-3), directly inhibit the production of ARA from LNA

[8].

Both ARA and EPA can be cleaved from the cell

membrane phospholipids stores by phospholipase A2 and

acted on by cyclooxygenases (either the constitutive COX1

or the inducible COX2) to produce prostaglandin precur-

sors which are isomerized by prostaglandin synthases to

produce prostaglandins. COX activity on ARA forms the

two-series prostaglandins that tend to be pro-proliferative

and pro-inflammatory in most tissues [9]. Micromolar

concentrations of prostaglandin E2 increase human mye-

loid progenitor cell proliferation [2]. However, COX

activity on EPA forms the three-series prostaglandins that

tend to have anti-proliferative and anti-inflammatory

properties [9]. In addition to prostaglandins, leukotrienes

and eicosanoids are formed from FA through activity of

various lipoxygenases. These have been shown to have

varying and sometimes controversial effects on either

hematopoietic stem cell or myeloid progenitor cell

differentiation [2, 10]. A model system approach is needed

to effectively dissect the net effect of dietary fatty acids on

hematopoiesis in vivo.

In this study, we examined the effects of n-3 and n-6

fatty acids in vivo in the mouse, with an analysis at the

level of stem and progenitor subtypes. Our results indicate

that, compared to diets rich in n-6 FA, diets rich in n-3 FA

induce lower levels of later stage myeloid progenitor cells

in mice, but that there is a higher frequency of the earliest

stage myeloid progenitor cells in these mice. Our in vitro

results indicate that aspects of the in vivo effects of n-3 and

n-6 FA can be modeled using the EML cell culture system

to ascertain the mechanisms involved.

Materials and Methods

Animals

Mice were housed in the AAALAC accredited animal

facilities of the Marshall Universitiy School of Medicine.

All animal use and care was approved by the Marshall

University Institutional Animal and Use Committee. The

mice were housed 3–4 in a cage and individually numbered

for identification. Mice were fed either a fish oil diet

(n = 8) or a corn oil diet (n = 8) from 6 weeks of age until

20 weeks of age (100 days on diet).

Diet

The base diet was an AIN-76A diet modified by substitu-

tion of 5% sucrose for 5% more oils to contain a total of

10% w/w oil (Tables 1, 2). The fish oil diet contained

3.65% n-3 FA and 1.3% n-6 FA. The corn oil diet con-

tained 0.1% n-3 FA and 6.1% n-6 FA. Diets were prepared

in the Marshall University School of Medicine animal diet

prep room. Diet composition is shown in Table 1 and was

formulated to be isocaloric, isonutrient, and relevant to

human consumption. The AIN-76A diet is adequate for the

nutritional support of the mice [11]. The dry ingredients of

the diet were obtained in bulk from MP Biomedicals

(Solon, OH, USA), sugar, corn, and canola oil were pur-

chased locally (100% canola oil, 100% corn oil, no addi-

tives or preservatives). The n-3 supplement (OmegaRx

Liquid) was purchased from Zone Labs, Danvers, MA.

Batches of diet were prepared as needed, about every

2 weeks. The diet mixture was pressed into trays. Food

(25–30 g) was stored in sealed containers at -20 �C to

prevent oxidation of the fat and bacterial growth in the

food. Mice had free access to food and water and were fed

fresh food 5 days per week. Food removed from cages was

discarded.
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Colony Forming Cell (CFC) Assays

CFC assays were performed upon bone marrow isolated

from the mice as previously discussed [12, 13]. Briefly,

bone marrow was harvested by flushing from the femurs

with Iscove’s modified Dulbecco’s medium and cells were

counted and seeded in 4-well plates at a density determined

empirically by a pilot study conducted with a broad and

consistent range of seeding densities. After linear response

of colony production to seeding density was insured by the

pilot study, seeding densities were chosen to produce

10–30 colonies for each well (4-well plates). Bone marrow

was cultured in 1% semi-solid Methocult M3434 (StemCell

Technologies), supplemented with 0.4% autochthonous

sera. Cells were incubated for 6–7 days to allow colony

formation. Colonies with a minimum cell number of 20

were scored as positive using an inverted microscope at

409 magnification. Colonies were counted based on

morphological features that are associated with each pro-

genitor type.

Cell Cycle Analysis

EML cells were seeded at 2 9 105 cells/mL and treated

with vehicle, 60 lM ARA (Sigma–Aldrich, cat # A3555),

and 60 lM EPA (Sigma–Aldrich, cat # E2011). Cell counts

were taken at 24 and 48 h. After 48 h, cells were collected,

centrifuged (500g) and washed once with PBS. The cells

were then resuspended in PBS (without Ca2? or Mg2?) and

incubated with 70% EtOH for [2 h, at which time they

were again centrifuged (500g) and washed once with PBS.

The cells were then resuspended in PBS (without Ca2? or

Mg2?) containing 50 lg/mL of propidium iodide and

250 lg/mL of RNase A (both purchased from Sigma, St.

Louis, MO, USA) and incubated at 37 �C for 30 min. Cells

were then analyzed for fluorescence by flow cytometry on a

BD FACSAria.

Flow Cytometry

The preparation of bone marrow for flow cytometry was

performed as previously described [12]. EML cells were

prepared by washing twice with FACS buffer (PBS sup-

plemented with 0.5% bovine serum albumin and 2 mM

EDTA) and collecting by centrifugation. Thereafter, sam-

ples of both type were incubated with 2% autochthonous

sera obtained from cardiac puncture just before marrow

harvest to prevent nonspecific binding by blocking the Fc

receptors for half an hour at 4 �C. The cells were washed

again and labeled with antibodies for 30 min on ice. The

following antibodies were used in the bone marrow studies

with Streptavidin-Pacific Blue to detect biotinylated anti-

bodies: PE-Cy7 conjugated Sca-1 (clone D7, eBiosciences

#25-5981-81), APC-eFluor 750 conjugated CD117 (clone

2B8, eBiosciences #47-1171-80), biotinylated lineage

panel (BD Biosciences #559971), biotinylated IL-7Ra
(clone B12-1, BD Biosciences #555288), APC conju-

gated FCRc (clone 93, eBiosciences #17-0161-81), and PE

Table 1 Modified AIN-76A diet composition

Ingredient Diet composition

wt% Amount/100 g

Casein (protein) 20 20

Sucrose 45 45

Corn starch (carbs) 15 15

Alphacel (fiber) 5 5

Choline bitartrate 0.2 0.2

DL-Methionine 0.3 0.3

Mineral mix 3.5 3.5

Vitamin mix 1.0 1

Fat 10 10

Total 100 100

Total fat 10

Total protein 20

Total carbohydrate 60

The base diet is an AIN-76A diet modified by substitution of 5%

sucrose for 5% more oils to contain a total of 10% w/w oil. The

mouse food recipe contains 10% fat in each diet supplied through

these oils

Table 2 Compositions of dietary fats (approximate %)

Saturated FA Linoleic acid (omega 6) Total omega 3 Monounsaturated FA

Corn oila 13 61 1 26

Canola oila 6 20 10 62

n-3 suppb 9 6 63 21

The corn oil diet is the low n-3:n-6 FA diet containing 10% w/w corn oil as the source of all fat. The fish oil diet is our high n-3:n-6 FA diet

containing 5% w/w canola oil and 5% w/w n-3 FA supplement. The corn oil diet contains 0.1% n-3 FA and 6.1% n-6 FA, which is a relative ratio

of n-6 to n-3 of 61:1. The fish oil diet contains 3.65% n-3 FA and 1.3% n-6 FA, which is a relative ratio of 1:2.8
a From: http:\\www.canola-council.org/pubs/physprop.html
b From: manufacturer’s certified analyses
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conjugated CD34 (clone RAM34, BD Biosciences

551387). The following antibodies were used in labeling

the EML-clone1 cells in labeling pairs with Streptavidin-

APC (BD Biosciences #554067) to detect biotinylated

antibodies: biotinylated Ly6G/C (clone RB6-8CS, BD

Biosciences #553125) ? PE conjugated CD117 (clone

2B8, BD Biosciences #553355), biotinylated CD11b (clone

M1/70, BD Biosciences #553309) ? PE conjugated Sca-1

(clone D7, BD Biosciences #553108), and biotinylated

CD45 (clone RA3-6B2, BD Biosciences #553086) ? PE

conjugated F4/80 (clone BM8, Caltag #MF48004). Data

acquisition was performed using BD FACS Aria I sorter

and data analysis/compensation was performed using

FlowJo v. 7.6 software (Treestar, Ashland, OR, USA) with

super-enhanced Dmax subtraction analysis for determina-

tion of differences in histograms.

In Vitro Culture and Differentiation

EML C1 cells were the kind gift of Dr. Schickwann Tsai

and were maintained in Iscove’s modified Dulbecco med-

ium (IMDM,) supplemented with 20% horse serum

(American Type culture collection, ATCC, Manassas, VA,

USA) and 10% BHK/MKL-conditioned medium [14]. For

differentiation studies, EML cells were induced to differ-

entiate into myeloid cells with 10 lM all-trans retinoic

acid (ATRA; sigma, St. Louis, MO, USA), 10% BHK

conditioned medium (source of stem cell factor) and 15%

WEHI conditioned medium (source of interleukin-3a) for

3 days. EML-clone1 cells were seeded at 2 9 105 cells/mL

and cultured for 24 h in 60 lM FA (same formulations as

stated previously) in standard growth medium (20% horse

serum, 70% Dulbecco’s modified eagle medium, and 10%

BHK conditioned medium). After 24 h cells were placed in

differentiation medium with 60 lM FA at 2.0 9 105 cells/

mL. Cell counts were performed using trypan blue at 24,

48, 72, and 96 h. After 96 h cells were processed for flow

cytometry analysis.

FA Metabolism Studies

Cells were seeded at 2 9 105 cells/mL and treated with

vehicle or 60 lM FA (same formulations as stated previ-

ously). Cell counts were performed at 24, 48, 72, and 96 h

using trypan blue. At each time point, half the total volume

of the culture was taken as a sample and replaced with

untreated growth media. Each sample was centrifuged

(500g), the supernatant removed and the pellet store at

-20 �C until analyzed by gas chromatography.

At the time of gas chromatography, cells were homog-

enized in 0.1% butylated hydroxytoluene in 70% methanol/

distilled water to prevent FA oxidation. Lipids were

extracted with chloroform/methanol and methylated.

Methylated lipids were separated and identified using gas

chromatography as previously published [15]. FA methyl

ester standards (Nu-Chek-Prep, Elysian, MN, USA) were

used for peak identification. The FA methyl esters were

reported as the percent of the total methylated FA (area

under the curve).

Statistical Analysis

Statistical analyses were run using SAS software release

9.2 (SAS Institute Inc. Cary, NC, USA). Student’s t tests

were used to detect differences between the experimental

groups (corn versus fish diet) of colony forming cells

(n = 8 for each group) and between the experimental

groups (corn vs. fish diet) in flow cytometry assays (n = 8

for each group). To determine statistical significance in gas

chromatography experiments and differentiation studies the

levels of fatty acids of a particular type were analyzed

using either one-way analysis of variance (ANOVA) or by

one-way Kruskal–Wallis analysis of variance on ranks.

Dunnett multiple comparison tests were used for testing if

any treatments are significantly different from a single

control for all main effects means in the MEANS

statement.

Results

Fish Oil Diets Induce Changes in the Frequency

of Various Myeloid Progenitor Cell Types

in the Bone Marrow

In our previous investigations of the effect of fish oil diets

on murine hematopoiesis, we found a down-regulation in

the frequency of myeloid progenitor cells in bone marrow

in mice fed fish oil diets compared to those on corn oil diets

[16]. Other investigators have reported that bone marrow of

rodents readily changes composition based upon dietary

FA sources [17]. However, our investigations using colony

forming cell assays limited our ability to assay the fre-

quency of more immature cell types, such as the common

myeloid progenitor (CMP) and hematopoietic stem cell

(HSC). In order to assay the effects of high n-3 FA diets on

these cell types, we verified that the effects seen in hybrid

F1 animals were also seen in C57BL/6 mice where flow

cytometry markers for examining these rare cell types have

been verified [18]. In the experiments presented here, mice

were fed diets rich in n-3 FA (fish oil diet) or rich in n-6 FA

(corn oil diet) from 6 weeks of age until 20 weeks of age

(Tables 1, 2, 100 days on diet). Bone marrow was then

harvested and analyzed by colony forming cell assay and

flow cytometry. There was no difference in density of

cells in the bone marrow (Fig. 1a). Our results (Fig. 1b)
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indicated an overall lower frequency of mid to late stage

progenitors when mice were fed n-3 FA rich diets com-

pared to those that were fed diets rich in n-6 FA rich diets.

There was a significantly lower (26%, p \ 0.01) overall

myeloid progenitor cell frequency, with significant reduc-

tions (p \ 0.05) in colony forming unit granulocyte–mac-

rophage (CFU-GM) and colony forming unit macrophage

(CFU-M).

When we examined the relative contributions of each

progenitor cell type to the overall myeloid progenitor cell

pool in the bone marrow (Fig. 1c), we found that there is a

significant reduction in CFU-GM proportion in mice on the

fish oil diet (p \ 0.05). The comparison of proportions of

subtypes of myeloid progenitors is different than what we

observed in FVB X sv129 F1 hybrid mice [16], where we

observed an overall shift to more later stage progenitor

types [16]. Thus, though there was a reduction in myeloid

progenitor cell frequencies in the marrow and a twofold

reduction in proportion of CFU-GM, there was little shift in

proportions of the other progenitor subtypes. This may be

due to particular characteristics of the C57BL/6 inbred

strain that are not seen in F1 hybrid animals, due to the

lessening of homozygous recessive mutations in hybrid

animals. We have shown that mice vary significantly in

myeloid progenitor cell frequencies in a previous publica-

tion [12]. These data indicate that C57BL/6 mice respon-

ded to high n-3 FA diets with a reduction in overall

myeloid progenitors cell frequencies, and significantly

altering the proportions of the CFU-GM present.

The Frequency of the Common Myeloid Progenitor

Fraction is Increased in Mice Fed Fish Oil Diets

In order to assay the frequencies of earlier stage stem and

progenitors cells in mice fed corn and fish oil diets, flow

cytometry studies were conducted using established gating

parameters for the assay of HSC, CMP, granulocyte–

macrophage progenitors (GMP), and megakaryocyte–

erythrocyte progenitors (HSC) in C57BL/6 mice[18]

(Fig. 2a). Bone marrow was first gated by excluding high

and low forward scatter cells along with those labeled

positively for one of the differentiation antigens in the

lineage panel or IL-7Ra, which marks lymphoid cells.

These FSCmidIL-7Ra-Lin- were further separated into

stem (FSCmidIL-7Ra-Lin-Sca-1?c-Kit?) and progeni-

tor (FSCmidIL-7Ra-Lin-Sca-1-c-Kit?) cell fractions by

Fig. 1 Reduction in middle to latter stage myeloid progenitor cell

types by high n-3 diet. Mice were fed either corn oil or fish oil diets

for x days followed by harvesting of bone marrow from femurs. The

number of cells harvested from the mice on the different diets were

similar (a). Colony forming cell assays were performed to enumerate

the frequency of middle to latter stage progenitor types. The

frequency of each progenitor cell type (b) and the relative distribution

of progenitor types (c) in the total progenitors assayed are shown.

Significant differences as measured by Student’s t tests (p \ 0.05) are

indicated by asterisk. Error bars represent SEM (n = 8). SEMs in

c for the corn oil diet data are BFU-E, 2.4%, CFU-GEMM, 0.8%,

CFU-GM, 1.1%, CFU-G, 2.7%, CFU-M, 1.8% and for the fish oil diet

are BFU-E, 2.4%, CFU-GEMM, 0.6%, CFU-GM, 0.5%, CFU-G,

2.1%, CFU-M, 2.1%. CFU colony forming unit, BFU blast forming

unit, GEMM granulocyte erythrocyte monocyte macrophage, E eryth-

rocyte, GM granulocyte monocyte, G granulocyte, and M macrophage
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expression of c-Kit and Sca-1 as shown. The progenitor

pool was also separated based upon the expression of CD34

and FccR to delineate CMP (FSCmidIL-7Ra-Lin-Sca-1?

c-Kit?FccRloCD34?), GMP (FSCmidIL-7Ra-Lin-Sca-1?

c-Kit?FccRhiCD34?), and HSC (FSCmidIL-7Ra-Lin-

Sca-1?c-Kit?FccRloCD34-). These data show a 50%

increase (p = 0.01) in the frequency of the CMP fraction in

mice fed fish oil diets (Fig. 2b). There were no significant

differences in frequency of HSC, GMP, or MEP fractions

indicated in these studies. These data suggest that the fre-

quency of the CMP has been increased by administration of

a diet containing high levels of n-3 FA.

FA Applied to EML Cell Culture Medium are

Incorporated and Processed

In order to study the observed effects of n-3 versus n-6 FA

on early myeloid progenitor cells in more detail, we

examined the effects of the polyunsaturated fatty acids

EPA and ARA on EML cells in culture. We chose to

compare these two FA because EPA (20:5, n-3) is the fatty

acid most molecularly similar to ARA (20 carbons, n-6 FA)

available. DHAn-3 (22:6, n-3) has two more carbons in the

chain. The EML cell line is a stem cell factor dependent

multipotent cell line with erythroid (E), myeloid (M), and

lymphoid (L) potential. It was established from DBA/2

mouse bone marrow infected with a retroviral vector

(LRARa403SN) harboring a dominant negative retinoic

acid receptor [14]. It is a suspension cell line consisting of

mostly blast like cells with 20–30% hand mirror shaped

cells. EML cells serve as an excellent model to study

hematopoietic differentiation. It can be induced to differ-

entiate towards granulocyte/monocyte progenitors by high

concentration of all-trans retinoic acid (ATRA) in the

presence of interleukin-3 (IL-3).

To verify the incorporation and processing by EML cells

of FA placed in the culture medium, we spiked the culture

medium with 60 lM ARA (Fig. 3a) or 60 lM EPA

(Fig. 3b) and analyzed the levels of various FA present in

the cells over the course of 4 days. Cells were analyzed

Fig. 2 Increase in early myeloid progenitors by high n-3 diets. Mice

were fed either corn oil or fish oil diets for x days followed by

harvesting of bone marrow from femurs. Bone marrow was analyzed

by flow cytometry first by FSC X lineage panel ? IL7Ra, then by

C-kit and Sca-1 expression, followed by FccR X CD34 expression to

differentiate between various stem or progenitor cell types (a). The

percentage of the total marrow cells labeling positive for each fraction

are shown (b). Significant differences as measured by Student’s t tests

(p \ 0.05) are indicated by asterisk. Error bars represent SEM

(n = 8). HSC hematopoietic stem cells, CMP common myeloid

progenitors, GMP granulocyte macrophage progenitors, and HSC
megakaryocyte erythrocyte progenitors

52 Lipids (2011) 46:47–57

123



with gas chromatography daily to determine the uptake and

processing of FA. The major FA in untreated EML cell

membranes are steric acid, oleic acid, LNA, and ARA

(time 0). There are only faint traces of n-3 FA such as

ALA, EPA, docosapentaenoic acid (DPA), and DHA in

EML cell membranes under normal culturing conditions

(time 0). In both cultures, the percentage of the major

constituent of cell membranes (steric acid) is reduced as

this is replaced by either ARA or EPA (Fig. 3a, b, 24 h).

Thus, FA supplied in culture medium were being incor-

porated into cellular membranes and this occurs within

24 h. Supplementation of ARA in the medium caused an

increase in the already substantial levels of ARA in cellular

membranes (Fig. 3a). There was a significant (p \ 0.05)

two-fold increase in ARA at 24 h that drops to a 66%

increase at 48 h and was maintained for the remainder of

the 4 days. The addition of EPA to the culture medium

caused a significant (p \ 0.001) increase in the n-3 FA

EPA and elevated levels (p value significant before cor-

rection for multiple comparisons) of the EPA elongation

metabolite DPA, with a corresponding significant

(p \ 0.001) decrease in ARA by 24 h (Fig. 3b). Interest-

ingly, there was no increase in DHA, which is the D4

desaturase metabolite of DPA, indicating EML cells do not

have this enzymatic activity. Thus, addition of FA to the

cell medium resulted in incorporation of these FA into

cellular membranes and processing of these FA by 24 h.

Incubation of EML Cells with FA has Effects

on Immunophenotype and Cell Viability

To determine if the effects of n-3 versus n-6 FA seen in our

in vivo experiment are due to viability/proliferation dif-

ferences induced by the FA, we analyzed the effect of n-3

Fig. 3 EML cells take up and

metabolize FA. EML cells were

placed in growth medium

containing 60 lM arachidonic

(a) or eicosapentaenoic (b) acid.

The uptake and processing of

these FA was assayed over the

course of 4 days. Samples were

taken just before addition of the

FA (t = 0), 24, 48, 72, and 96 h

for analysis by gas

chromatography. The gas

chromatography data for each

FA is shown above for the five

data points in temporal order.

Data displayed are the results of

three independent experiments

with the mean and SEM

displayed. LNA linoleic acid,

ALA alpha-linolenic acid,

ARA arachidonic acid, EPA
eicosapentaenoic acid, DPA
docosapentaenoic acid, and

DHAn-3 docosahexaenoic acid.

* indicate statistically

significant (p \ 0.05)

differences based on one-way

ANOVA test or Kruskal–Wallis

test with Dunnett multiple

comparisons adjustment.

** indicate statistically

significant (p \ 0.05)

differences based on Student’s

t test or Mann–Whitney rank

sum test without multiple

comparison adjustment
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and n-6 FA on EML cells in culture (Fig. 4a) for 2 days,

since we have shown the greatest levels of incorporation of

fatty acids supplied through the culture medium occur at

24 h according to the gas chromatography. EML cells in

their native state are a model for hematopoietic stem cells.

We found that cultures treated with 60 lM ARA had sig-

nificantly reduced (p \ 0.05) cell counts after 1 day com-

pared to the vehicle control. EPA treated cultures had

slightly lower cell counts at day one, but the difference was

not statistically significant. Neither of the treated cultures

had statistically significant differences from the control at

day 2, indicating that the effects of treatment with ARA

were transitory. These results are consistent with the in

vivo results, where we saw no difference in the stem cell

compartment of fish oil (high n-3) versus corn oil (high

n-6) fed mice.

To observe cell autonomous effects of n-3 versus n-6 FA

on cell viability and proliferation during the GMP myeloid

progenitor cell differentiation stage we primed EML cells

for 24 h with 60 lM EPA or ARA, then induced differ-

entiation into macrophage/granulocytic lineages with

ATRA, stem cell factor (SCF), and IL-3. After 72 h in the

differentiation medium, cell counts were performed on

these EML cell cultures. Viability/proliferation was mea-

sured by trypan blue exclusion (Fig. 4b). The viability of

the cell cultures was very similar with the various treat-

ments at each stage with a fairly consistent viability as the

cultures differentiated (measured by non-stained cells/total

cells, data not presented). All cultures were proliferating

robustly with a doubling time starting at 18 h and short-

ening as differentiation proceeded (data not presented). The

major finding of this study was a significant reduction

(p \ 0.05) in cell counts in the EPA treatment group at

days 2 (11% reduction) and 3 (21% reduction) with a

suggestive reduction at day 1 (Fig. 4b). There was no

reduction in viability of the cultures at these time points,

suggesting the difference was due to cell proliferation.

These results are consistent with our in vivo results that

show a higher frequency of middle-later stage myeloid

progenitors with high n-6 diets.

To observe cell autonomous effects of n-3 versus n-6 FA

on myeloid progenitor cell differentiation we primed EML

cells for 24 h with 60 lM EPA or ARA, then induced

differentiation into macrophage/granulocytic lineages with

ATRA, stem cell factor (SCF), and IL-3. After 72 h in the

differentiation medium, EML cells were immunopheno-

typed for the early markers Sca-1 and CD117, as well as

the differentiation markers Ly6G, CD11b, CD45, and

F4/80 (Fig. 5b). There were no significant decreases in

Sca-1 levels (the first sign of differentiation in this model)

with treatment, though the decrease with ARA treatment is

suggestive (p value significant before correction for mul-

tiple comparisons, but not after the appropriate Dunnett

multiple comparison correction) when comparing treat-

ments to vehicle control. There was significant (p \ 0.05)

Fig. 4 In vitro culture of EML cells shows a slight increased viability

in n-3 versus n-6 augmented cultures. EML cells in standard culture

were augmented with either vehicle control, arachidonic acid (n-6), or

eicosapentaenoic acid (n-3) for 48 h with cell counts performed at 24

and 48 h to determine viability (a). EML cells were cultured in either

vehicle control, arachidonic acid (n-6), or eicosapentaenoic acid (n-3)

for 24 h then induced to differentiate for another 72 h down myeloid

lineages (b). Data displayed are the results of two (a) or three

(b) independent experiments with the mean and SEM displayed of

culture counts normalized to the vehicle control. * indicate statisti-

cally significant (p \ 0.05) difference based on one-way ANOVA test

with Dunnett multiple comparisons adjustment

Fig. 5 No significant differences in myeloid progenitor cell matura-

tion rate between n-3 and n-6 FA. EML cells were cultured in either

vehicle control, arachidonic acid (n-6), or eicosapentaenoic acid (n-3)

for 24 h then induced to differentiate for another 72 h down myeloid

lineages. Flow cytometry was performed analyzing the larger FSC

population of non-apoptotic cells (a). The percentage of cells

displaying various markers of differentiation are shown for each

culture type (b). Representative histograms are displayed for the

isotype control (black, narrow line), vehicle control (dotted line), EPA

treated cultures (gray line), and ARA treated cultures (black, thick
line) (c). Both fatty acid treated culture display a shift over to low level

expression (a small increase in fluorescence) of the antigen, but the

ARA treated cultures show a greater shift (more cells present in the

higher fluorescence channels). Data represents the results from five

independent experiments with the mean and SEM displayed.

* indicates statistically significant (p \ 0.05) difference based on

one-way Kruskal–Wallis analysis of variance on ranks followed by

Dunnett test. ** indicates statistically significant (p \ 0.05) difference

based on Student’s t test without multiple comparison adjustment

c
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difference in the percentage of cells labeling with the F4/80

antigen in the ARA treatment group compared to the

vehicle control. The sizeable increase in F4/80 positive

cells coupled with the suggestive decrease for the Sca-1

antigen in the treatments with ARA compared to vehicle

(Fig. 5b) indicates the production of a granulocyte/mac-

rophage progenitor population with ARA treatment. These

two results are consistent in that there is a lower frequency

of the marker for stem cells and an increase in frequency of

the differentiation marker F4/80. This result is also con-

sistent with the in vivo data that found an increase in

production of granulocyte and macrophage progenitor

subtypes at later stages. The expression of F4/80 appears to

be at a low abundance on a per cell basis in both ARA and

EPA treated samples, but much more prevalent in ARA

treated samples (Fig. 5c). Thus, our model suggests that the

differences seen in the CMP compartment seen in our in

vivo experiment are not due to changes in rate of differ-

entiation in the bone marrow and that n-6 FA supplemen-

tation produces a shift to macrophage/granulocytic lineages

as seen in vivo.

Discussion

Our primary objective in this study was to determine if the

reduction of later myeloid progenitor subtypes by diets

high in n-3 FA seen previously [12] was the continuation of

differences induced at earlier stages of myeloid progenitor

development. The data from these experiments indicate

that this is not the case. The effect of lowering the fre-

quency of myeloid progenitors of the later stages in mice

fed n-3 FA rich diet was recapitulated in the present study,

but we did not see a lowering of the stem/early progenitor

cell fractions in the bone marrow. Conversely, we observed

an increase in the common myeloid progenitor cell fraction

with flow cytometry. Thus, the effects of n-3 FA on stem/

progenitor cell biology in bone marrow are not a simple

lowering of the overall frequency of these cell types.

Determination of the exact mechanism of n-3 FA effects

will entail studies at multiple levels of maturation in bone

marrow. Possible mechanisms include effects through

metabolites such as leukotrienes, resolvins, incorporation

into cell signaling molecules such as hedgehog, or pro-

duction of prostaglandins. Our data suggest that these

mechanisms are eventually triggering a slowed differenti-

ation between the early and middle myeloid progenitor

phases resulting in an increase in early progenitors and a

decrease in later stage progenitors in high n-3 diets.

Understanding the mechanisms involved will enable tar-

geted therapies to hematopoietic disorders involving

problematic differentiation.

Our in vivo studies indicate that diets rich in n-3 FA

when compared to n-6 FA have an effect of increasing the

frequency of CMP, but no effect on HSC (Fig. 2). The

changes seen in early stem/progenitor cell biology are then

reversed, in that diets rich in n-6 FA produce more later

stage progenitor cells of the granulocyte and macrophage

lineage (Fig. 1). The results of our stem cell culture model

found no lasting effects on stem cell viability or prolifer-

ation when cultured in n-3 versus n-6 fatty acids (Fig. 4a),

similar to that seen in vivo. It is interesting that we did not

see an increase in HSC with the corn oil diet containing

high n-6 FA levels considering the recent results indicating

one of the products of n-6 FA, prostaglandin E2, can
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increase HSC production in vivo [19–22]. This may be due

to the complex metabolism of FA and use of them in

biomolecules or the genetics of the C57BL/6 model. We

found a low level expression of F4/80 antigen upon treat-

ment with ARA treatment, characteristic of macrophage

progenitor development [23–26], consistent with these

progenitors being greater in vivo in corn oil fed mice

compared to fish oil fed mice (Fig. 1). No other significant

changes were seen in differentiation state upon treatment

with ARA or EPA in comparison to vehicle controls. We

observed a lower proliferation rate during differentiation of

EML cells while cultured in EPA compared to vehicle

controls that was not seen with ARA treatment. This is

consistent with an overall lowering of middle-later stage

myeloid progenitor cell numbers in mice fed fish oil diets

relative to corn oil diets (Fig. 1). An important consider-

ation in extrapolating these in vitro experiments to our in

vivo results is that the EML cell model only takes into

account cell autonomous factors. The stem cell niche is an

important part of stem cell biology and this is not reca-

pitulated in this model.

These data indicate that the effect of n-3 FA in the diet

of mice on reducing later stage myeloid progenitors is not a

simple reduction of HSC in the bone marrow relative to n-6

FA fed mice. n-3 FA appear to have a diverse effect

depending upon the stage of progenitor cell development.

Understanding the mechanisms involved will allow a more

targeted approach to using n-3 FA clinically in differenti-

ation therapies. We are currently investigating whether the

use of n-3 fatty acids as a mechanism of induced differ-

entiation is applicable to reduction of the progression of

chronic myelogenous leukemia (CML) to the lethal blast

crisis phase in a murine model as well as clinical trials with

B-cell malignancies ([27] and unpublished results).
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Abstract The Omega-3 Index, a measure of long-chain

omega-3 fats in red blood cell membranes, predicts heart

disease mortality in adults, but its association with cardio-

vascular risk factors in younger populations is unknown.

We determined the Omega-3 Index in adolescents partici-

pating in the Western Australian Pregnancy (Raine) Cohort,

assessed associations with diet, lifestyle and socioeconomic

factors, and investigated independent associations with

cardiovascular and metabolic risk factors. Red blood cell

fatty acid analysis was determined for 1,301 adolescents

aged 13–15 years. Risk factors examined were blood

pressure, fasting blood insulin and glucose concentrations,

and fasting blood lipids including ratios. The mean Omega-3

Index was 4.90 ± 1.04% (range 1.41–8.42%). When

compared with categories identified in adults, 15.6% of

adolescents were in the high risk category (Index \ 4%).

Age (P \ 0.01), maternal education (P \ 0.01) and BMI

(P = 0.05) were positively associated with the Omega-3

Index. The Index was positively associated with dietary

intakes of eicosapentaenoic and docosahexaenoic acid

(P \ 0.01), protein (P \ 0.01), omega-3 fats (P \ 0.04),

and food groups of fish and wholegrains (both P \ 0.01),

and negatively associated with intakes of soft drinks and

crisps (both P \ 0.01). In boys, the Omega-3 Index was

independently associated with total (b = 0.06, P = 0.01)

and HDL-cholesterol (b = 0.03, P = 0.01), and diastolic

blood pressure (b = -0.68, P = 0.04). The predictability

of the Index for the risk of cardiovascular disease later

in life warrants further investigation in the adolescent

population.

Keywords Omega-3 Index � Adolescent �
Cardiovascular disease � Cholesterol � Blood pressure �
Diet � Raine Study

Abbreviations

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid

RBC Red blood cell

HDL High density lipoprotein

LDL Low density lipoprotein

Introduction

The Omega-3 Index has been suggested as a physiologically

relevant, modifiable, and independent risk factor for car-

diovascular disease [1]. The Index is equal to the content of

long-chain omega-3 fatty acids—eicosapentaenoic acid

(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3)—

in red blood cell (RBC) membranes, as a percentage of the

total fatty acids. The omega-3 fatty acid content of RBC

membranes reflects the fatty acid content of cardiac mem-

branes [2]. Dietary intake of fats is thought to modify the

Index [3], and supplementation with long-chain omega-3
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fatty acids has been shown to increase the Omega-3 Index in

a randomised trial [4]. Other factors such as age and

smoking habits may also affect the Index [3].

Long-chain omega-3 fatty acids in RBC membranes exert

beneficial metabolic effects, in part, by altering membrane

characteristics and the activity of membrane-bound proteins

[5]. They reduce the risk of cardiovascular disease through

their strong anti-inflammatory effects, their capacity to

reduce platelet adhesiveness, and by benefitting blood pres-

sure and vascular reactivity, cardiac function, lipid metabo-

lism, platelet and leukocyte function, cytokine production

and oxidative stress [6–9]. Harris and von Schacky have

shown, through analyses of epidemiological and randomised

controlled trials, that an Omega-3 Index of\4% is associated

with a high risk, 4–8% an intermediate risk and[8% a low

risk of coronary heart disease mortality in adults [5].

Existing literature on investigations of the Omega-3

Index is predominantly focussed on adults [10–12]. To our

knowledge, there have been no reports describing associ-

ations between the Omega-3 Index and cardiovascular and

metabolic risk, dietary, lifestyle and socioeconomic factors

in an adolescent population. To assess its potential value as

an early predictor of adult cardiovascular and metabolic

disease, we have investigated cross-sectional associations

between cardiometabolic risk factors and the Omega-3

Index in a large population-based adolescent cohort in

Western Australia.

Materials and Methods

Subjects

As a longitudinal observational study, the Raine Study

recruited 2,900 pregnant women from May 1989 to

November 1991 through the public antenatal clinic at the

King Edward Memorial Hospital and private clinics in

Perth, Western Australia. Further details on the Raine

Study have been previously published [13]. Of the initial

cohort of 2,868 live births, assessments occurred at birth

and at ages one, two, three, five, eight, ten and 14 years.

This study utilises data collected at the 14-year follow-up

when assessments of RBC fatty acids and dietary intake

were conducted. The ethics committees of King Edward

Memorial Hospital and Princess Margaret Hospital

approved the protocol for all aspects of the study. Each

adolescent, as well as their parent or guardian, provided

written consent for participation in the study.

Red Blood Cell Analysis

Fatty acids of interest for this study were EPA and DHA.

RBC fatty acid analysis was performed as previously

described [14]. Briefly, chloroform:methanol (2:1) was

used to extract total lipids and fatty acid methyl esters were

prepared by treatment of extracts with 4% H2SO4 in

methanol at 90 �C for 20 min. Samples were analysed by

gas chromatography using an Agilent 7890A gas chro-

matograph. The column was a BPX70 (25 m 9 0.32 mm,

0.25 lm film thickness) (SGE, Ringwood, Victoria,

Australia) with programmed temperatures of 150–210 �C

at 4 �C/min. N2 was used as the carrier gas at a split ratio of

30:1. Peaks were identified by comparison with a known

standard mixture. Reproducibility for duplicate analysis

was *10–20%. Coefficients of variation were 2% for DHA

and 4% for EPA. The fatty acids were expressed as a

percentage of the total fatty acids measured (C14–C22).

Assessment of Cardiovascular Factors

Blood pressure readings were taken using a Dinamap

ProCare 100 automatic oscillometric blood pressure

recorder (GE Healthcare Technologies, Rydalmere,

Australia) while subjects were seated after a 5-min rest.

Over a 10-min period, six blood pressure measurements

were taken. The first was disregarded and blood pressure

was calculated as the mean of the next five measurements.

Trained phlebotomists visited the adolescents at their

homes and obtained fasting blood samples prior to break-

fast. The biochemistry assays for the study were conducted

by PathWest Laboratories at Royal Perth Hospital. Serum

triglycerides were measured using the Cobas MIRA ana-

lyser (Roche Diagnostics, Basel, Switzerland). Glucose

was measured using an automated Technicon Axon Ana-

lyzer (Bayer Diagnostics, Sydney, Australia) and insulin

was measured on an Immunlite 2000 Insulin Analyzer

(Siemens Medical Solutions Diagnostic, LA, USA). Insulin

resistance was determined using the homeostasis model

assessment of insulin resistance (HOMA-IR), calculated

as fasting plasma insulin (mU/L) 9 plasma glucose

(mmol/L)/22.5 [15]. High density lipoprotein (HDL) cho-

lesterol was determined on a heparin–manganese super-

natant [16]. Cholesterol ratios were calculated for total/

HDL, low density lipoprotein (LDL)/HDL and triglycer-

ides/HDL [17, 18].

Dietary Intake

Dietary intake at this follow-up was assessed from three-

day food records in household measures, as previously

reported [19]. In brief, subjects were provided with a

record booklet with instructions and a set of metric mea-

suring cups and spoons. Food records were individually

checked by a dietitian as they were returned in order

to clarify any ambiguous or potential omissions [20].

The Australian Food and Nutrient database through the
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FoodWorks dietary analysis program (Professional Version 5,

2007, Xyris Software, Brisbane) was used to analyse the

food record data. Individual nutrients as well as overall diet

was considered from the food diaries, with dietary patterns

used to investigate overall diet. Using exploratory factor

analysis, two major dietary patterns were identified: a

‘healthy’ pattern high in fresh fruit, vegetables, whole

grains and grilled or canned fish, and a ‘western’ pattern

high in takeaway foods, confectionery, soft drinks, crisps

and fried potato [21]. Each adolescent received a z-score

for both western and healthy dietary patterns. A positive

score indicated a greater intake of foods representative of

that pattern. To assess differences in the Omega-3 Index

due to early infant feeding, information on breastfeeding

cessation was obtained from the year 1, 2 and 3 Raine

follow-up questionnaires. At the time of these follow-ups it

was not mandatory for infant formulas to be enriched with

long-chain omega-3 fatty acids in Australia.

Additional Factors

Anthropometry and Puberty

Adolescents were dressed in running shorts and singlet tops

for anthropometric measurements. Height was measured to

the nearest 0.1 cm with a Holtain Stadiometer, and body

weight was measured to the nearest 100 g using a Wed-

derburn Digital Chair Scale. The body mass index (BMI)

was calculated as weight in kilograms divided by height in

meters squared. The Tanner stages of pubic hair develop-

ment [22, 23] was used to assess puberty; adolescents

selected their corresponding developmental stage in a

questionnaire completed privately. Adolescents were asked

to choose from a set of standard drawings depicting the

different Tanner stages from two (sparse) to five (adult)

(stage one was omitted as this corresponds to pre-pubescent

age younger than 10 years).

Sociodemographic and Family Characteristics

Family income, mother’s age at conception and mother’s

education level were obtained by parent report. Maternal

education was assessed by the highest school year com-

pleted. Current family income, defined as the annual

income for the household before tax at the time of the

follow-up, was determined as ($AUD): \$35,000 pa,

$35,000–70,000 pa, or [$70,000 pa. Family history of

cardiovascular disease was assessed as either yes or no,

depending on whether a biological parent or sibling of the

adolescent had been medically diagnosed with diabetes

mellitus, hypertension, hypercholesterolemia, or other

cardiac condition.

Fitness

The Physical Working Capacity 170 (PWC 170) test was

applied to estimate aerobic fitness [24]. PWC170 was

measured using a bicycle ergometer to determine the power

output (watts) required at a heart rate of 170 beats per

minute. This measure of fitness is highly correlated with

self-reported physical activity level in the Raine cohort at

the 14-year follow-up [25].

Statistical Analysis

Independent t tests or cross-tabs analysis were used to

compare characteristics of Raine Study adolescents

between Omega-3 Index risk categories, with low and

intermediate categories combined due to the small number

of subjects in the low category. Mann–Whitney tests were

used to assess significance of dietary intakes of omega-3,

the omega-6 to 3 ratio and EPA ? DHA due to the skewed

distribution of these variables. Associations between con-

tinuous variables and the Omega-3 Index were described

with Pearson’s or Spearman’s correlations. Linear regres-

sion was used to examine associations between Omega-3

Index as a continuous independent variable and cardio-

vascular risk factors as dependent variables. General Linear

Modelling was used to analyse associations with Omega-3

Index categories and cardiovascular risk factors. Log val-

ues were used for HOMA, triglycerides, and insulin due to

their skewed distribution. To evaluate the relationship

between the Omega-3 Index and cardiometabolic risk

factors, parsimonious models were created which adjusted

for age, sex, BMI, maternal education, total energy intake

and family history of cardiovascular disease or diabetes,

based on the relationship of the variables with the risk

factors and the Omega-3 Index. Other variables considered

for the model included puberty, aerobic fitness, physical

activity, family income, single parent family, maternal age,

but were excluded due to strong correlation between

covariates or lack of association with risk factors and the

Index. Subjects who were on cardiac or diabetes related

medications (n = 4) or diagnosed with diabetes (n = 9)

were excluded from analysis investigating cardiometabolic

disease risk factors. The Statistical Package for Social

Sciences for Windows, Rel.15.0.0. 2006 (Chicago: SPSS

Inc) was used for analyses; statistical significance was set

at P B 0.05.

Results

From the initial Raine Study cohort of 2,868 live births,

1,861 subjects completed at least one aspect of the 14-year
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follow-up (mean age 14.0 ± 0.2 years, range 13.0–15.0

years), with the remainder lost to follow-up, withdrawn or

temporarily deferred from the study (n = 975), or deceased

(n = 32). RBC fatty acids were determined for 1,301

subjects. The mean ± SD Omega-3 Index was 4.90 ±

1.04% (range 1.41–8.42%). Relative to the published

Omega-3 Index risk categories [5], 15.6% of adolescents

were in the high risk category (\4%), 84.0% were in the

intermediate risk category (4–8%) and 0.4% were in the

low risk category ([8%). Omega-3 Index values in

the population were normally distributed, while dietary

intake of EPA and DHA was not (Fig. 1). Characteristics of

this sample across high and low/intermediate Omega-3

Index risk categories are shown in Table 1.

When associations with subject characteristics were

examined with the Omega-3 Index as a continuous variable,

age at assessment (r = 0.12, P \ 0.01) and maternal

education (r = 0.09, P \ 0.01) showed significant correla-

tions with the Index. BMI showed borderline significance

(r = 0.05, P = 0.05). The Omega-3 Index as a continuous

variable showed significant positive associations with

healthy eating pattern scores (r = 0.14, P \ 0.01), energy

adjusted dietary intakes of EPA ? DHA (r = 0.22,

P \ 0.01), protein (r = 0.12, P \ 0.01) and total omega-3

fats (r = 0.08, P = 0.04), and a significant negative asso-

ciation with western eating pattern scores (r = -0.13,

P \ 0.01) (data not shown). The significant association with

EPA ? DHA was also observed in comparison of Omega-3

Index risk categories (P \ 0.01), along with a positive

association with glycemic index (P = 0.02) (Table 1).

Several food group intakes were correlated with the

Omega-3 Index (Fig. 2). Fish and seafood (r = 0.18,

P \ 0.01), wholegrain foods such as multigrain bread,

brown rice and pasta (r = 0.11, P \ 0.01) and vegetables

(r = 0.10, P \ 0.01) showed the strongest positive asso-

ciations with the Omega-3 Index. Intakes of soft drinks

(r = -0.11, P \ 0.01) and crisps (r = -0.10, P \ 0.01)

were negatively correlated with the Omega-3 Index.

After adjustment for potential confounding factors in a

linear regression model, the Omega-3 Index was positively

associated with total cholesterol (b = 0.064, P = 0.01)

and HDL-cholesterol (b = 0.029, P = 0.01) in boys and

girls (Table 2). There were no significant associations with

other cardiovascular or metabolic risk factors. When ana-

lysed according to gender, significant associations were

observed with boys for total cholesterol (b = 0.074,

P = 0.03), HDL-cholesterol (b = 0.036, P = 0.01) and

diastolic blood pressure (b = -0.684, P = 0.04); insulin

(b = -0.019, P = 0.05) and HOMA-IR (b = -0.019,

P = 0.07) showed borderline significance. No significant

associations were observed with girls. Associations with

risk factors were also examined according to Omega-3

Index risk categories [5]. General linear modelling sug-

gested boys and girls in the low/intermediate risk category

were more likely to have lower HDL-cholesterol levels,

with borderline significance (b = -0.057, P = 0.07); no

other risk factors were significant when boys and girls were

analysed together or separately (data not shown).

Discussion

Due to variation in the methods used for red blood cell

analysis in different laboratories, direct comparison of

results is not possible. However, we found that the mean

Omega-3 Index in the Raine Study adolescents (4.9 ±

1.0%) was consistent with the value of 4.7 ± 0.4% previ-

ously reported in a smaller control sample of healthy

Australian children and adolescents aged 9–18 years [26].

Our value is also similar in value to that reported in US

(a) 

987654321

150

100

50

0

(b)

2.01.51.00.50.0

400

300

200

100

0

Omega-3 Index (%) 

S
ub

je
ct

 c
ou

nt
 

<4% low  4-8% intermediate  >8% high 

Dietary intake of EPA + DHA (g/day) 

S
ub

je
ct

 c
ou

nt
 

Fig. 1 a Histogram of Omega-3 Index in Raine Study adolescents

(n = 1,301), showing Omega-3 Index risk categories (5), and

b subjects who also reported dietary intake of EPA plus DHA from

completed and followed-up 3-day food records (n = 689)
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adults (4.9 ± 2.1% [27] and 3.5 ± 1.2% [28]), but lower

than that in young overweight and obese adults from Ice-

land, Spain and Ireland (7.0 ± 1.9% [29] and Korean pre-

school chidren (9.1 ± 0.8%) [30]. Although results are not

directly comparable, dietary variations between cultures,

particularly in regards to fish intake, may contribute to the

variation in the Omega-3 Index observed in different

populations.

Table 1 Characteristics and energy adjusted dietary intakes of Raine Study adolescents in high risk (n = 203) compared with low/medium risk

(n = 1,098) Omega-3 Index risk categories [5]

Characteristic Omega-3 Index Category P*

High risk (\4%) Low/intermediate risk (C4%)

Age at assessment (years) 13.94 ± 0.02 14.02 ± 0.01 \0.001

Body mass index (kg/m2) 21.07 ± 0.30 21.40 ± 0.12 0.284

Pubertya (Tanner score range 2–5) 3.94 ± 0.07 3.91 ± 0.03 0.692

Aerobic fitnessb (W) 114.4 ± 2.16 111.5 ± 0.92 0.212

Maternal age at birth (years) 29.09 ± 0.42 28.97 ± 0.17 0.796

Maternal education (school year completed, grades 7–12) 10.84 ± 0.08 11.00 ± 0.03 0.046

Male genderc 117 (57.6)f 563 (51.3)f 0.096

Single parent familyc 40 (20.6)f 229 (21.4)f 0.797

Positive family history of diabetes or cardiovascular diseasec 26 (13.4)f 206 (19.3)f 0.052

Annual family income ($AUD)d

\$35,000 41 (21.4)f 266 (25.3)f

$35,000–$70,000 70 (36.5)f 378 (35.9)f 0.235

[$70,000 81 (42.2)f 408 (38.8)f

Dietary factors

Energy (MJ/day) 9.76 ± 0.27 9.42 ± 0.10 0.199

Healthy diet pattern scoree -0.10 ± 0.08 0.00 ± 0.03 0.203

Western diet pattern scoree 0.15 ± 0.07 -0.02 ± 0.03 0.051

Total fat (g) 80.76 ± 1.41 81.60 ± 0.51 0.538

Polyunsaturated fat (g) 10.18 ± 0.32 10.62 ± 0.13 0.199

Total omega-3 (g) 1.18 ± 0.06 1.23 ± 0.02 0.128e

Total omega-6 (g) 7.87 ± 0.28 8.19 ± 0.12 0.290

Omega-6 to omega-3 ratio 7.42 ± 0.30 7.37 ± 0.14 0.495e

EPA and DHA (g) 0.109 ± 0.02 0.154 ± 0.01 0.003e

Monounsaturated fat (g) 27.16 ± 0.57 26.91 ± 0.21 0.663

Saturated fat (g) 34.17 ± 0.80 34.62 ± 0.29 0.565

Protein (g) 87.09 ± 1.49 89.09 ± 0.66 0.247

Carbohydrate (g) 286.8 ± 3.2 282.0 ± 1.3 0.175

Glycemic index (%) 59.13 ± 0.39 58.15 ± 0.16 0.023

Glycemic load 154.9 ± 2.3 151.2 ± 1.0 0.161

Age breastfeeding stopped (months) 7.6 ± 0.5 8.3 ± 0.2 0.215e

Values are means ± SE

EPA eicosapentaenoic acid, DHA docosahexaenoic acid

* Independent t test for equality of means or Chi squared test for equality of proportions
e P value from Mann–Whitney test
a Puberty assessed using Tanner score for pubic hair development
b Aerobic fitness assessed using Physical Working Capacity 170
c Pearson’s Chi square
d Linear-by-linear Association
e Each participant received a z-score for both Healthy and Western dietary patterns. A positive score indicates a greater intake of foods

representative of that pattern
f Values are n (%)
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Dietary fish intake was the strongest food group pre-

dictor of the Omega-3 Index in the Raine adolescents

(P \ 0.01), and has previously been shown to be a deter-

minant of the Index in older US adults [3]. Fish is a good

source of dietary EPA and DHA, and this finding is con-

sistent with trials showing increased dietary EPA and DHA

leads to higher concentrations of RBC omega-3 fatty acids

[4, 31]. Further, our results showed daily intake of

EPA ? DHA positively correlated with the Omega-3

Index (P \ 0.01). Fish is also a good source of protein,

along with legumes, nuts and eggs which may have con-

tributed to the positive association observed with protein

and Omega-3 Index. The wholegrain food group showed

the next strongest positive association with the Omega-3
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Correlation with Omega-3 Index (%) 

Fig. 2 Bivariate correlations

between food group intakes

(g/day) and the Omega-3 Index

in Raine Study adolescents.

**P \ 0.01, *P \ 0.05.

Wholegrains includes

wholegrain crackers and bread,

oats, wholegrain breakfast

cereal, brown rice and pasta.

Refined grains includes white

bread, crackers, rice and pasta,

savory crackers. Confectionery
includes ice and chocolate

confection. Takeaway foods
includes hamburgers, pizzas,

fried chicken, savory pastries.

Sweet baked goods includes

cakes, biscuits, sweet pastries.

Crisps includes popcorn, corn

chips, extruded cheese snacks

Table 2 Linear regression analysis results for the Omega-3 Index as the independent variable with cardiovascular factors as the dependent

variables, in Raine Study adolescents

Girls and boys (n = 1,288) Girls only (n = 613) Boys only (n = 675)

Unstandardised

b coefficient

Standardised

b coefficient

P Unstandardised

b coefficient

Standardised

b coefficient

P Unstandardised

b coefficient

Standardised

b coefficient

P

Systolic BP (mm/Hg) -0.464 -0.047 0.17 0.000 0.000 1.00 -0.821 -0.086 0.07

Diastolic BP (mm/Hg) -0.331 -0.050 0.18 0.073 0.011 0.85 -0.684 -0.107 0.04

Glucose (mmol/L) -0.010 0.014 0.44 -0.018 -0.050 0.38 -0.005 -0.015 0.77

Insulin (mmol/L) -0.011 -0.055 0.10 -0.003 -0.016 0.75 -0.019 -0.086 0.05

HOMA -0.012 -0.055 0.10 -0.005 -0.025 0.63 -0.019 -0.082 0.07

Total cholesterol (mmol/L) 0.064 0.093 0.01 0.031 0.042 0.46 0.074 0.115 0.03

HDL-cholesterol (mmol/L) 0.029 0.093 0.01 0.016 0.051 0.35 0.036 0.125 0.01

LDL-cholesterol (mmol/L) 0.041 0.067 0.08 0.038 0.058 0.30 0.036 0.061 0.24

Triglycerides (mmol/L) -0.006 -0.037 0.32 -0.009 -0.056 0.31 -0.006 -0.033 0.52

Total/HDL-cholesterol -0.003 -0.004 0.92 0.003 0.004 0.94 -0.017 -0.022 0.66

LDL/HDL-cholesterol 0.004 0.006 0.86 0.023 0.035 0.51 -0.015 -0.024 0.64

Triglycerides/HDL-cholesterol -0.005 -0.036 0.33 -0.007 -0.053 0.33 -0.005 -0.035 0.50

Models adjusted for age, sex (where applicable), BMI, maternal education, daily energy intake, and family history of cardiovascular disease or

diabetes
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Index (P \ 0.01). Wholegrains contain omega-3 fats in the

form of alpha-linolenic acid (18:3n-3) in the bran outer

layer of the grain. Interestingly, refined grain products that

are missing the bran layer were also observed to have a

significant positive association with the Omega-3 Index

(P \ 0.05). This may be partially due to the consumption

of DHA enriched white bread observed in the Raine Study

cohort at this follow up [19]. However, given the additional

positive associations with vegetables and fruit, it is more

likely that these associations with the Omega-3 Index are

related to an overall ‘healthy’ pattern of eating. Similarly, a

high intake of soft drinks and crisps, along with a high

dietary glycemic index, may reflect a less ‘healthy’ eating

pattern. This is reflected in the associations observed with

the dietary pattern scores identified in this cohort: the Index

showed a positive association with the healthy pattern

score and a negative association with the western pattern

score. Food groups loading on the healthy pattern included

fresh fruit, vegetables, wholegrains and grilled or canned

fish, while the ‘western’ pattern score represented a higher

intake of takeaway foods, crisps and soft drinks [21].

Although soft drinks do not contain fat, their consumption

has been shown to result in a rapid increase in glucose and

insulin concentrations in adolescents [32], and the fructose

component of sucrose in soft drinks may lead to enhanced

fatty acid synthesis, contributing to higher circulating tri-

glycerides [33]. Higher GI diets, as observed in subjects in

the high risk Omega-3 Index category, may also contribute

to higher plasma triglycerides [34]. Together, these dietary

factors may play a role in alteration of the fatty acid con-

tent of RBC membranes.

Results of our study also extend the findings of previous

research in adults [3, 31] by confirming that higher dietary

intake of EPA and DHA through consumption of fish is

associated with a higher Omega-3 Index in adolescents.

However, the difference in distributions of dietary EPA and

DHA compared to Omega-3 Index values (as shown in

Fig. 1) highlight the contribution that non-dietary factors

may also make in determination of the Omega-3 Index.

The Omega-3 Index has been proposed to predict cor-

onary heart disease mortality in adults [5]. Our data show it

is also associated with total and HDL-cholesterol concen-

trations and diastolic blood pressure in boys in our ado-

lescent cohort. The positive relationship between

increasing Omega-3 Index and higher HDL-cholesterol

supports Australia’s National Heart Foundation’s position

statement that marine omega-3 PUFA supplementation

increases HDL-cholesterol levels [35]. This result is also

consistent with previous research in adult populations [36].

In contrast, the Omega-3 Index was not significantly

associated with HDL-cholesterol or other cardiovascular

risk factors in a study of overweight and obese European

adults [29], although borderline significance was observed

with lower LDL. The findings, however, may have been

influenced by weight status, as our results suggest that the

BMI is positively associated with the Omega-3 Index

(P = 0.05). Consistent with previous research showing a

positive association between age and the Index [3], the

adults in the European study had a noticeably higher

Omega-3 Index than we observed in our adolescent pop-

ulation (7.0 ± 1.9% vs. 4.9 ± 1.0%), which may have

affected associations with disease risk. Although high total

cholesterol is commonly considered a risk factor for car-

diovascular disease, high HDL-cholesterol is beneficial

[37], and the two measures are related as HDL-cholesterol

contributes to total cholesterol. Ratios may therefore be

considered more useful as indicators of cardiovascular

disease risk [17], however we found no significant

associations between the Index and ratios of total/HDL-

cholesterol, LDL/HDL-cholesterol or triglycerides/HDL-

cholesterol.

The significant negative association observed with dia-

stolic blood pressure in boys in our cohort supports a role

for omega-3 fatty acids in optimisation of blood pressure.

Omega-3 fatty acids have been shown to have a variety of

actions that can lead to improved vasodilation and arterial

compliance, including increased membrane fluidity, sup-

pression of vasoconstrictors, and changes in mobilisation

of intracellular calcium [9, 38, 39].

In our adolescent cohort, we observed a gender differ-

ence in the relationship between Omega-3 Index and risk

factors for cardiovascular and metabolic disease. Analysis

with boys showed significant or borderline associations

with measures of cholesterol, blood pressure, and insulin

resistance, whereas no significant associations were

observed for measures in the girls analysis. Boys were

more likely to be in the high risk category of Omega-3

Index (\4%) compared to the low risk (C4%, P = 0.10),

and similar gender differences have previously been iden-

tified in the long-chain omega-3 fatty acid composition of

RBC membranes in rats, with a link between ovarian

hormones and DHA composition proposed [40]. Sex hor-

mones may play a role in modification of the omega-3

content of tissues, possibly by altering expression of

enzymes in the liver [41], while also contributing to gender

specific pathophysiological differences in cardiovascular

and metabolic disease [42].

To our knowledge, this is the first study to evaluate the

Omega-3 Index with cardiovascular and metabolic risk

factors in a large cohort of adolescents. Interpretation of

our study results is limited by the cross-sectional study

design, however an important strength of our study is that it

represents a large, population based cohort and has data on

a wide range of cardiometabolic, socioeconomic and die-

tary variables. Our results demonstrate a significant and

independent association between the Omega-3 Index and
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total and HDL-cholesterol, as well as blood pressure, in

Australian adolescent boys. Although the Omega-3 Index

did not demonstrate a statistically significant association

with the cholesterol ratios, it is considered to be a risk

factor in its own right and has not been shown to mediate

through effects on traditional risk factors. Therefore the

Index may still be useful in the prediction of cardiovascular

disease later in life, and our results support further long

term investigation of this concept.
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Abstract Hepoxilins are epoxy alcohols synthesized

through the 12-lipoxygenase (12-LO) pathway in animal

cells. The epidermis is the principal source of hepoxilins in

humans. Here we report on the formation of novel hepoxilin

regioisomers formed by the 15-LO pathway in human cells.

The Hodgkin lymphoma cell line L1236 possesses high

15-lipoxygenase-1 (15-LO-1) activity and incubation of L1236

cells with arachidonic acid led to the formation of 11(S)-

hydroxy-14(S),15(S)-epoxy 5(Z),8(Z),12(E) eicosatrienoic

acid (14,15-HxA3 11(S)) and 13(R)-hydroxy-14(S),15(S)-

epoxy 5(Z),8(Z),11(Z) eicosatrienoic acid (14,15-HxB3 13

(R)). In addition, two hitherto unidentified products were

detected and these products were collected and analyzed by

positive ion electrospray tandem mass spectrometry. These

metabolites were identified as 11(S),15(S)-dihydroxy-

14(R)-glutathionyl-5(Z),8(Z),12(E)-eicosatrienoic acid (14,

15-HxA3-C) and 11(S),15(S)-dihydroxy-14(R)-cysteinyl-gly-

cyl-5(Z),8(Z),12(E)-eicosatrienoic acid (14,15-HxA3-D).

Incubation of L1236 cells with synthetic 14,15-HxA3

11(S) also led to the formation of 14,15-HxA3-C and 14,

15-HxA3-D. Several soluble glutathione transferases, in

particular GST M1-1 and GST P1-1, were found to catalyze

the conversion of 14,15-HxA3 to 14,15-HxA3-C. L1236

cells produced approximately twice as much eoxins as

cysteinyl-containing hepoxilins upon stimulation with ara-

chidonic acid. Human eosinophils, nasal polyps and den-

dritic cells selectively formed 14,15-HxA3 11(S) and 14,15-

HxB3 13(R) stereoisomers, but not cysteinyl-containing

hepoxilins, after stimulation with arachidonic acid. Fur-

thermore, purified recombinant 15-LO-1 alone catalyzed

the conversion of arachidonic acid to 14,15-HxA3 11(S) and

14,15-HxB3 13(R), showing that human 15-LO-1 possesses

intrinsic 14,15-hepoxilin synthase activity.

Keywords Arachidonic acid � L1236 � Hodgkin Reed-

Sternberg cells � 15-Lipoxygenase � Glutathione conjugate �
Glutathione transferase
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GST Glutathione transferase
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HPLC High performance liquid chromatography

Hx Hepoxilin

LC–MS Liquid chromatography–mass spectrometry
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Introduction

Hepoxilins (Hx) are a family of hydroxy epoxides which

are formed by rearrangement of 12(S)-HPETE [1]. Murine

12/15-lipoxygenase (LO) (earlier called leukocyte-type

12-LO), the ortholog to human 15-LO-1, can catalyze the

metabolism of arachidonic acid via 12(S)-HPETE to 8(R/S)-

hydroxy-11(S),12(S)-epoxy-5(Z),9(E),14(Z)-eicosatrienoic

acid and 10(R/S)-hydroxy-11(R),12(R)-epoxy-5(Z),8(Z),14

(Z)-eicosatrienoic acid, termed HxA3 and HxB3, respec-

tively [2, 3]. Hydrolysis of these metabolites leads to

the formation of trihydroxy-8,11,12-eicosatrienoic acid

(trioxilin A3, TrxA3) and trihydroxy-10,11,12-eicosatrienoic

acid (TrxB3), respectively [4]. HxA3 can also be converted

into a glutathione conjugate, named HxA3-C [5]. The

enzyme c-glutamyl transpeptidase catalyzes the conversion

of HxA3-C into HxA3-D [6]. In contrast to murine 12/15-LO,

human platelets which exhibit high 12(S)-LO activity can not

convert arachidonic acid to HxA3, probably due to low

peroxide tonus in the cell [7]. However, 12(R)-LO and epi-

dermal lipoxygenase-3 (eLOX3) are expressed in human

skin and these enzymes are involved in the formation of the

stereospecific HxA3 8(R) in human epidermis [8–10].

The hepoxilins exert a variety of biological actions in

different type of cells, likely mediated via changes in inter-

cellular concentrations of calcium and potassium and alter-

ations in the secondary messenger systems [2]. Several lines

of evidence indicate that hepoxilins might play a role in the

water-impermeable barrier of the outer epidermis [1, 11].

Genetic studies of inherited ichthyosis have demonstrated

that mutations of 12(R)-LO and/or eLOX3 is connected to

autosomal recessive congenital ichthyosis in man [12, 13].

Animal studies have also shown that 12(R)-LO deficiency

leads to an ichthyosis form phenotype [14]. The formation of

12(R)-HETE and hepoxilins is increased in affected psoriatic

skin [9, 15]. HxA3 and HxB3 have been reported to stimulate

insulin secretion from rat langerhans islets [16] and calcium

release [2]. HXA3 has also been found to cause vascular

contraction [17] and increased vascular permeability in rat

[18]. In human neutrophils, the biological actions of HxA3 are

indicated to be receptor mediated [19], and this metabolite

has been found to stimulate human neutrophils to migrate

across intestinal epithelia [20]. HxA3-C has been reported to

induce vascular contraction in guinea pig isolated trachea

[21] and increase vascular permeability in rat skin [18].

Human 15-lipoxygenase type 1 (15-LO-1) is mainly

expressed in human airway epithelial cells, macrophages,

reticulocytes, eosinophils and mast cells [22–26]. The

amount and activity of 15-LO-1 is increased in the bronchial

tissue of patients with asthma or chronic bronchitis com-

pared to healthy subjects [26–29]. Eoxins (EX, also called

14,15-leukotrienes) are recently identified endogenous

metabolites of arachidonic acid, formed through the 15-LO-

1 pathway in human eosinophils, mast cells and nasal polyps

[30]. 15-LO-1 catalyzes the conversion of arachidonic acid

to EXA4 which can be further metabolized to EXC4, after

conjugation with glutathione. EXC4 and its metabolites

EXD4 and EXE4 induce increased permeability of vascular

endothelial cell monolayer in vitro, indicating that eoxins are

pro-inflammatory mediators [31]. The Hodgkin cell line

Ll236 possesses high 15-LO-1 activity and we have recently

reported that these cells have a high capacity to produce

EXC4, EXD4 and EXE4 [31].

14,15-Hepoxilins of both A and B type are formed from

arachidonic acid via the 15-lipoxygenase pathway in garlic

root [32]. Human airway epithelial cells have been found to

produce 14,15-HxB3 [33]. Since most studies, however,

have been focused on the formation of hepoxilins catalyzed

by the animal enzyme 12/15-LO which possesses mainly

12-lipoxygenase activity, we thought it was of interest to

reinvestigate which type of hepoxilins could be produced by

human cells which express the ortholog 15-LO-1. In con-

trast to the animal 12/15-LO, the human enzyme possesses

mainly 15-lipoxygenase activity. For that purpose, we used

L1236 cells as a model system since this cell line possesses

high 15-LO-1 activity [31]. Furthermore, we also investi-

gated whether the corresponding metabolites were formed

in human eosinophils, nasal polyps and dendritic cells.

Experimental Procedure

Materials

The [1-14C] arachidonic acid (56.0 mCi/mmol) was

obtained from Amersham Biosciences (Uppsala, Sweden)

and unlabeled arachidonic acid was from Nu-Chek prep

(Elysian, USA). Synthetic 14(S),15(S)-epoxy-5(Z),8(Z),

10(Z),12(E)-eicosatetraenoic acid (EXA4), 14(R)-gluta-

thionyl-15(S)-hydroxy-5(Z),8(Z),10(Z),12(E)-eicosatetra-

enoic acid (EXC4) and 14(R)-cysteinyl-glycyl-15(S)-hydro

xy-5(Z),8(Z),10(Z),12(E)-eicosatetraenoic acid (EXD4)

were purchased from BIOMOL (Plymouth Meeting, USA).

[1-14C] 15(S)-hydroperoxy-5(Z),8(Z),11(Z),13(E)-eicosa-

tetraenoic (15(S)-HPETE), 11(S)/(R)-hydroxy-14(S),15(S)-

epoxy-5(Z),8(Z),12(E)-eicosatrienoic acid (14,15-HxA3),

11(S),15(S)-hydroxy-14(R)-glutathionyl-5(Z),8(Z),12(E)

eicosatrienoic acid (14,15-HxA3-C), 13(S)/(R)-hydroxy-

14(S),15(S)-epoxy-5(Z),8(Z),11(Z)-eicosatrienoic acid (14,

15-HxB3) was synthesized as described in the Supplement.

11(S)-hydroxy-14(R)-cys-gly-15(S)-hydroxy-5(Z),8(Z),12(E)

eicosatrienoic acid (14,15-HxA3-D) was made in house

from 14,15-HxA3-C with c-glutamyl transpeptidase (Sigma,

Sweden). All solvents used were of HPLC grade.
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Cell Experiment

The Hodgkin cell line L1236 (50–60 9 106 cells/sample)

was suspended in PBS and pre-warmed for 2 min at 37 �C

prior to addition of arachidonic acid (final concentration

30 lM) and labelled arachidonic acid (final concentration

9 lM). Incubation was stopped after 2 and 10 min, respec-

tively, with the addition of one volume of cold methanol.

L1236 cells were incubated, under similar experimental

conditions, with EXA4, 14,15-HxA3 and 14,15-HxB3,

respectively. EXA4 (37 lM) and 14,15-HxA3 (42 lM) and

14,15-HxB3 (48 lM) were incubated for 5, 10 and 10 min,

respectively. Sonicated L1236 cells were incubated with

[1-14C]-15-HPETE (20 lM, 5 min). The sonicated cell sus-

pensions were supplemented with glutathione (final concen-

tration of 5 mM) and a protease inhibitor (Complete mini,

Roche Diagnostics GmbH, Germany). Dendritic cells,

eosinophils and nasal polyps (chopped up) were isolated as

described [30, 34] and these cells/tissues were incubated in the

same manner as described for the L1236 cells, with the

addition of indomethacin (1 lM) to inhibit cyclooxygenase

activity. This study was approved by the local ethic committee

of the Karolinska University Hospital.

Enzyme Incubations

Human GST M1-1, M2-2, M3-3, M4-4, M5-5, P1-1(Ile105),

P1-1(val105), T1-1, A1-1, A2-2, A3-3 and A4-4 are soluble

recombinant glutathione transferases prepared by heterolo-

gous expression as previously described [35]. Two allelic

forms of GST P1-1 were used [36]. Expression constructs

(Bac-to-Bac Baculovirus expression system, Gibco/Life

Technologies) for LTC4 synthase was a kind gift from Dr.

Jakobsson (Karolinska Biomic Center, Karolinska University

Hospital and Karolinska Institutet, Sweden). The LTC4 syn-

thase membrane fraction was isolated as described [37].

Enzymatic conjugation of glutathione with 14,15-HxA3 was

studied as follows. Glutathione transferases (4 lg) in PBS

(50 lL) were pre-warmed for 2 min at 37 �C followed by

addition of 14,15-HxA3 (228 lM) and glutathione (5 mM

final concentration). Subsequently, the cells were incubated for

10 min and the incubation was terminated by addition of one

volume acetonitrile/methanol/acetic acid (50:50:1, by vol).

Similar experimental conditions were used when

recombinant 15-LO-1 (5 lg) was incubated with arachi-

donic acid (30 lM) and [1-14C]-arachidonic acid (9 lM)

combined. The incubation was stopped after 15 min by

addition of one volume cold methanol.

HPLC-Analysis with UV and Radioactivity Detection

Cells and cell debris were removed by centrifugation

(1,4009g, 6 min). The supernatant was diluted with water

and then transferred to a washed and equilibrated extraction

cartridge, Oasis HLB 1 cc 10 mg (Waters, Sweden). The

extracted metabolites were washed with water and eluted with

200 lL methanol. Reverse-phase HPLC was performed on a

Waters Alliance 2690 with a Nova Pak C18 column

(2.1 9 150 mm, Waters AB, Sweden). The initial mobile

phase was 100% A (0.01% acetic acid adjusted to pH 5.6 with

ammonia) at a flow rate at 0.4 mL/min A linear gradient was

started after 5 min, reaching 36% B (60:40 acetonitrile/meth-

anol, by vol) at 20 min The mobile phase was isocratic at A/B

(64:36, by vol) for 100 min. Column effluent was monitored

using diode array detection (PDA 996, Waters AB, Sweden)

and radioactivity monitoring (b-RAM, INUS-systems, USA).

UV spectra were acquired between 200 and 340 nm. The

eluting metabolites were collected with a fraction collector (FC

II, Waters AB, Sweden) and further analyzed by mass spec-

trometry. The collected fractions were dried under N2 and

subsequently dissolved in methanol/water (1:1, by vol).

Nanospray Mass Spectrometry Analysis

Mass spectrometry was performed on a Quattro Ultima

triple quadrupole mass spectrometer (Micromass, Man-

chester, UK) operating in positive ion mode for glutathi-

one-containing metabolites and in negative ion mode for

the other hepoxilins with a capillary voltage at 2.2 and

1.8 kV, respectively. MS/MS spectra were obtained using

collision energy of 20 eV using argon as the collision gas.

Synthesis of Reference Substances

Four epoxy alcohols were prepared from 15(S)-hydroper-

oxy-5(Z),8(Z),11(Z),13(E)-eicosatetraenoic acid (15(S)-

HPETE) by slight modification of a method previously

described for synthesis of erythro and threo epoxy alcohols

having trans epoxide stereochemistry [38], i.e. methyl

14(S),15(S)-epoxy-13(S)-hydroxy-5(Z),8(Z),11(Z)-eicos-

atrienoate and methyl 14(S),15(S)-epoxy-13(R)-hydroxy-

5(Z),8(Z),11(Z)-eicosatrienoate. In addition to these major

compounds, smaller quantities of the corresponding allylic

epoxy alcohols, methyl 14(S),15(S)-epoxy-11(S)-hydroxy-

5(Z),8(Z),12(E)-eicosatrienoate and methyl 14(S),15(S)-

epoxy-11(R)-hydroxy-5(Z),8(Z),12(E)-eicosatrienoate, were

also obtained. All four methyl esters were saponificated

with lithium hydroxide to form the carboxylic acid.

Glutathione conjugates, 11(S),15(S)-dihydroxy-14(R)-gluta-

thionyl-5(Z),8(Z),12(E)-eicosatrienoic acid and 11(R),

15(S)-dihydroxy-14(R)-glutathionyl-5(Z),8(Z),12(E)-eicos-

atrienoic acid, were prepared by reacting glutathione

thiolate with 14(S),15(S)-epoxy-11(S)-hydroxy-5(Z),8(Z),

12(E)-eicosatrienoic acid and 14(S),15(S)-epoxy-11(R)-

hydroxy-5(Z),8(Z),12(E)-eicosatrienoic acid, respectively.

For further information see supplementary information.
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Quantification of 14,15-HxA3-C and EXC4

by LC–MS/MS

Quantification was performed on a Surveyor MS pump

coupled to a TSQ Quantum Ultra triple quadrupole mass

spectrometer (Thermo Scientific, Sweden). Reverse phase

LC was performed using a Zorbax Eclipse Plus 3.5 lM

C18 column 2.1 9 50 mm (ChromTech, Sweden) with the

flow rate constantly held at 400 lL/min. Mobile phase A

consisted of 2% acetonitrile in water and 0.1% acetic acid,

and mobile phase B consisted of 80% acetonitrile in water

and 0.1% acetic acid. Isocratic elution at 90% A for

1.5 min was followed by a 6.5 min linear gradient reaching

100% of B. The system was washed at 100% B for 4 min

and subsequently equilibrated at 90% A for 4 min. The

mass spectrometer was operated using an electrospray

atmospheric pressure ionization source in positive mode.

The spray voltage was set to 4,500 V, capillary tempera-

ture was 375 �C and sheath and auxiliary gas were optimal

at 40 and 5, respectively (arbitrary units). Skimmer offset

was at 10 V and tube lens 121 V. To quantify formed

14,15-HxA3-C and EXC4 multiple reaction monitoring,

MRM, was utilized. The transitions utilized were 644.3 m/z

to 526.0 and 479.2 m/z and 626.2 m/z to 301.0 and 205.0 m/z

at collision energies between of 17 and 22 eV.

Standard calibration curve at ten levels was prepared in

PBS (1 mL) and in the following interval; 2.5–1,000 nM

for 14,15-HxA3-C and 1–800 nM for EXC4. Warfarin

(Sigma, Sweden) was used as internal standard at 16 nM

and one qualitative control in triplicate of 14,15-HxA3-C

and EXC4 at 50 and 40 nM, respectively. The standard

samples were extracted with the same solid phase method

as the L1236 cell incubation samples. The following

transitions was used for warfarin detection: 309.0 m/z to

251.2 and 163.1 m/z at a collision energy of 19 and 17 eV,

respectively. One standard series was analyzed in the

beginning and one at the end of the analysis list.

Results

Metabolism of Arachidonic Acid in L1236 Cells

The Hodgkin cell line L1236 has been found to produce

eoxins and a series of 8,15-DiHETE metabolites after

incubation with arachidonic acid [31]. In this study we

detected other major unidentified metabolites in the

radioactivity chromatogram after incubation of L1236 cells

with 14C-arachidonic acid (Fig. 1). These compounds were

called metabolites I and II. Metabolites I and II did not

have a UV-absorbance maximum above 200 nm, hence

they did not contain any conjugated double bonds. There-

fore, there were no corresponding metabolites detected in

the UV chromatogram at 280 nm (Fig. 1). Maximal

Fig. 1 L1236 cells incubated

with arachidonic acid.

Radioactivity and UV (280 nm)

chromatograms of the products

formed by L1236 after

incubation with 14C-labelled

arachidonic acid (40 lM) for 2

and 10 min, respectively. The

retention times of metabolites I

and II, EXC4, EXD4 and 8,

15-DiHETEs are all indicated in

the chromatograms. Metabolite

I and EXC4 dominated after

2 min of incubation and

metabolite II and EXD4 after

10 min. EXC4 and EXD4 were

visible in the both UV and

radioactivity chromatogram.

Metabolites I and II were not

detectable in the UV

chromatogram at 280 nm
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amounts of metabolites I and II were detected after 2 and

10 min of incubation, respectively. A similar time-course

was observed for the formation of EXC4 and EXD4.

Incubation of L1236 cells with either arachidonic acid or

15(S)-HPETE, but not with EXA4, led to the formation of

metabolites I and II (data not shown). This indicates that

the metabolites I and II are formed through the 15-LO-1

pathway but that these metabolites are not eoxins. Ana-

lyzing the two metabolites by mass spectrometry revealed

that both metabolites I and II had a molecular weight of

plus 18 (equivalent to H2O) in comparison to EXC4 and

EXD4, respectively. Together, these results suggest that the

metabolites contain an additional hydroxyl group, in

comparison to the eoxins, and contain three non-conjugated

double bonds. Positive ion MS/MS spectrum of metabolite

I showed a fragment ion with m/z 308 (Fig. 2), this may

arise by cleavage of the carbon–sulfur bond with the charge

retention on the peptide part as described for LTC4 [39].

Analysis of the MS/MS spectra of metabolite II and EXD4

demonstrated that both metabolites contain a fragment ion at

m/z 179 (Fig. 3), representing the cysteinyl-glycine complex.

These fragment ions make it clear that the material in

metabolite I contains a conjugated glutathione metabolite and

that the material in metabolite I is converted to metabolite II by

the removal of glutamate, analogous to the conversion of

EXC4 to EXD4. Since most fragments present in the MS/MS

spectra for metabolite I and II are derived from the peptide and

few from the lipid-containing part (as for EXC4 and EXD4

fragmentation), the position of the extra hydroxyl group in

comparison to eoxins was not obvious.

Fig. 2 a MS/MS spectra of

metabolite I. Positive ion MS/

MS spectra of [M ? H]? at

644 m/z was recorded on a triple

quadrupole mass spectrometer.

MS/MS of (A) metabolite I

formed by the L1236 cells

compared to (B) synthetic

14,15-HxA3-C and (C) synthetic

14,15-HxB3-C. MS/MS spectra

of 14,15-HxA3-C and

metabolite I were identical and

show characteristic water losses.

b Structure of the14,15-HxA3-C

with possible fragment ions

present in the positive ion

MS/MS spectrum indicated
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Chemical Structure of Metabolite I

13(R/S)-Hydroxy-14,15-epoxyeicosatrienoic acid also

known as 14,15-Hepoxilin B3 (14,15-HxB3) is a previously

characterized metabolite produced through the 15-LO-1

pathway in human airway epithelial cells [33]. A candidate

structure for metabolite I was therefore 14,15-HxB3 con-

jugated with a glutathione (14,15-HxB3-C). Synthetic

14,15-HxB3 with the hydroxyl group at position 13 in

either S or R configuration was prepared. These compounds

were incubated with L1236 cells leading to formation of

14,15-HxB3-C. This metabolite, with the hydroxyl group in

the 13(R) configuration, co-eluted with metabolite I but the

MS/MS spectrum was not identical to the spectrum of

metabolite I. Many fragments present in the MS/MS

spectrum for metabolite I were not present in the 14,15-

HxB3-C spectrum such as losses of water from the pro-

tonated molecule (Fig. 2), showing that metabolite I was

not identical to 14,15-HxB3-C.

11(R/S)-Hydroxy-14,15-epoxyeicosatrienoic acid also

known as 14,15-Hepoxilin A3 (14,15-HxA3) is also formed

through the 15-LO-1 pathway, produced in garlic root [32].

14,15-HxA3 is more unstable than 14,15-HxB3, and

therefore more difficult to isolate since it is sensitive to

acid and is easily degraded non-enzymatically to trihy-

droxy acids. Both enantiomers of 14,15-HxA3 were syn-

thesized containing the hydroxyl group at carbon 11 in

either S or R configuration. These were then incubated with

L1236. 14,15-HxA3 with the hydroxyl group at position 11

in S configuration and a conjugated glutathione, 14,15-

HxA3-C 11(S), co-eluted and exhibited an essentially

identical spectrum as metabolite I (Fig. 2). In contrast,

14,15-HxA3-C with the hydroxyl group at position 11 in R

configuration eluted faster than metabolite I. The structure

of 14,15-HxA3-C explains the facile losses of water evident

in the MS/MS spectrum since removal of water produces a

favourable conjugated double bond structure of a triene or

a tetraene (Fig. 2).

14,15-HxA3 is a trans epoxide in S configuration and the

glutathione is probably conjugated in R orientation forming

11(S),15(S)-hydroxy-14(R)-glutathione-5(Z),8(Z),12(E)

eicosatrienoic acid (14,15-HxA3-C 11(S)) (1). This synthetic

product co-eluted and had the same MS/MS spectrum as

metabolite I produced endogenously in the cell line. In

Fig. 3 a MS/MS spectra of

metabolite II. Positive ion

MS/MS spectra of [M ? H]? at

515 m/z were recorded on a

triple quadrupole mass

spectrometer. MS/MS spectrum

of (A) metabolite II formed by

L1236 cells compared to

(B) synthetic 14,15-HxA3-D.

b Structure of 14,15-HxA3-D

with possible fragment ions

present in the positive ion

MS/MS spectrum indicated
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comparison, the synthetic 11(R),15(S)-dihydroxy-14(R)-

glutathionyl-5(Z),8(Z),12(E) eicosatrienoic acid (14,15-

HxA3-C 11(R)) did not co-elute with metabolite I. Incu-

bation of 14,15-HxA3 11(S) with purified enzyme GSTM1-1,

a soluble glutathione transferase expressed in the L1236 cells

(Feltenmark et al., to be published), also resulted in a identical

MS/MS spectrum as for metabolite I.

Chemical Structure of Metabolite II

Metabolite II appeared to be formed by removal of glutamate

from metabolite I. Therefore the identity of metabolite II

was probably 11(S),15(S)-dihydroxy-14(R)-cysteinyl-glycine-

5(Z),8(Z),12(E) eicosatrienoic acid (14,15-HxA3-D) (2). The

product formed after incubation of synthetic 14,15-HxA3-C

11(S) with L1236 cells or c-glutamyl transpeptidase had the

same retention time on HPLC and similar MS/MS spectra as

metabolite II (Fig. 3), demonstrating that the structure of the

material in metabolite II was 14,15-HxA3-D 11(S).

Comparison of the Amounts of 14,15-HxA3-C

and EXC4 Formed by L1236 Cells

The amount 14,15-HxA3-C and EXC4 formed in arachi-

donic acid (40 lM) incubations with different L1236 cell

densities (1, 5, 10, 20 and 50 million cells/mL) was

quantified by LC–MS/MS. The amounts of 14,15-HxA3-C

and EXC4 produced per million cell were similar at dif-

ferent cell densities but with a tendency to decreased ratio

EXC4 versus 14,15-HxA3-C by increased cell density

(Fig. 4). The L1236 cells produced 15.4 ± 8.5 pmol

14,15-HxA3-C/million cell and 30.2 ± 8.2 pmol EXC4/

million cell (n = 4) at a cell density of 10 million cells/mL.

Soluble GSTs Catalyze the Conversion of 14,15-HxA3

to 14,15-HxA3-C

Subcellular fractionation of L1236 cells demonstrated that

the 100,000 g supernatant but not the 100,000 g pellet

converted 14,15-HxA3 and EXA4 to 14,15-HxA3-C

and EXC4, respectively (data not shown). We therefore

investigated the capacity of different soluble glutathione

transferases to catalyze the conversion of 14,15-HxA3 to

14,15-HxA3-C. Earlier studies performed in our laboratory

have shown that L1236 cells express high levels of

GSTM1-1 (Feltenmark et al., to be published). Recombi-

nant GST M1-1b, M2-2, M3-3, M4-4, M5-5, P1-1(Ile),

P1-1(val), T1-1, A1-1, A2-2, A3-3 or A4-4 and LTC4

synthase was solved in PBS followed by addition of 14,15-

HxA3 (228 lM) and glutathione (final concentration of

5 mM) followed by incubation for 15 min. GST M1-1

(520 pmol/lg), P1-1(Ile) (350 pmol/lg), M2-2 (250 pmol/

lg) and P1-1(val) (230 pmol/lg) had the highest capacity to

conjugate glutathione to 14,15-HxA3 11(S). In comparison,

LTC4 synthase was less efficient than GST M1-1 to convert

14, 15-HxA3 to 14,15-HxA3-C (Fig. 5).

14,15-Hepoxilin Formation in Eosinophils, Nasal

Polyps and Dendritic Cells

Besides the glutathione conjugated 14,15-hepoxilins, the

L1236 cells also stereoselectively produced 14,15-HxA3

11(S) and 14,15-HxB3 13(R) upon challenge with arachidonic

acid (Fig. 6b–c). These metabolites were identified by

Fig. 4 Comparison of 14,15-HxA3-C and EXC4 formed from

arachidonic acid by the L1236 cells. L1236 cells were incubated

with arachidonic acid (40 lM) for 2 min at 37 �C at different cell

densities i.e. 1, 5, 10, 20 and 50 million cells/mL. Quantification was

performed by LC–MS/MS multiple reaction monitoring on a triple

quadrupole mass spectrometer (TSQ Quantum). Each value represents

the mean ± SD of three independent experiments

Fig. 5 Metabolism of 14,15-HxA3 to 14,15-HxA3-C by various

glutathione transferases (GSTs). 14,15-HxA3 11(S) (228 lM) was

incubated with 12 different soluble glutathione transferases (4 lg),

GST M1-1, M2-2, M3-3, M4-4, M5-5, P1-1(Ile), P1-1(val), T1-1,

A1-1, A2-2, A3-3 and A4-4 and LTC4 synthase for 10 min at 37 �C.

The 14,15-HxA3-C product was quantified by reverse phase HPLC

coupled with UV detection (210 nm). Each value represents the mean

of two independent experiments

Lipids (2011) 46:69–79 75

123



MS/MS spectra (data not shown) and retention times on col-

umn were compared with synthetic standards. In order to

elucidate if other human cells or tissues, which express 15-

LO-1, could produce 14,15-hepoxilins, eosinophils, dendritic

cells and nasal polyps were incubated with [1-14C] arachi-

donic acid, with or without glutathione, and analyzed using a

radioactivity detector. The major formed hepoxilins in these

cells/tissues were 14,15-HxA3 11(S) and 14,15-HxB3 13(R),

however no glutathione-conjugated 14,15-hepoxilins were

detected. Fig. 6d shows the formation of these metabolites in

eosinophils. Similar results were obtained with dendritic cells

and nasal polyps (data not shown). Incubation of recombinant

15-LO-1 with arachidonic acid also led to formation of

14,15-HxA3 11(S) and 14,15-HxB3 13(R) (Fig. 6e), demon-

strating that human 15-LO-1 has an intrinsic hepoxilin A3 and

B3 synthase activity. The hepoxilins represent 5–10% of the

total peak area in the radio chromatograms.

Discussion

We had previously shown that the Hodgkin cell line L1236

exhibits high expression of 15-LO-1 and can convert ara-

chidonic acid to eoxins [31]. In this study we have iden-

tified two other hitherto unknown cysteinyl-containing

arachidonic acid metabolites formed through the 15-LO-1

pathway in L1236 cells. Based on MS/MS spectra of

endogenous formed metabolites and corresponding syn-

thetic compound, the unknown metabolites were identified

as 11(S),15(S)-dihydroxy-14(R)-glutathionyl-5(Z),8(Z),12(E)

eicosatrienoic acid (14,15-HxA3-C) (1) and 11(S),15(S)-

dihydroxy-14(R)-cys-gly-5(Z),8(Z),12(E) eicosatrienoic acid

(14,15-HxA3-D) (2) (Figs. 2, 3).

The 14,15-hepoxilins are described as hydroperoxide

isomerase products [40] or as non-enzymatic degradation

products of 15(S)-hydroperoxy-eicosatrienoic acid (15-

HPETE) [41]. In rabbit aorta, a CYP2J2 is suggested to

function as a 15-HPETE isomerase forming the 14,15-

HxA3 [42], and in the garlic root a hydroperoxide isom-

erase is described [32]. The origin of the 14,15-hepoxilins

are enzymatic since formation of 14,15-HxA3 and 14,15-

HxB3 is stereospecific. 14,15-HxA3 11(S) and 14,15-HxB3

13(R) were the major isomers formed in L1236 cells and

also in eosinophils, dendritic cells and in nasal polyps

(Fig. 6). This is consistent with the results from human

epithelial cells where the 14,15-HxB3 with the hydroxyl

group in R configuration is the most prominent isomer [33].

These stereospecific products were formed when arachi-

donic acid was incubated with recombinant 15-LO-1,

demonstrating that 15-LO-1 alone can catalyze the for-

mation of the 14,15-hepoxilins. Thus, human 15-LO-1

possesses an intrinsic 14,15-hepoxilin activity without the

presence of an isomerase. It had been demonstrated earlier

that purified lipoxygenase from rabbit reticulocytes can

convert arachidonic acid into 15-HPETE and 14,15-HxB3

[43]. The 12-LO Fe3? is described to catalyze the formation

of the arachidonic acid peroxide radical which rearranges

to give HxB3 [10]. The biosynthesis of 14,15-hepoxilins

was proposed to occur by a free radical mechanism. The

15-HPETE hydroperoxide forms an oxygen radical by

homolytic cleavage catalyzed by the 15-LO-1 Fe2?.

Spontaneous cyclization forms an epoxyallylic radical

having electron density principally at carbons 11 and 13.

Oxygen rebound at these carbons results in the formation

of 14,15-HxA3 and 14,15-HxB3, respectively. Although

human epidermis appears to be the principal source of

12-lipoxygenate derived hepoxilins, there is evidence that

human intestinal epithelial cell lines can also produce

Fig. 6 Formation of isomers of 14,15-HxA3 and 14,15-HxB3.

Standard 14,15-Hx isomers were separated as shown in the UV

(210 nm) chromatogram (a). UV (210 nm) and radioactivity chro-

matograms of the L1236 cell line incubated with arachidonic acid are

displayed in panels b and c, respectively. The cells produced

exclusively 11(S)-hydroxy-14(S),15(S)-epoxy-5,8,12 (Z,Z,E)-eicos-

atrienoic acid (14,15-HxA3 11(S)) and 13(R)-hydroxy-14(S),15(S)-

epoxy-eicosatrienoic acid (14,15-HxB3 13(R)). The same isomers

were selectively formed in eosinophils and by recombinant 15-LO-1,

and corresponding radioactivity chromatograms are shown in panel

d and e
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HxA3 [20, 44]. The enzyme which catalyzes the formation

of this metabolite in these cells is not clear. However, it is

possible that human 15-LO-1 also can, to a limited extent,

catalyze the formation of hepoxilins, although human

15-LO-1 possesses a relatively low 12-lipoxygenase

activity (ratio 15-HETE vs. 12-HETE 9:1 after incubation

with arachidonic acid).

In summary, 14,15-HxA3 and 14,15-HxB3 were stereo-

specifically formed with the 11 or 13 hydroxyl group in

S and R configuration, respectively, in human cells such as

L1236, eosinophils, nasal polyps and dendritic cells. These

metabolites were formed promptly upon stimulation with

arachidonic acid. This fatty acid is mainly esterified in

membranes in non-activated cells but during inflammatory

processes, the level of free arachidonic acid can markedly

increase. The metabolite 14,15-HxA3 has not previously

been described to be formed by human cells. The 14,15-

HxA3-C and the 14,15-HxA3-D were novel identified

metabolites of arachidonic acid produced by L1236 cells

(Fig. 7). It is noteworthy that LTC4 as well as EXC4 in

eosinophils are formed by membrane-bound LTC4 syn-

thase [30] but the synthesis of 14,15-HxA3-C in L1236

cells is apparently catalyzed primarily by the soluble GST

M1-1. This GST is abundant in this cell type, but in other

cells GST P1-1 may be more important. GST M1-1 is

polymorphic with a frequent null allele [45] and it is

obvious that the relative contributions of the different

GSTs expressed in a given cell will determined the

amounts present. For clarification of the enzymology of

14,15-HxA3-C formation in different tissues, it will be

necessary to quantify the expression of soluble GSTs as

well as the membrane-bound LTC4 synthase in future

studies.

The biological effects of the hepoxilins, formed by

animal cells and in human epidermis, are still unclear

although it has been reported to causes a rise in cytosolic

calcium in human neutrophils [32], migration of neutro-

phils across intestinal epithelial [20], and relaxation of pre-

contracted rabbit aorta [40]. HxA3-C has been reported to

induce vascular contraction of guinea pig isolated trachea

Fig. 7 Overview of the biosynthesis of 14,15-hepoxilins and eoxins in the Hodgkin lymphoma cell line L1236
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and increase vascular permeability in rat skin [18, 21].

Therefore it will be of great interests to investigate the

biological effects of these newly identified cysteinyl-con-

taining 14,15-hepoxilins produced by human cells.
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Abstract Two new eicosanoids with a unique isovaleri-

anic acid ester group at C-12, named dichotellates A (1) and

B (2), were isolated from the gorgonian Dichotella gemma-

cea collected from the South China Sea using bioassay-

guided fractionation. Their structures were established on

the basis of extensive spectroscopic analysis including one-

dimensional (1D) and two-dimensional (2D) NMR as well as

high-resolution ESI-MS experiments. These two compounds

were evaluated for their lethal activity toward brine shrimp

Artemia salina and both showed weak activity.

Keywords Gorgonian � Dichotella gemmacea �
Eicosanoid � Dichotellate A � Dichotellate B

Abbreviations

COSY Correlation spectroscopy

DEPT Distortionless enhancement by polarization

transfer

ESI Electrospray ionization

HMBC Heteronuclear multiple bond correlation

HMQC Heteronuclear multiple quantum correlation

IR Infrared

MS Mass spectrometry

NMR Nuclear magnetic resonance

Introduction

Polyunsaturated fatty acids (PUFA) have played important

roles in the pharmaceutical and biochemical fields because

of their biological properties including antimalarial activ-

ity, mycobactericidal activity, and antifungal activity

[1–3]. They also have significant functions in animal sys-

tems as intermediate products, such as eicosanoids derived

from C20 PUFA that regulate cell differentiation, immune

responses, and homeostasis [4].

Coral is a notable source of eicosanoids, for example,

cyclopropyl eicosanoids from the gorgonian Plexaura

homomalla, (8R)-8-hydroperoxyeicosatetraenoic acid and

11(R)-hydroxy-eicosatetraenoic acid from Plexaura homo-

malla and Plexaurella dichotoma, respectively [5–7]. In the

course of our program to search for bioactive metabolites

from marine invertebrates, the petroleum ether extract of the

gorgonian Dichotella gemmacea collected from the South

China Sea showed lethal activity toward brine shrimp Art-

emia salina. Bioassay-guided fractionation of the active

extract led to the isolation of two new eicosanoids, dicho-

tellates A and B (1, 2) (Scheme 1), containing a unique

isovalerianic acid ester group at C-12. Herein, we report the

isolation and structure elucidation of the two metabolites

and their lethal activity toward the brine shrimp A. salina.

Materials and Methods

General Experimental Procedures

Optical rotations were measured with a Horiba SEAP-300

spectropolarimeter. IR (KBr) spectra were obtained on a

Nicolet Nexus 470 infrared spectrophotometer. 1H, 13C,

and 2D NMR spectra were recorded on a JEOL JNM-ECP
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600-MHz NMR spectrometer with tetramethylsilane

(TMS) as internal standard. MS spectral data were obtained

on a Micromass Q-TOF spectrometer for ESI-MS. High-

performance liquid chromatography (HPLC) separation was

performed using a Waters 1525 preparative HPLC system

coupled with a Waters 2996 photodiode array detector.

A Kromasil C18 preparative HPLC column (250 9 10 mm,

5 lm) was used. Silica gel (200–300 mesh) for column

chromatography and GF254 for TLC were made by the

Qingdao Marine Chemical Factory, Qingdao, China.

Animal Material

The gorgonian D. gemmacea was collected at a coral reef

in the South China Sea, Sanya, Hainan Province, China, in

April 2006 and identified by Prof. Ren-Lin Zou, South

China Sea Institute of Oceanology, Chinese Academy of

Sciences, China. A voucher specimen was deposited in the

Key Laboratory of Marine Drugs, Ministry of Education,

School of Medicine and Pharmacy, Ocean University of

China, Qingdao, China, with access code HN-SYM-

20060032.

Extraction and Isolation

The fresh material (2.8 kg wet weight) was extracted with

95% EtOH three times (3 9 5 L) at room temperature, and

the solution was evaporated to dryness under vacuum. The

residue was suspended in H2O (500 mL) and partitioned

with petroleum ether (1,000 mL) three times. The petro-

leum ether extract (14.0 g) was subjected to silica gel

column chromatography (CC), using petroleum ether/ace-

tone (from 100:0 to 0:100) as eluent. The fractions were

further subjected to Sephadex LH-20 CC and eluted with

petroleum ether/CHCl3/MeOH (2:1:1) and purified by

semipreparative HPLC using MeOH/H2O (90:10) as

mobile phase to obtain compounds 1 (3.0 mg) and 2

(4.6 mg).

Dichotellate A (1)

Colorless oil, [a]D
25 -0.21� (c 0.5, CHCl3). IR (KBr) mmax

2,956, 2,927, 2,856, 1,736, 1,458, 1,370, 1,292, 1,242,

1,188, 1,096 cm-1; NMR spectral data see Table 1; ESI-

MS (?) m/z: 441 [M ? Na]?; High-resolution ESI-MS m/

z: 441.2972 (C26H42O4Na, calcd. 441.2981).

Dichotellate B (2)

Colorless oil, [a]D
25 -0.35� (c 0.5, CHCl3). NMR spectral

data see Table 1; ESI-MS (?) m/z: 441 [M ? Na]?; High-

resolution ESI-MS m/z: 441.2983 (C26H42O4Na, calcd.

441.2981).

Bioassays

The brine shrimp lethality assay was performed on

A. salina according to the published protocols [8, 9].

The isolated compounds were screened for cytotoxic

activity against KB and KBv200 cell lines using the

method of microculture tetrazolium (MTT) [10].

Results and Discussion

The gorgonian D. gemmacea, collected from a coral reef of

Sanya, Hainan Province, China, in April 2006, was extracted

with 95% EtOH three times, and the extract was suspended in

H2O and partitioned with petroleum ether. The petroleum

ether was subjected to silica gel column chromatography

followed by separation on Sephadex LH-20. Further purifi-

cation by semipreparative HPLC of fractions from petroleum

ether extract yielded two new metabolites (1, 2).

Compound 1, isolated as a colorless oil, [a]D
25 -0.21�

(c 0.5, CHCl3), gave an [M ? Na]? ion peak at m/

z 441.2972 (calcd. 441.2981) by HR-ESI-MS, which indi-

cated that the compound has molecular formula C26H42O4

with 6� of unsaturation. The IR spectrum of 1 showed

strong carbonyl group absorption at 1,736 cm-1. In its 1H

NMR spectrum, eight olefinic proton signals were found at

dH 6.23 (1H, dd, J = 15.0, 10.3 Hz), 6.02 (1H, dd,

J = 15.0, 10.6 Hz), 5.70 (1H, m), 5.51 (1H, dd, J = 15.4,

7.4 Hz), 5.44 (2H, m), and 5.35 (2H, m), while three

methyl groups signals were observed at dH 0.94 (6H, d,

J = 6.6 Hz) and 0.88 (3H, t, J = 7.0 Hz) and one meth-

oxyl group signal at dH 3.67 (3H, s). The 13C NMR spec-

trum of 1 revealed 26 carbon signals. Furthermore, DEPT

spectrum confirmed that this compound has 3 methyls, 1

methoxyl, 10 methylenes, 10 methines, and 2 quaternary

carbon atoms. The six elements of unsaturation of 1 were

accounted for eight olefinic carbon signals and two car-

bonyl groups (dC 174.0 and 172.4). A 1H NMR spin system

from H-2 to H-20 was completely revealed by analysis of

its 1H–1H COSY spectrum (Table 1; Fig. 1). A sharp

triplet at dH 2.31 with J = 7.4 Hz was caused by the C-2

methylene protons as in other oxylipins [11]. The above

data implied that compound 1 is a long-chain unsaturated

COOMe

O

O
1 2

1

12 20

1' 4'

5'

O

O
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Scheme 1 Chemical structures of 1 and 2

82 Lipids (2011) 46:81–85

123



eicosanoic acid derivative. From the HMQC spectrum data,

all proton signals were assigned to their directly attached

carbons, and the full assignments of chemical shift data of

C-2 to C-20 were further confirmed by HMBC spectra

(Table 1; Fig. 1). Since the HMBC correlation between the

methoxyl group at dH 3.67 and C-1 at dC 174.0 was

detected, compound 1 was presented as an methyl ester.

The correlations of H-23/H-24/H-25, H-26 in the 1H–1H

COSY spectrum together with the HMBC correlations

from H-23 to C-22, C-24, C-25/C-26 and from H-25/H-26

to C-23, C-24 suggested that an isovalerate unit was

located at C-12, an oxygenated carbon with chemical shift

value at dC 73.7. The trans–trans relationships of H-8 and

H-9, H-10 and H-11 were assigned by the coupling con-

stants (J8,9 = 15.0 Hz and J10,11 = 15.4 Hz) while the cis-

geometries of the other two double bonds were determined

by the diallylic and allylic carbons, observed at dC 30.4 (C-

7) and 27.1 (C-16), respectively [12, 13]. Based on the

optical rotation of compound 1 together with those in the

literatures for enantiomerically pure 12-HETE, its absolute

configuration at C-12 was tentatively determined as R [14–

16]. On the basis of these results, the full structure of 1 was

elucidated as (5Z,8E,10E,12R,14Z)-methyl 12-(3-methyl-

1-oxobutoxy)-5,8,10,14-eicosatetraenoate and named as

dichotellate A.

Compound 2 was obtained as a colorless oil, [a]D
25 –

0.35� (c 0.5, CHCl3) with a pseudomolecular ion peak

Table 1 NMR spectroscopic data of dichotellate A (1) and dichotellate B (2)

Position 1 2

dC dH (J in Hz) 1H-1H COSY HMBC dC dH (J in Hz)

1 174.0 C – – – 174.0 C –

2 33.4 CH2 2.31 t (7.4) H2-3 C-1, C-3 33.4 CH2 2.31 t (7.3)

3 24.7 CH2 1.69 m H2-2, H2-4 C-1, C-2, C-4, C-5 24.7 CH2 1.69 m

4 26.7 CH2 2.08 m H2-3, H-5 C-2, C-3, C-5 26.7 CH2 2.05 m

5 131.4 CH 5.44 m H2-4, H-6 – 131.7 CH 5.46 m

6 126.3 CH 5.35 m H-5, H2-7 – 126.9 CH 5.32 m

7 30.4 CH2 2.82 t (7.0) H-6, H-8 C-5, C-6, C-8 26.1 CH2 2.92 t (7.0)

8 134.3 CH 5.70 m H2-7, H-9 C-10 131.5 CH 5.42 m

9 129.3 CH 6.02 dd (15.0, 10.3) H-8, H-10 C-10 127.5 CH 5.95 t (11.0)

10 132.9 CH 6.23 dd (15.4, 10.3) H-9, H-11 – 127.6 CH 6.54 dd (15.1, 11.0)

11 128.7 CH 5.51 dd (15.4, 7.4) H-10, H-12 C-9, C-12 130.9 CH 5.61 dd (15.4, 7.3)

12 73.7 CH 5.29 q (7.0) H-11, H2-13 C-10 73.6 CH 5.35 m

13 32.5 CH2 2.32 m, 2.41 m H-12, H-14 C-12, C-14, C-15 32.6 CH2 2.36 m, 2.43 m

14 125.0 CH 5.35 m H2-13, H-15 – 124.9 CH 5.37 m

15 131.4 CH 5.44 m H-14, H2-16 – 131.0 CH 5.46 m

16 27.1 CH2 2.02 m H-15, H2-17 C-14, C-15, C-17 27.2 CH2 2.02 m

17 29.3 CH2 1.35 m H2-16, H2-18 – 29.3 CH2 1.36 m

18 31.5 CH2 1.28 m H2-17 C-20 31.5 CH2 1.30 m

19 22.6 CH2 1.30 m H3-20 C-18 22.6 CH2 1.27 m

20 14.1 CH3 0.88 t (7.0) H2-19 C-18, C-19 14.1 CH3 0.89 t (7.0)

10 172.4 C – – – 172.6 C –

20 43.7 CH2 2.17 m H-30 C-10, C-30, C-40, C-50 43.7 CH2 2.18 m

30 25.7 CH 2.08 m H2-20, H3-40/50 – 25.8 CH 2.08 m

40/50 22.4 CH3 0.94 d (6.6) H-30 C-20, C-30 22.4 CH3 0.95 d (6.6)

OMe 51.5 CH2 3.76 s – C-1 51.5 CH3 3.67 s

Spectra recorded in CDCl3, 1H NMR (600 MHz); 13C NMR (150 MHz)

1

O

O

O

O

1H-1H COSY

HMBC

Fig. 1 1H–1H COSY and selected HMBC correlations for 1
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presented as an [M ? Na]? ion at m/z 441 in ESI-MS. Its

HR-ESI-MS ([M ? Na]? m/z 441.2983, calcd. 441.2981)

implied 2 has molecular formula C26H42O4, which is the

same as compound 1. Possessing similar 1H NMR data and

patterns as for compound 1, compound 2 has the same

carbon skeleton as 1 (Table 1). The 13C NMR and DEPT

spectra revealed 2 has 26 carbon signals attributing to 3

methyls, 1 methoxyl, 10 methylenes, 10 methines, and 2

quaternary carbon atoms. The chemical shift value of C-7

at d 26.1 and the H-8 and H-9 coupling constant of

J8,9 = 11.0 Hz indicated that the configuration of C-8 and

C-9 was at cis position to each other [13]. The carbons and

protons were assigned unambiguously by analyzing its 2D

NMR spectral data. The absolute configuration at C-12 in 2 was

also tentatively determined as R [14–16]. Hence, the structure

of compound 2 was established as (5Z,8Z,10E,12R,14Z)-

methyl 12-(3-methyl-1-oxobutoxy)-5,8,10,14-eicosatetraeno-

ate and named as dichotellate B.

A unique isovalerianic acid ester group at C-12 is the

main characteristic of the two eicosanoids (1 and 2) iso-

lated from gorgonian D. gemmacea. To the best of our

knowledge, they are the first examples from nature of

eicosanoids esterified by isovalerianic acid.

Taking into account the structures of compounds 1 and

2, they may be derived from arachidonic acid, and a pos-

sible process for compounds 1 and 2 is proposed in

Scheme 2 based on the literature [17–19]. The precursor

arachidonic acid (i) was firstly abstracted at 10-pro-

(R) hydrogen atom and converted into two resonance forms

(ii and iii) with the radical at either C-10 or C-12. The

resonance form iii was then oxidized at C-12, followed

by peroxidase reduction, resulting in the corresponding

hydroxyeicosatetraenoic acid (intermediate iv). After

esterification and cis–trans isomerization, the intermediate

iv was finally transformed into 1 and 2.

Compounds 1 and 2 were evaluated for their lethal

activity toward brine shrimp A. salina. At concentration of

50 lg/ml, compounds 1 and 2 showed weak lethality to the

brine shrimp A. salina with lethal rates of 19% and 33%,

respectively. These two compounds were also tested for

cytotoxicity against KB and KBv200 tumor cell lines and

shown to be inactive (IC50 [ 50 lg/ml).

Two uncommon eicosanoid metabolites with a unique

isovalerianic acid ester group at C-12 have been isolated

and identified from gorgonian D. gemmacea. Their possi-

ble biosynthetic pathway was also proposed. The chemical

investigation of D. gemmacea may be used as foundation

for further studies on eicosanoid metabolites in gorgonian.
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Abstract The quality of commercial fish oil products can

be difficult to maintain because of the rapid lipid oxidation

attributable to the high number of polyunsaturated fatty

acids (PUFA), specifically eicosapentaenoic acid (EPA)

and docosahexaenoic acid (DHA). While it is known that

oxidation in fish oil is generally the result of a direct

interaction with oxygen and fatty acid radicals, there are

very few studies that investigate the oxidation kinetics of

fish oil supplements. This study uses hydroperoxides, a

primary oxidation product, to model the oxidation kinetics

of two commercially available fish oil supplements with

different EPA and DHA contents. Pseudo first order

kinetics were assumed, and rate constants were determined

for temperatures between 4 and 60 �C. This data was fit to

the Arrhenius model, and activation energies (Ea) were

determined for each sample. Both Ea agreed with values

found in the literature, with the lower PUFA sample having

a lower Ea. The oil with a lower PUFA content fit the first-

order kinetics model at temperatures C20 �C and B40 �C,

while the higher PUFA oil demonstrated first-order kinetics

at temperatures C4 �C and B40 �C. When the temperature

was raised to 60 �C, the model no longer applied. This

indicates that accelerated testing of fish oil should be

conducted at temperatures B40 �C.

Keywords Lipid chemistry � General area, lipid

hydroperoxides � Oxidized lipids, fish oil � Specific lipids

Introduction

Fish oil dietary supplements have been gaining popularity

in recent years due to the health benefits provided by the

polyunsaturated fatty acids (PUFA) they contain. The pri-

mary PUFA in fish oil are eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA). These fatty acids (FA) have

been shown to be important factors in cardiovascular health

as well as brain and eye development in babies [1–6] while

deficiencies in PUFA have been associated with a number

of negative health conditions including dermal conditions,

attention deficit disorder and clinical depression [4].

Because most people do not consume the recommended

2–3 servings of fatty fish per week as recommended by the

World Health Organization [7], fish oil supplements have

become a popular alternative. Unfortunately, due to their

large number of double bonds, PUFA in fish oil are subject

to rapid oxidation which produces fishy off-flavors and can

make supplements unpalatable.

The type of oxidation most commonly seen in com-

mercial fish oil products is a result of direct interactions

between fatty acid radicals and molecular oxygen. This

process is initiated by reaction of singlet oxygen with lipids

[8] to generate free radicals that in turn, initiate chain

reactions of oxidation. Oxidation of PUFA leads to the

formation of the primary oxidation products, lipid hydro-

peroxides, which then break down into secondary oxidation

products including aldehydes, ketones, acids, and alcohols.

Hydroperoxides are stable at room temperature, but readily

decompose at elevated temperatures or in the presence of

transition metals [9]. The rate of formation and degradation

of hydroperoxides increases with increasing temperature

[10]. Hydroperoxides are an important measure of oil

quality as they are an indicator of the future levels of sec-

ondary oxidation products that negatively impact sensory
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parameters. There are a variety of other factors, including

fatty acid composition, lipid class composition, concentra-

tions, and type of oxygen present, antioxidants and light,

that can influence oxidation, and make accurate compari-

sons between oxidation studies difficult [9].

Tests of oxidative stability are commonly used to evaluate

the shelf life of fish oils, but in order to complete testing in a

reasonable amount of time, elevated temperature is fre-

quently used to accelerate oxidation. The goal of this accel-

erated testing is to obtain results that can then be used to

predict the shelf life of fish oil products that are stored under

normal conditions [11]. For this to be possible, the kinetics of

the oxidation reaction must be determined. Theoretically,

oxidation rates can be monitored by following the degrada-

tion of specific FA. Though this has been attempted in fish oils

[12], these oils have a complex FA profile and application of

these techniques may not give an accurate representation of

oxidation that is occurring in the oil as a whole. At normal oil

storage temperatures the change in fatty acid profile happens

very gradually and fatty acid analysis may not be sensitive

enough to detect the minute changes in fatty acid concen-

tration, making this method impractical to use for monitoring

oxidation of fish oils. Rather than monitoring fatty acid

composition of fish oils, other studies use oxygen concen-

trations to assess oxidation [e.g. 13, 14], a technique that may

be more accurate for fish oil oxidation though it does not

directly take into account the formation of oxidation products

that could impart negative flavors into the oil. No studies

could be found that attempt to decipher the kinetics of fish oil

oxidation using a common oxidation indicator. The present

study uses peroxide values (PV) to assess oxidation because

these compounds are formed directly from lipids and there-

fore, the amount of hydroperoxides present can be directly

related to the amount of oxidized lipid present at early stages

of oxidation.

This study evaluates the stability of two commercially

available liquid fish oil supplements for oxidative stability

by monitoring hydroperoxide formation at a number of

different temperatures, ranging from 4 �C to 60 �C to

determine if oxidation of fish oil follows the Arrhenius

model. This information is important to fish oil manufac-

turers as it will enable the application of accelerated sta-

bility data to real-time conditions, thereby reducing the time

required to perform stability studies from years to weeks.

Experimental Procedures

Materials

Two different types of commercially available liquid fish

oil supplements were obtained from a retail outlet. The first

was NutraSea, a typical ‘‘18:12’’ fish oil, containing

approximately 18% EPA and 12% DHA as proportions of

total FA. The second was NutraSea HP, a fish oil ‘‘con-

centrate’’ containing approximately 30% EPA and 10%

DHA. Both products were produced by Ascenta Health and

contained winterized fish oil (97.86%), natural flavor (2%),

alpha tocopherol (0.04%) and green tea catechins (0.1%).

Amber bottles (200 ml) and lids were supplied by Ascenta

Health. These products were marketed as fish oils and

contained triacylglycerols (TAG) as the primary lipid at

70–75%. Monoacylglycerides (MAG) and diacylglycerides

(DAG) were also preset at 20–25% and\5%, respectively.

Potassium iodide, 1% starch indicator, sodium chloride,

butyl hydroxytoluene, boron trichloride-methanol, anhy-

drous sodium sulfate, Optima acetic acid and Optima iso-

octane were obtained from Fisher Scientific (Ottawa, ON).

Optima chloroform was obtained from VWR (Mississauga,

ON). An Isotemp 100 Series Model 126G oven (Fisher

Scientific) was used to incubate samples. Methyl tricose-

noate, methyl eicosapentaenoate, and methyl docosahexa-

enoate were obtained from Nu-Chek Prep (Elysian, MN).

Methods

Fatty Acid Analysis

Both fish oils were analyzed for EPA and DHA via GC-

FID. Triacylglycerols were converted to methyl esters

(ME) following the modified Global Organization for EPA

and DHA Voluntary Monograph for Omega-3 [15], using

methyl tricosenoate as an internal standard, as well as

external standards for EPA and DHA. ME were separated

using a column coated with (50% cyanopropyl)-meth-

ylpolysiloxane (30 m 9 0.25 mm 9 0.25 lm film thick-

ness) and helium was used as the carrier gas at a flow rate

of 1.0 ml/min. The oven temperature was initially held for

2 min at 153 �C then increased at 2.3 �C/min to 205 �C

and held for 8.3 min. The total run time was approximately

32 min. The FID was maintained at 270 �C, and the

injector (split mode 1:100, 4 mm liner) at 250 �C.

Stability Studies

Both oils were incubated in the dark at 4, 20, 40, and 60 �C.

The 18:12 oil was also incubated at 30 �C. Three bottles

were used for each incubation temperature. Bottles were

capped but not purged with nitrogen after the initial open-

ing. PV were measured in triplicate, with each bottle sam-

pled at each time point, following AOCS Official Method

Cd 8-53 [16]. Samples stored at 4 �C were initially tested

weekly, but then were tested monthly after 3 months of

testing. Samples stored at 20 �C were tested weekly, while

samples stored at 30 and 40 �C were tested every 3 days.

Samples stored at 60 �C were analyzed daily. Different
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sampling periods were necessary to capture the variation in

PV with changing oxidation rates. After removing an ali-

quot for sampling, each bottle was recapped and returned to

the test temperature. Testing was stopped when an average

peroxide value of 5 mequiv/kg was reached, as this is the

maximum accepted value for fish oil as recommended by

the Global Organization for EPA and DHA [15].

Determination of Rate Constants and Shelf Life

Prediction

Kinetic analysis of data was carried out using methods

adapted from Labuza [17], Labuza and Bergquist [18], Spears

et al. [19] and Tan et al. [20]. Pseudo-first order conditions

were assumed with the oil substrate in excess so that

�d O2½ � ¼ d C½ �=dt ¼ kC ð1Þ

where C is the concentration of oxidation products, in this

case the PV, and k is the rate constant. Integration leads to

the classic relationship in first order kinetics:

ln C ¼ ln Co þ kt ð2Þ

where Co is the initial concentration of oxidation products

(PV at initial times) and t is time in days. Plots of ln PV

versus time were linear with slopes of k for most trials.

Rate constants derived from linear plots were then fit to an

Arrhenius model:

ln k ¼ ln A� Ea=RT ð3Þ

where A is the prefactor, R is the universal gas constant,

T is the absolute temperature and Ea is the activation

energy in J/mol.

Because the ultimate goal of this study was to investi-

gate the validity of shelf life prediction by extrapolating

rate constants from high temperature to low temperature

studies, we therefore examined the exponential relationship

between the time require to reach the upper limit of

acceptability (trej) and temperature, according to

trej ¼ aeT ð4Þ

where a is a constant and trej is the time required to reach

PV = 5 mequiv/kg, as the upper limit of acceptability for

fish oil oxidation. Integration of this relationship gives

ln trej ¼ aþ ln T ð5Þ

suggesting that a plot of ln trej versus T should be linear.

Results and Discussion

Fatty Acid Analysis

The amounts of EPA and DHA present in both the 18:12

and concentrate oils (Table 1) differed, as expected from

their label claims. The 18:12 oil had a label specification of

269 mg/g while the concentrate specified 430 mg/g. Upon

testing, both samples exceeded label claims for EPA and

DHA with values of 286 and 499 mg/g, respectively. We

therefore considered these oils to have significantly dif-

ferent PUFA contents. Complying with label claims was

also important to establish that these oils were typical of

commercial products currently available; the purpose of

this study was to monitor oxidation in commercial products

with added antioxidants and flavors that contained FA at

expected levels.

Stability Studies

In the experimental design, pseudo-first order kinetics was

assumed. For the initial setup, each bottle contained

approximately 180 ml of fish oil with approximately

20 ml of headspace. This corresponds to approximately

0.6 mol of FA and 2 9 10-4 mol of O2, with FA present

in excess of 3,500 times the amount of O2. This ensures

that O2 is limiting, a necessary criteria of pseudo-first

order reactions. Even in the samples that had the longest

testing period (22 time points, with 5 ml of oil being used

at each point), this situation was maintained with 70 m of

oil, and 130 ml of air. This is equivalent to 0.23 mol of

FA and 1.3 9 10-3 mol of O2, ensuring that FA were still

present in excess of 176 times the amount of O2.

Resulting plots of PV versus time were therefore expected

to increase exponentially over time (Fig. 1a, b) with linear

fits for the corresponding regressions of ln PV versus time

(Table 2). It should be noted that kinetics are typically

modeled by monitoring the breakdown of reactants, while

this study monitors the formation of oxidation products.

Oxidation products have been used by a number of

research groups including Labuza and Bergquist [18],

Mancebo Campos et al. [21], and Gomez-Alonso et al.

[22] to successfully model oxidation kinetics.

Despite ensuring that pseudo-first order conditions were

met, the reaction was obviously not first order for several of

the sample-temperature combinations. For example, at

4 �C the 18:12 oil showed a clear lag in the onset of oxi-

dation (Fig. 1a) that did not fit the expected model. In fact,

Table 1 EPA and DHA content (mean ± SD) of 18:12 oil and

concentrate oil compared to the label claim

18:12 Concentrate

Omega-3 claim (mg/g)* 269 430

Actual EPA content (mg/g) 151 ± 0.97 349 ± 1.23

Actual DHA content (mg/g) 135 ± 1.23 150 ± 0.42

Total EPA ? DHA content (mg/g) 286 ± 1.56 499 ± 1.30

* Manufacturer guarantees only the total sum of EPA?DHA, not the

individual fatty acid content
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modeling with zero and second order kinetics did not show

any improvement at that temperature. Interestingly, the

concentrate oil did follow a first order model quite well at

4 �C (Fig. 1b; Table 2), likely because of the absence of a

prolonged lag phase. Both oils also deviated from the

expected first-order model at 60 �C. This was less sur-

prising as it is well accepted that the mechanisms for a

complex chain reaction such as lipid oxidation may vary

with increasing temperature [11]. For the purpose of this

study, it was assumed that peroxide derivatives of fatty

acids do not degrade; however, a large variety of secondary

oxidation products are formed from these compounds as

oxidation progresses. It may be that the increase in tem-

perature increased the rate of both peroxide formation and

breakdown; thus, the low rate constant derived at 60 �C for

both oils suggests that peroxides are decomposing faster

than they are being formed [9, 11]. Additionally, at ele-

vated temperatures, lipid oxidation is more dependent on

the concentration of oxygen. At high temperatures, the

solubility of oxygen decreases, and becomes a limiting

factor in lipid oxidation reactions as oxygen is rapidly

consumed [11].

First-order kinetics were expected because of the

experimental design, but all data was also evaluated for fit

to a zero- and second-order model (Table 3). For a zero-

order model, regression of PV versus time is linear, while

for second-order models, one expects plots of 1/PV versus

time to be linear. Coefficients of determination were sim-

ply used to assess fit (Table 3). In most cases it is quite

obvious that a first-order model is as good as or better than

other models (e.g., 18:12 oil at 20 and 30 �C). In other

cases it is less obvious. For example, at both 40 and 60 �C

for the 18:12 oil, a zero-order model has a slightly better fit

to the data, while at 4 �C, the second order model has the

best fit for the same oil. This is likely related to the high

content of rapidly oxidizing PUFA that are present in fish oil.

Fig. 1 Change in

hydroperoxide value

(mean ± SD, n = 3) at

different temperatures over

time. a 18:12 oil and b fish oil

concentrate

Table 2 Testing temperatures,

rate constants and coefficient of

determinations for 18:12 oil and

concentrate oil

a Includes 60 �C data
b Excludes 4 and 60 �C data

(18:12) or 60 �C data

(concentrate)

Temperature (K) 18:12 oil Concentrate oil

Rate constant (k days-1) SD Rate constant (k days-1) SD

277 0.009 0.00 0.011 0.09

293 0.023 0.11 0.075 0.00

303 0.053 0.06 N/A N/A

313 0.170 0.03 0.174 0.04

333 0.111 0.08 0.073 0.10

R2a 0.822 – 0.524 –

R2b 0.981 – 0.938 –
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All trials were stopped when the upper level for accept-

ability for fish oil, PV = 5 mequiv/kg, so that the duration

of the experiment grew shorter as temperature increased.

With daily sampling, this meant that fewer data points were

acquired as temperature increased, making it difficult to

fully capture the change in oil quality with time. The sit-

uation reached an extreme at 40 �C with both oils only

requiring 4 days to exceed the upper limit of acceptability.

Had sampling continued beyond this time point, the change

in slope that is expected with first-order kinetics may have

been captured. As plotted here, it is likely that only a small

linear portion of a larger curve is being shown. Because we

were only trying to model kinetics until the quality limit

was reached and first-order kinetics fit well for 20 and

30 �C, it seemed appropriate to continue to model with

first-order kinetics at the other temperatures. In addition,

we were very reluctant to fit the data to a zero-order model

in any situation. Zero-order kinetics dictates that reaction

rate is independent of substrate concentration. Though both

oils contain the same amount of fatty acid structures, the

concentrate sample contained more PUFA, or substrate,

that could be oxidized. Rates were obviously higher in the

concentrate oil (Fig. 2; Table 2) so zero-order kinetics

were ruled out immediately as an increase in PUFA

increased the rate of peroxide formation. Finally, a first-

order model was expected because others have found that

oils containing antioxidants follow such models [17]. All

this evidence pointed to the use of a first-order model when

any ambiguity in model fit was encountered.

Arrhenius Behavior and Shelf Life Prediction

Rate constants for both oils were lower at 60 than at 40 �C;

this result, combined with their poor fit to the first-order

model, led to their exclusion from the Arrhenius plot.

Similarly, because of the obvious lag time for onset of

oxidation of 18:12 oil at 4 �C, the data collected at this

temperature was also omitted from the plot for 18:12 oil,

leaving only 3 data points for each oil. Despite the low

sample numbers, we still see a good fit for both oils, with

differing slopes. From the slopes, Ea of oxidation for the

18:12 and concentrate oils were calculated as 76 and 55 kJ/

mol, respectively. The lower Ea for the concentrate oil was

expected because less energy should be required to initiate

oxidation due to the higher PUFA content. If the 4 �C data

point is included in the 18:12 analysis (data not shown), the

slopes are virtually identical, giving a very similar and

highly unlikely Ea. This further points to the appropriate-

ness of omitting the 4 �C data point in the 18:12 set. The Ea

determined here are similar to those reported by Labuza

[23] for lipid oxidation by free radical mechanisms

(63–105 kJ\mol). With pure triglycerides (TAG), consist-

ing of esterified DHA, Yoshii et al. [14] found similar Ea

ranging from 77 to 97 kJ/mol, depending on the level of

antioxidant added, and clearly showed that Ea increases

with increased concentration of rosemary extract. With

added antioxidants, both the fish oils examined here and

those containing high levels of PUFA studied by Yoshii

et al. [14], had Ea more similar to the stable vegetable oil

from canola [24], pointing to the clear advantage of

employing antioxidants to prevent oxidation.

The objective of this study was to determine the real

time shelf life of these products by extrapolating from

accelerated data. Data from experiments above 40 �C were

therefore omitted from the shelf life plots (Fig. 3). This

also agrees well with the recommendation by Frankel [11]

that the temperature used for accelerated fish oil stability

studies should not exceed 40 �C. This has obvious impli-

cations for fish oil stability studies that involve the use of

Table 3 Coefficients of determination for 18:12 and concentrate fish

oils when zero, first and second-order models were considered

Temperature (�C) # of points Zero-

order

First-

order

Second-

order

18:12 Oil r2

277 20 0.6993 0.8142 0.8648

293 8 0.9596 0.9429 0.9703

303 6 0.9752 0.9801 0.9572

313 4 0.9941 0.9539 0.8546

333 7 0.8777 0.8027 0.7052

Concentrate Oil r2

277 15 0.9561 0.9876 0.9863

293 5 0.9429 0.9706 0.9105

313 4 0.9993 0.9969 0.9817

333 8 0.8812 0.8866 0.8603

Fig. 2 Arrhenius plots for 18:12 oil (R2 0.9871) and concentrate oil

(R2 0.9384). Circled points are not included in regression. Data are

means ± SD
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oxygen absorption methods at elevated temperatures such

as such as the Rancimat and Oxidative Stability Index

(OSI) [25–27]. It is clear from the present study that PV of

oils stored under Rancimat or OSI conditions will not be

related to the PV of the same oils stored at temperatures

\60 �C. Knowing that, the data for 4 �C in the 18:12 oil

did not follow first order kinetics also led to its omission

from the shelf life plot. Without that data, it is of course not

possible to predict shelf life at temperatures \20 �C and

[4 �C by interpolation. However, if the 4 �C data was

included, the slope of the line would only change subtly so

that the shelf life would be predicted at 143 days rather

than the measured 148 days. This represents an error\4%

and when considering data between 4 and 20 �C, the

impact would be proportionally and absolutely less. Thus,

one may cautiously extrapolate beyond the linear portion of

the curve for 18:12 oil, knowing that the predicted shelf life

would be under-estimated by no more than 4%. It is

important to note that these equations only hold true for

these specific products. Oils that have different fatty acid or

lipid class profiles or use different antioxidants will likely

have different rates of oxidation.

This study was designed to mimic the oxidation that

might take place after a consumer has purchased a bottle of

fish oil and has begun consuming it. The shelf lives mea-

sured here for storage at 4 �C for both oils (148 and

99 days for 18:12 and concentrate, respectively) agrees

well with typical manufacturers’ recommendations of

90 days in refrigeration. An obvious contrast is with

freshly bottled fish oils, purged with inert gas, usually

nitrogen. Exclusion of air in such products promotes much

longer-term oxidative stability and we would not expect the

kinetics of oxidation to be similar to those reported here.

Studies to monitor such products would be logistically

difficult to organize simply because sealed containers of oil

could only be sampled once; after opening, the sample

would be in contact with air and, even if again purged with

nitrogen, rates of oxidation would be expected to vary.

Thus, a very large amount of individually bottled oil would

be required.

The lack of kinetic data between 4 and 20 �C is the

largest flaw in this study. Had we included at least one data

point in this range, we would have been much better able to

characterize both the Arrhenius behavior and shelf life

prediction. This is critical because it would have set a

lower limit on temperatures to which we could interpolate

without introducing a known minimum error. It would also

have been useful to examine other measures of oxidation.

Frankel [28] used volatile oxidation products to examine

the kinetics of fish oil oxidation. Anisidine values are also

recommended in the GOED Voluntary Monograph [15] as

a quality measure of fish oil. These tests could allow us to

investigate the relationship between primary and secondary

oxidation and could help to determine if hydroperoxides

are in fact breaking down at 60 �C. A substantial increase

in either anisidines or volatile oxidation products would

support our hypothesis of peroxide breakdown. Addition-

ally, monitoring secondary oxidation would allow for the

creation of shelf life plots that could potentially correlate

with sensory characteristics of the oils and give a better

indication of how consumers will perceive the oils. How-

ever, both parameters are difficult to accurately measure in

commercial oils that have added flavors. Our experience

has shown that flavor compounds co-elute with oxidation

products in gas chromatographic analysis of volatiles,

especially when headspace analysis techniques are utilized.

While selective ion monitoring could potentially be used to

monitor oxidation in co-eluting peaks, these techniques are

beyond the scope of this paper. Flavor compounds also

interfere with the p-anisidine test, causing drastic over-

estimation of the measure, sometimes outside the range of

measurement. Thus, monitoring change in secondary

kinetics with p-anisidine test would only be feasible in

unflavored oils, which would not necessarily be relevant

for shelf life studies of commercial dietary supplement.

Fish oil is a popular dietary supplement taken by many

people for its health benefits. Because of the high PUFA

content, the oil oxidizes rapidly. At temperatures C20 �C

and B40 �C, 18:12 fish oil appears to follow first-order

kinetics. Fish oil concentrate demonstrates first-order

kinetics at temperatures C4 �C and B40 �C. At 60 �C both

oils oxidized more rapidly, likely because of hydroperox-

ides breaking down faster than they could form. This

confirms that accelerated stability studies using fish oil

should be conducted at temperatures no higher than 40 �C.

Accelerated temperature data can then be used to predict

Fig. 3 Shelf life plots for 18:12 and concentrate fish oils. Circled
points are not included in regression
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shelf-life at lower temperatures; however, extrapolation of

data should be done with caution as the rate of reaction

may not hold true at low temperatures. This was the case

for 18:12 oil as clearly demonstrated in this study.
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22. Gómez-Alonso S, Mancebo-Campos V, Descamparados Salvador

M, Fregapane G (2004) Oxidation kinetics in olive oil triacyl-

glycerols under accelerated shelf-life testing (25–75 �C). Eur J

Lipid Sci 106:369–375

23. Labuza TP (1984) Application of chemical kinetics to deterio-

ration of foods. J Chem Ed 61:348–358

24. Orlien V, Risbo J, Rantanen H, Skibsted LH (2006) Temperature-

dependence of rate of oxidation of rapeseed oil encapsulated in a

glassy food matrix. Food Chem 94:37–46

25. Méndez E, Sanhueza J, Speisky H, Valenzuela A (1996) Vali-

dation of the Rancimat test for the assessment of relative stability

of fish oils. JAOCS 73:1033–1037

26. Luther M, Parry J, Moore J, Meng J, Zhang Y, Cheng Z, Yu L

(2007) Inhibitory effect of Chardonnay and black raspberry on

lipid oxidation in fish oil and their radical scavenging and anti-

microbial properties. Food Chem 104:1065–1073

27. Yu L, Haley S, Perret J, Harris M (2002) Antioxidant properties

of hard winter wheat extracts. Food Chem 4:457–461

28. Frankel EN (1993) Formation of headspace volatiles by thermal

decomposition of oxidized fish oils vs. oxidized vegetable oils.

JAOCS 70:767–772

Lipids (2011) 46:87–93 93

123

http://www.goedomega3.com/


METHODS

Rapid Quantitative Analysis of Lipids Using a Colorimetric
Method in a Microplate Format

Yu-Shen Cheng • Yi Zheng • Jean S. VanderGheynst

Received: 11 August 2010 / Accepted: 15 October 2010 / Published online: 11 November 2010

� AOCS 2010

Abstract A colorimetric sulfo-phospho-vanillin (SPV)

method was developed for high throughput analysis of total

lipids. The developed method uses a reaction mixture that

is maintained in a 96-well microplate throughout the entire

assay. The new assay provides the following advantages

over other methods of lipid measurement: (1) background

absorbance can be easily corrected for each well, (2) there

is less risk of handling and transferring sulfuric acid

contained in reaction mixtures, (3) color develops more

consistently providing more accurate measurement of

absorbance, and (4) the assay can be used for quantitative

measurement of lipids extracted from a wide variety of

sources. Unlike other spectrophotometric approaches that

use fluorescent dyes, the optimal spectra and reaction

conditions for the developed assay do not vary with the

sample source. The developed method was used to measure

lipids in extracts from four strains of microalgae. No sig-

nificant difference was found in lipid determination when

lipid content was measured using the new method and

compared to results obtained using a macro-gravimetric

method.

Keywords Sulfo-phospho-vanillin � Microalgae �
Macro-gravimetric

Abbreviations

SPV Sulfo-phospho-vanillin

ATCC American type culture collection

UTEX The culture collection of algae

ANCOVA Analysis of covariance

HSD Honestly significant differences

vvm Volume per volume per minute

Introduction

Lipids are an important group of compounds that provide

several biological functions such as energy storage, cell

membrane structure and signaling [1, 2]. For this reason,

lipid analyses are performed routinely in many different

research areas. For example, the screening of oleaginous

organisms has extensive application in both research and

industry settings for identifying and producing food sup-

plements and renewal biofuels [3–5]. In addition, in aqua-

culture processes analysis of lipid content in animals and

microorganisms assists with monitoring the health condi-

tions of the culture and developing growth strategies [6, 7].

Several methods have been developed to quantify total lip-

ids. The most common approach is a macro-gravimetric

method in which lipids are extracted from a sample, the

extraction solvent is evaporated and the retained material is

measured as the lipid content [8, 9]. This traditional gravi-

metrical method requires a relatively large quantity of

sample and is time-consuming and labor-intensive when

analysis of many samples is needed. Spectrofluorometric

analysis of lipid, which uses the fluorescent dye Nile red,

was originally developed by Greenspan et al. [10] and has

also been modified for quantification of total lipids [11–14].

While this approach is high-throughput, environmental

factors and other components in the cell cytoplasm, such as

proteins and pigments, interfere with the assay and the

fluorescence intensity varies between samples [14–16]. For
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this reason accurate quantification of lipids using this

approach requires that the optimal spectra and reaction

conditions be determined for each type of sample prior to

fluorescent measurements [13, 17].

The colorimetric sulfo-phospho-vanillin (SPV) method

developed by Chabrol et al. [15, 18] is an attractive alter-

native for lipid measurement because of its fast response

and relative ease in sample handling. The SPV method has

been modified for diverse applications such as the deter-

mination of total lipids in serum, food and ecological

samples [16, 19–23]. A micro scale modification of the

SPV assay was developed by Van Handel [24] for deter-

mination of total lipids in a single mosquito, and assessed

by several investigators as a more time and labor efficient

approach compared to gravimetric methods [25–27]. In

Inouye’s report [25], 0.25 ml sample, 0.1 ml sulfuric acid

and 2.4 ml vanillin reagent (1.2 mg vanillin per ml 68%

phosphoric acid) were required for the micro-colorimetric

assay. Similarly, in a report published by Lu et al. [27]

0.1 ml sample, 2.5 ml sulfuric acid and 5 ml vanillin

reagent were needed to conduct the SPV assay on a micro

scale. Both methods were completed in 13 9 100 mm

culture tubes. Transfer of reactants to proper containers

was required for absorbance measurement. Since color

develops continuously, careful sample handing and control

of color development are critical using this micro-scale

approach.

The present work reports on an adaptation of the

SPV method for completion of lipid quantification in a

96-well microplate for higher throughput and reduced

costs. The adapted method involves an assay in which

the reagent mixture is confined to one microplate for

the entire assay. This enables faster measurement of

multiple samples with easy background correction and

more consistent monitoring of color development. As an

example, total lipids in extracts from microalgae, which

contain a dark green background, was successfully

measured using this assay approach with corn oil as a

standard.

Materials and Methods

Materials

Concentrated sulfuric acid, o-phosphoric acid (85%),

chloroform and methanol, all ACS grade, were purchased

from Thermo Fisher Scientific Inc (Waltham, MA, USA).

Vanillin (C98%) was purchased from Sigma-Aldrich

(St. Louis, MO, USA). Commercial corn oil, canola oil,

flax oil, sunflower oil and cod liver oil were obtained from

local markets. A cholesterol standard for clinical work was

purchased from MP biomedicals (Solon, OH, USA). Flat

bottom, polystyrene 96-well microplates (Costar 3370)

were obtained from Corning Incorporated (Corning, NY,

USA).

Preliminary Assessment of General Assay Conditions

A preliminary microplate test was performed to determine

the initial assay conditions. The general assay steps fol-

lowed are presented in Fig. 1. The volume of reagents per

well in the preliminary study included 100 ll of concen-

trated sulfuric acid and 100 ll vanillin–phosphoric acid

reagent. Three concentrations of vanillin were examined

(1, 0.5, and 0.1 mg vanillin per ml 68% phosphoric acid) to

determine the suitable concentration for assay in a micro-

plate format. Standard samples were prepared by mixing

corn oil in solvent (chloroform:methanol = 1:1) at 15 mg/ml.

Standards were added into each well of the microplate by

varying the volume (0.5–30 ll) and then 100 ll concen-

trated sulfuric acid was added after the solvent was

evaporated at 90 �C for about 10 min. The microplate was

then incubated on a dry heating bath (Isotemp 125D,

Thermo Fisher Scientific Inc.) at 90 �C for 10 min and

cooled to room temperature on ice water (*2 min). A

microplate reader (Model VMax, Molecular Device, Sun-

nyvale, CA, USA) with compatible software, Softmax v

2.43, was used to measure background absorbance. Then,

100 ll vanillin–phosphoric acid reagent was added for

Fig. 1 General analysis procedures of SPV method in a microplate.

Volumes of sulfuric acid and incubation times in step 3, and vanillin–

phosphoric acid reagent levels and color development time in step 5
were varied to determine the ideal assay conditions for high

throughput microplate analysis of lipid

96 Lipids (2011) 46:95–103

123



color development. Absorbance at 540 nm was measured

after 5 min of color development.

Examination of Solvent Ratios for Sample Preparation

Solvent mixtures including four different ratios of chloro-

form and methanol (chloroform only, chloroform:metha-

nol = 2:1, 1:1 and 1:2) were tested to determine the effect

of sample preparation on the assay. Samples containing

corn oil in solvent mixtures (15 mg corn oil per ml solvent)

were pipetted into the microplate wells by varying the

volume from 1 to 15 ll. The solvent was evaporated at

90 �C (*10 min), and then 100 ll concentrated sulfuric

acid was added. The microplate was then incubated on a

dry heating bath at 90 �C for 20 min. Absorbance at

540 nm was measured as background after the microplate

was cooled to room temperature on ice water. Then, 100 ll

vanillin–phosphoric acid reagent (0.5 mg vanillin per ml

68% phosphoric acid) was added for color development.

Absorbance at 540 nm was measured after 5 min of

development.

Examination of Vanillin and Phosphoric Acid

Concentrations

After the sample preparation method was determined,

concentrations of vanillin and phosphoric acid were

investigated to determine their influence on the assay and if

lower concentrations could be used in a high-throughput

format. All assays used 100 ll vanillin–phosphoric acid

reagent for color development. Four vanillin concentrations

in 68% phosphoric acid were first tested at 0.5, 0.375, 0.25

and 0.125 mg/ml. After an ideal concentration of vanillin

(0.25 mg/ml) was determined, four different concentrations

of phosphoric acid (17, 34, 51 and 68%) were tested. To

examine the possibility of further reducing vanillin in

the assay, the vanillin concentration was optimized after

the suitable concentration of phosphoric acid had been

determined.

Volume of Vanillin Phosphoric Acid Reagent

and Concentrated Sulfuric Acid

In an attempt to reduce water use and final volume, dif-

ferent volumes of vanillin phosphoric acid reagent were

tested. Four volumes of vanillin phosphoric acid reagent

(20, 25, 50, 100 ll) containing an equivalent amount of

vanillin were first investigated to determine whether the

volume of the reagent could be reduced by increasing the

vanillin concentration. After the vanillin concentration in

the phosphoric acid reagent and volume of vanillin phos-

phoric reagent in the assay were determined, the effect of

concentrated sulfuric acid volume (100, 150 and 200 ll) on

digestion was tested.

Examination of Reaction Time and Stability

of Absorbance Linearity

To investigate the effect of reaction time on the assay,

standard samples (10 mg corn oil per ml solvent) were

loaded at varying volumes (12, 8, 4, 1 ll) in the assay with

100 ll concentrated sulfuric acid. The reaction time was

varied from 10 to 60 min by carefully transferring samples

from the original microplate to a new one at 10 min

intervals. The new microplate was maintained on ice water

until all the samples were transferred. After all samples had

been cooled and background absorbance had been mea-

sured, 50 ll of vanillin–phosphoric acid reagent (0.2 mg

vanillin per ml 17% phosphoric acid) was added to each

well. To test the stability of absorbance linearity, absor-

bance measurements made at 540 nm were recorded from

5 min to 3.5 h after vanillin–phosphoric acid reagent

addition.

Relative Absorbance and Linearity of Different Lipid

Samples

To survey the applicability of the assay, six different lipid

samples, including corn oil, canola oil, flax oil, sunflower

oil, cod liver oil and cholesterol, were tested in the range

5–150 lg by varying loading volume of standard solutions

(10 mg lipid per ml solvent). After the solvent was evap-

orated, 100 ll concentrated sulfuric acid was added to each

well and then the microplate was incubated at 90 �C for

20 min. 50 ll of vanillin–phosphoric acid reagent (0.2 mg

vanillin per ml 17% phosphoric acid) was added to each

well for color development. Absorbance at 540 nm was

measured after 10 min of development.

Applicability of the Assay for Measuring Lipid

Extracted from Microalgae

Four different strains of microalgae, Chlorella vulgaris

UTEX 259, Chlorella sorokiniana UTEX 2805, Chlorella

minutissima UTEX 2341 and Chlorella sp. NC64A were

obtained from The Culture Collection of Algae (UTEX)

and American Type Culture Collection (ATCC). Chlorella

UTEX 259 and UTEX 2805 were cultured in inorganic N8

medium, and Chlorella UTEX 2341 and NC64A were

cultured in N8Y medium prepared by adding 0.1% yeast

extract in N8 medium. All strains were cultured at 25 �C

with either ambient air supply at 1 vvm or 2% CO2 at

0.5 vvm in 1-l glass bottles and irradiated with fluorescent

light at *2,000 Lux on a 16:8 h light/dark cycle. Cultures

were harvested in the late log phase of growth, centrifuged
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at 2,000g and the retained pellet was lyophilized. The lipid

extraction and purification methods were according to

Folch [9] with slight modifications. Samples of purified

lipid extracts were mixed with twice the volume of meth-

anol for the colorimetric assay in a microplate, and the

results were compared with the total lipid measured using

the macro-gravimetric method [25].

Data Analysis

Linearity was determined by plotting absorbance versus

lipid amount in the assay and examining the R2 value upon

linear regression of the data. Analysis of covariance

(ANCOVA) and Tukey’s HSD test were used to assess

differences in the mean slope obtained upon linear

regression of absorbance versus lipid amount. A paired

t test and a graphical statistic paired test based on Bland’s

method [28] were performed to evaluate the agreement

between the developed method and the macro-gravimetric

method when lipid samples from microalgae were ana-

lyzed. Paired t tests, ANCOVA and Tukey’s HSD tests

were performed using JMP IN v.8.0 (SAS Institute Inc.

Cary, NC, USA).

Results and Discussion

Preliminary Test of Assay Conditions

A preliminary microplate test was performed to determine

a suitable range of vanillin in the assay. All tested con-

centrations (1, 0.5, and 0.1 mg vanillin per ml 68% phos-

phoric acid) gave good linearity of absorbance (R2 [ 0.95)

at 540 nm in the range of 15–120 lg lipid (Data not

shown). Vanillin concentration at 0.5 mg/ml gave a suffi-

cient and relatively linear result, and therefore was selected

as the starting point for optimization. Although the pre-

liminary test showed very good linearity, there were some

samples with noticeable film development and corrosion in

the bottom of the wells of the microplate that might

interfere with the reaction between lipid and sulfuric acid

and affect color development. Therefore, different solvent

ratios were also included in the development of the

method.

Development of Reaction Conditions

Sample Preparation in Different Solvent Combinations

Only the samples prepared in a chloroform:methanol ratio

of 2:1 had clear reactions and differences in color devel-

opment (Fig. 2). In some of the tests using chloro-

form:methanol ratios of 2:1 and 1:1, corrosion and film

development occurred in the bottom of wells. The corro-

sion might indicate intolerance of polystyrene to these

solvent combinations, although the solvent was completely

evaporated in a very short time (\10 min). The test of lipid

measurement using chloroform only did not show any

corrosion, however, a very thick and sticky layer formed

when sulfuric acid was added, and color development was

less than tests of lipid in other solvent combinations

(Fig. 2). This phenomenon was also observed when the

assay was performed in polypropylene microtubes, which

suggests that the lipid layer might form because of over-

drying when the solvent is evaporated rather than solvent

intolerance of the assay container. Although the thick and

sticky lipid layer could be dissolved after intensive mixing,

this would not be suitable for an assay in a microplate

where intensive mixing may be difficult to perform.

Concentration of Vanillin and Phosphoric Acid

Four different vanillin concentrations were tested based on

the results from the preliminary test described earlier.

When concentrated sulfuric acid addition was fixed at

100 ll, all concentrations of vanillin in 68% phosphoric

acid tested in this study gave an even linearity of absor-

bance at 540 nm in the range 7.5–120 lg lipid (Fig. 3). In

order to balance the conservation of vanillin use and suf-

ficiency of absorbance, 0.25 mg/ml vanillin in 68% phos-

phoric acid was selected for the following optimization of

phosphoric acid concentration. The purpose of testing

different phosphoric acid concentrations was to investigate

the possibility of using a lower amount of phosphoric acid

while retaining linearity and sufficient absorbance.

According to a previous report [18], when phosphoric acid

concentration was varied between 17.6 and 70.4%, the

Fig. 2 Influence of solvent combinations on reaction and color

development. C chloroform, M methanol. Samples (corn oil in

solvent, 15 mg/ml) were added from 1 to 15 ll and incubated with

100 ll concentrated H2SO4 at 90 �C for 20 min. 100 ll vanillin–

phosphoric acid reagent (0.5 mg vanillin per ml 68% phosphoric acid)

was added for color development. Absorbance measurements were

made after 5 min of color development. Sample loading volumes

from top to bottom are 15, 12, 9, 6, 3, and 1 ll)
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higher concentration provided a greater and more stable

color response. Thus, four different concentrations in this

range were selected for testing. Figure 4 shows that lower

phosphoric acid concentration gave a higher absorbance.

This is in contrast to previous reports. The result suggests

that the water content in the reagent might play a role in

promoting the color response and an increase in the sta-

bility. Based on this result, the concentration of vanillin

was further optimized. Figure 5 shows that the reduced

vanillin concentration in 17% phosphoric acid provided

equivalent absorbance linearity at 540 nm. Thus, vanillin

concentration at 0.1 mg/ml was selected for the next study.

Volumes of Vanillin–Phosphoric Acid Reagent

and Concentrated Sulfuric Acid

In an attempt to reduce water use associated with the

vanillin reagent, four volumes containing an equivalent

amount of vanillin in 17% phosphoric acid were examined.

Volumes of 100 ll (0.1 mg/ml) and 50 ll (0.2 mg/ml)

provided fairly even linearity of absorbance compared to

20 ll (0.4 mg/ml) and 25 ll (0.5 mg/ml) (Fig. 6).

The volume of concentrated sulfuric acid might affect

the reaction quality. In one report, the results were more

consistent when the volume of concentrated sulfuric acid

was more than 100 ll [25]. Therefore, sulfuric acid vol-

umes of 100, 150 and 200 ll were examined to determine

the effect of sulfuric acid loading volume on the color

response and stability. Figure 7 shows that higher sulfuric

acid volume did not result in better linearity and color

development. The results suggest that a moderate ratio

between water and sulfuric acid is important for color

development.

Reaction Time and Stability of Absorbance Linearity

In the published format of the micro-scale assay, samples

were incubated with concentrated sulfuric acid at 100 �C

for 10 min. Previous reports also indicated that the heating

temperature will affect the color response [19]. Because of

Fig. 3 Influence of vanillin concentration in vanillin–phosphoric acid

reagent on color development. The vanillin–phosphoric acid reagent

was prepared with 68% phosphoric acid. Samples were incubated

with 100 ll concentrated H2SO4 at 90 �C for 20 min. 100 ll vanillin–

phosphoric acid reagent was added for color development. Absor-

bance measurements were made after 5 min of color development.

Data points and error bars represent the mean and standard deviation

of three replicate samples

Fig. 4 Influence of phosphoric acid concentration in vanillin–phos-

phoric acid reagent on color development. The vanillin concentration

was fixed at 0.25 mg/ml. Samples were incubated with 100 ll

concentrated H2SO4 at 90 �C for 20 min. 100 ll vanillin–phosphoric

acid reagent was added for color development. Absorbance measure-

ments were made after 5 min of color development. Data points and

error bars represent the mean and standard deviation of three

replicate samples

Fig. 5 Optimization of vanillin concentration in vanillin–phosphoric

acid reagent for color development. The vanillin–phosphoric acid

reagent was prepared with 17% phosphoric acid. Samples were

incubated with 100 ll concentrated H2SO4 at 90 �C for 20 min.

100 ll vanillin–phosphoric acid reagent was added for color devel-

opment. Absorbance measurements were made after 5 min of color

development. Data points and error bars represent the mean and

standard deviation of three replicate samples
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the temperature limitation of polystyrene, the reaction

temperature was set at 90 �C and longer incubation times

were used to compensate for the temperature difference.

Figure 8a shows that at a reaction time of 20 min, the

absorbance increased with color development time. Line-

arity in absorbance was stable for 3.5 h and the results from

different reaction times showed a similar pattern. While

longer reaction times produced higher background absor-

bance (Data not shown), the total absorbance was only

slightly increased (Fig. 8b). Since color develops

continuously, laborious transfer of the reaction mixture for

absorbance readings causes considerable error when large

numbers of samples need to be measured. In the developed

assay, because the samples and standards are on the same

sample plate and read at the same time, the timing error is

minimized.

Relative Absorbance and Linearity of Pure Lipid Samples

Previous reports indicated that selecting an appropriate

standard was important for assessing lipid content in dif-

ferent types of samples [18, 19, 29]. Thus, different types

of oil and cholesterol were tested using the new assay

format (Fig. 9). The slope of the standard curve was sig-

nificantly affected by lipid type (p \ 0001). Standard

slopes for cod liver oil and cholesterol were significantly

lower than slopes for plant oils (Table 1). There were no

significant differences in slopes among the plant oils,

except flax oil which was different from all other oils

Fig. 6 Influence of the volume of vanillin–phosphoric acid reagent

for color development. Vanillin–phosphoric acid reagents were

prepared in 17% phosphoric acid. Samples were incubated with

100 ll concentrated H2SO4 at 90 �C for 20 min. Vanillin–phosphoric

acid reagent was added for color development. Absorbance measure-

ments were made after 5 min of color development. Data points and

error bars represent the mean and standard deviation of three

replicate samples

Fig. 7 Influence of volume of concentrated sulfuric acid for color

development. Samples were incubated at 90 �C for 20 min. 50 ll

Vanillin–phosphoric acid reagent (0.2 mg vanillin per ml 17%

phosphoric acid) was added for color development. Absorbance

measurements were made after 5 min of color development. Data
points and error bars represent the mean and standard deviation of

four replicate samples

Fig. 8 Test of reaction time and stability for color development.

a 20 min reaction time with color development from 5 min to 3.5 h,

b 10–60 min reaction time with 10 min color development. 50 ll

vanillin–phosphoric acid reagent (0.2 mg vanillin per ml 17%

phosphoric acid) was added for color development. Data points
represent the mean of three replicate samples
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except sunflower oil. Cod liver oil and cholesterol were

also statistically equivalent (Table 1). Like other methods,

standard selection should be based on the source of the

sample (i.e., plant or animal) for the microplate method.

Final Microplate Procedure

The final procedure involves the addition of \100 ll of

samples and standards that contain 5–120 lg lipids directly

into the bottom of microplate wells. After the solvent is

evaporated at 90 �C, 100 ll of concentrated sulfuric acid is

added to each well. Then, the microplate is incubated at

90 �C for 20 min. Background absorbance at 540 nm is

measured when the microplate is cooled to room temper-

ature on ice water (*2 min). 50 ll of vanillin–phosphoric

acid reagent (0.2 mg vanillin per ml 17% phosphoric acid)

is added to each well for color development for 10 min,

and then absorbance is measured at 540 nm. Since the

heating and cooling steps will affect the absorbance, evenly

heating and cooling the reaction mixtures are critical for

having good absorbance linearity. Thus, performing the

incubation in a microplate dry heating module or on a

water bath with careful handling is recommended.

Applicability of the Assay for Measuring Solvent

Extracted Lipid from Microalgae

Since the SPV method has been reported to have a var-

iable response to varying sources of lipids [30], lipids

extracted from four different strains of green microalgae

were analyzed using the macro-gravimetric method and

compared to the new microplate assay. Corn oil was used

as the standard for the colorimetric method because

microalgal lipids usually have a higher unsaturated ratio

and are relatively close in composition to vegetable oil

[16, 31–34]. The determined total lipids were converted to

lipid percentage of dry algal biomass. Figure 10a shows

the correlation of lipid percentage between the microplate

format of the SPV method and the macro-gravimetric

Fig. 9 Absorbance linearity of different lipid types. Samples were

incubated with 100 ll concentrated H2SO4 at 90 �C for 20 min. 50 ll

vanillin–phosphoric acid reagent (0.2 mg vanillin per ml 17%

phosphoric acid) was added for color development. Absorbance

measurements were made after 10 min of color development. Data

points represent the mean of three replicate samples

Table 1 Mean slopes from standard curves measured using devel-

oped method

Lipid type Mean slope (Au/lg)*

Canola oil 0.00755 A

Corn oil 0.00746 A

Sunflower oil 0.00721 AB

Flax oil 0.00685 B

Cholesterol 0.00502 C

Cod liver oil 0.00554 C

* Means followed by the same letter within columns are not signifi-

cantly different according to Tukey’s HSD means comparison test

(n = 3), p \ 0.05

Fig. 10 a The correlation between lipid percentage of algae deter-

mined using the microplate colorimetric method and macro-gravi-

metric method. b Difference against average of macro-gravimetric

and microplate format colorimetric measurement of lipid percentage

with 95% limits of agreement (dashed lines)
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method; there is a strong correlation between the macro-

gravimetric method and the microplate format SPV

method (R2 = 0.819, F = 99.72, p \ 0.0001). Figure 10b

shows that the mean difference and standard deviation are

0.33 and 1.21% (test pairs = 24), respectively, and all

differences fall between the 95% limits of agreement.

Moreover, the matched paired t test is 1.35 (p = 0.19,

two tails), which provides evidence that there is no sig-

nificant difference between the microplate format of the

SPV method and the macro-gravimetric method. This

result is consistent with an earlier report [29] and sug-

gests that the new SPV method in a microplate format can

be applied for the quantification of total lipids from dif-

ferent types of microalgae samples with proper standard

selection.

Conclusion

Total lipid quantification is frequently performed in

many research areas with different types of samples. The

present work reports on a modified colorimetric method

for quantitative analysis of total lipid using a high-

throughput microplate format. The presented method

uses extracted and purified lipid samples. The extraction

step minimizes interferences associated with other com-

ponents in the sample and allows different samples from

a variety of research areas to be analyzed using the same

conditions. This approach could be very useful when

screening the lipid content in different cell cultures and

plants. With the development of high-throughput cell

disruption technologies such as 96-well plate bead

beaters and microwave extraction [35], lipid extrac-

tion from large numbers of samples could be done in

minutes.

The new assay method possesses many advantages: (1)

it requires a small amount sample and the sample volume

can be adjusted to fit in the standard range, (2) it requires

less time (\1 h) and less labor when a large number of

samples is analyzed, and (3) the color development is more

consistent with modifications of reagent concentrations.

Moreover, the reagents are confined in the microplate

through the entire assay procedure, which enables fast and

accurate reading of multiple samples. In the final proce-

dure, it is recommended that the volume of the sample

should be less than 100 ll in order to ensure a complete

reaction with the sulfuric acid. In addition, uniform heating

and cooling are important for consistency in the reaction.

The method was validated against the macro-gravimetric

method. When corn oil was used as a standard, statistically

equivalent results were achieved when both methods were

used to measure total lipids in four different strains of

Chlorella.
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Abstract The bioactive properties of the conjugated lin-

oleic acid (CLA) isomers have long been recognised and are

the subject of a number of excellent reviews. However,

despite this prominence the CLA isomers are not the only

group of naturally occurring dietary conjugated fatty acids

which have shown potent bioactivity. In a large number of

in vitro and in vivo studies, conjugated a-linolenic acid

(CLNA) isomers have displayed potent anti-inflammatory,

immunomodulatory, anti-obese and anti-carcinogenic

activity, along with the ability to improve biomarkers of

cardio-vascular health. CLNA isomers are naturally present

in high concentrations in a large variety of seed oils but can

also be produced in vitro by strains of lactobacilli and bif-

idobactena through the activity of the enzyme linoleic acid

isomerase on a-linolenic acid. In this review, we will

address the possible therapeutic roles that CLNA may play

in a number of conditions afflicting Western society and the

mechanisms through which this activity is mediated.

Keywords CLA � Catalpic � Eleostearic � Calendic �
Punicic � Cancer � Obesity � Atherosclerosis � Inflammation

Abbreviations

CLNA Conjugated a-linolenic acid

CLA Conjugated linoleic acid

COX-2 Cyclooxygenase-2

HDL High density lipoprotein

IFN-c Interferon-c
Ig Immunoglobulin

LDL Low density lipoprotein

LETO Long–Evans Tokusima Otsuka

NF-kB Nuclear factor kappa B

OLETF Otsuka Long Evans Tokushima Fatty

PPAR Peroxisome proliferator-activated receptor

SREBP Sterol regulatory element binding protein(s)

TAG Triacylglycerol

TNF-a Tumor necrosis factor a
VLDL Very low density lipoprotein

Introduction

Numerous investigations have attributed bio-functional

properties to a range of conjugated fatty acids of which the

conjugated linoleic acid (CLA) isomers are best charac-

terized [1–3]. The health promoting attributes of the CLA

isomers have been reported in detail, however, there are

currently few reviews which address the other major group

of naturally occurring conjugated fatty acids, the conju-

gated a-linolenic acid (CLNA) isomers. CLNA isomers

combine the conjugated double bond system of CLA with

the octadecatrienoic fatty acid (C18:3) structure of a-lin-

olenic acid, conferring these fatty acids with a high bio-

active potential. Structurally, CLNA isomers are positional

and geometric isomers of a-linolenic acid, and similar to
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CLA isomers, are characterized by having one or more

double bonds in the cis (c) or trans (t) conformation, which

are separated by simple carbon–carbon linkage as opposed

to being separated by a methylene group (Fig. 1).

In nature, CLNA isomers are readily found in abundance

in pomegranate seed (c9,t11,c13 CLNA), tung seed

(c9,t11,t13 CLNA), bitter gourd seed (c9,t11,t13 CLNA),

snake gourd seed (c9,t11,t13 CLNA), parwal seed

(c9,t11,t13 CLNA), catalpa seed (t9,t11,c13 CLNA), and

pot marigold seed (t8,t10,c12 CLNA) (Table 1). The

presence of these conjugated fatty acids in seed oils is

primarily as a result of the action of divergent forms of the

enzyme, fatty acid conjugase on linoleic or a-linolenic

acids [4, 5] (Fig. 2). Additionally, the c9,t11,c15 CLNA

and t9,t11,c15 CLNA isomers may be produced through

the isomerisation of a-linolenic acid by intestinal and ru-

minal bacteria via the action of the enzyme linoleic acid

isomerase [6–8].

Research has shown that conjugated fatty acids are

associated with potent anti-carcinogenic, anti-inflammatory

and anti-atherosclerotic properties both in vitro and in vivo,

and how their efficacy against a particular condition may

vary substantially between the individual isomers [1–3, 9].

Thus, the conjugation process can result in the production of

a range of fatty acids with diverse biogenic profiles [1–3, 9].

The mechanisms behind the health promoting properties of

conjugated fatty acids range from their ability to modulate

the expression of genes associated with disease pathogen-

esis, to their ability to compete with pro-inflammatory x-6

fatty acids such as linoleic and arachidonic acids for

incorporation into the cell membrane. In addition, there is

evidence to suggest that CLNA isomers may undergo

elongation and desaturation reactions similar to a-linolenic

acid [10, 11]. This process results in the production of

conjugated derivatives of EPA and DHA, which may also

possess potent biogenic properties [9, 12]. Indeed, syn-

thetically produced conjugated EPA isomers have displayed

potent anti-carcinogenic and anti-adipogenic properties

[9, 13–15], while conjugated DHA isomers have shown

potent anti-carcinogenic properties [16].

The Role of CLNA in Inflammatory Response

and Immune Function

Structurally, CLNA isomers have much in common with the

x-3 fatty acid, a-linolenic acid, and the group of fatty acids

known as the CLA isomers (c9,t11 and t10,c12 CLA iso-

mers). In a number of studies, a-linolenic acid and the CLA

isomers have been directly associated with anti-inflamma-

tory and immune enhancing properties [17–19]. Investiga-

tions into the mechanisms through which these activities

are mediated have highlighted the importance of (a) the

down-regulation of eicosanoid production (prostaglandins

and leukotrienes) [20, 21]; (b) increased peroxisome pro-

liferator-activated receptor (PPAR) mediated anti-inflam-

matory response [22]; (c) suppression of inflammatory

response through the regulation of the cell transcription

factor Nuclear factor kappa B (NF-kB) [23, 24]; and (d) the

reduced expression of pro-inflammatory proteins such as

Tumor necrosis factor a (TNF-a), interleukin-6, and inter-

leukin-1 beta, [22, 25, 26]. Additionally, both a-linolenic

acid and the CLA isomers have been associated with

improving the immune response in both animals and

humans. In this regard, CLA isomers have been associated

with reducing mitogen-induced T lymphocyte activation in

humans [27] and improving immunoglobulin (Ig) profiles in

both humans and animals [28, 29]. Similarly, a-linolenic

acid has also been associated with improving immune

response, reducing the proliferation of peripheral blood

mononuclear cells without impacting on the concentration

of helper and suppressor cells or T and B lymphocytes

[30, 31].

The extent and range of the anti-inflammatory and

immune enhancing activities shown by a-linolenic acid and

the CLA isomers have prompted investigations into what

impact, if any, CLNA isomers have on inflammation and

immune response (Table 2). It was found that pomegranate

seed oil (83% c9,t11,c13 CLNA) enhanced the function of

B-cells, which play a prominent role in the humoral

immune response [32]. In the study, increased production

of IgG and IgM, two key immunoglobulins involved in the

antigenic response and produced by B-cells was observed.

During investigations into the affect of feeding a range of

vegetables to mice on interferon-c (IFN-c) and interleukin-

4, Ike et al. (2005) discovered the ability of bitter gourd to

induce IFN-c production in mice treated with heat inacti-

vated Propionibacterium acnes [33]. IFN-c is directly

associated with Th1 T-helper cells, which play a crucial

role in the cellular immune response, maximizing the

killing efficacy of the macrophages and the proliferation ofFig. 1 Structure of conjugated double bonds
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cytotoxic CD8? T cells [33]. Further investigations into

the activity of bitter gourd demonstrated that while the pulp

yielded the highest increases in IFN-c, the peel and seed

(sources of the c9,t11,t13 CLNA isomer) also resulted in

increased IFN-c production. Given these observations,

more detailed investigations into the effect of the CLNA

isomers on inflammation and immune response merit fur-

ther study, particularly in light of the activity displayed by

a-linolenic acid and the CLA isomers.

The Role of CLNA in Obesity

As one of the major health concerns facing the Western

World, obesity and strategies to combat the condition have

received substantial attention. In a number of studies, both

a-linolenic acid and in particular the t10,c12 CLA isomer

have proven themselves to be effective anti-adipogenic

agents [3, 34–36]. The anti-adipogenic activity of a-lino-

lenic acid has been attributed to factors such as (a) the high

proportion of the fatty acid which undergoes b-oxidation

[37–39], (b) the less efficient storage of a-linolenic acid in

adipose tissue [40, 41], (c) the higher mobilization of

stored a-linolenic acid from adipose tissue relative to lin-

oleic acid [42] and d) the ability of a-linolenic acid to

regulate genes associated with fatty acid metabolism [43–

48]. Similarly, the anti-adipogenic activity of CLA has

been attributed to (a) increased cellular b-oxidation [34],

(b) the ability of the fatty acid to modulate the production

of enzymes involved in fatty acid metabolism (particularly

lipoprotein lipase and carnitine palmitoyltransferase) [49,

50], and (c) reduced proliferation and differentiation of

preadipocytes [51, 52]. Interestingly, despite the strong

evidence of the anti-adipogenic activity of the t10,c12 CLA

isomer, the c9,t11 isomer has been significantly less

effective in mediating anti-adipogenic activity [53–56].

Table 1 The principal conjugated a-linolenic acid isomers (CLNA) and their sources

Source Conc. (%) Comments Reference

CLNA isomer

c9,t11,c13 Pomegranate seed 83 [142]

Milk fat B0.03 Canadian milk fat [7]

Rapeseed oil 2.50 GMO rapeseed [60]

c9,t11,t13 Tung seed 67.7 [142]

Bitter gourd seed 56.2 [142]

Snake gourd seed 30–50 [143]

Parwal seed 30–50 [143]

Sugihiratake mushroom N.S. Edible Japanese mushroom [141]

t9,t11,c13 Catalpa seed 42.3 [142]

t9,t11,t13 Chemosynthesised [97 Larodan Fine Chemicals, Sweden [133]

t8,t10,c12 Pot marigold seed 62.2 [142]

t8,t10,t12 Pot marigold seed 4.7 [144]

c9,t11,c15 Lactobacillus plantarum AKU 1009a 67 At an a-linolenic acid conc. of 63 mg/ml [145]

c9,t11,c15 Intestinal bifidobacteria 75 At an a-linolenic acid conc. of 0.24 mg/ml [8]

c9,t11,c15 Milk fat B0.03 Canadian milk fat [7]

t9,t11,c15 Lactobacillus plantarum AKU 1009a 33 At an a-linolenic acid conc. of 63 mg/ml [145]

N.S. Not stated

Fig. 2 Biosynthesis of

conjugated fatty acids by

a Calendula officinalis and

b Aleurites fordii Hemsl (Tung

tree)
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The promise shown by a-linolenic acid and CLA iso-

mers in the control of obesity has prompted investigations

into the effect of the various CLNA isomers on the con-

dition [1, 3, 57] (Table 3). Koba et al. (2002) found that the

dietary intake of CLNA, prepared from a-linolenic acid via

alkaline isomerisation, by Sprague–Dawley rats resulted in

reductions in perirenal and epididymal adipose tissue and

increased mitochondrial and peroxisomal b-oxidation [58].

Dietary pomegranate seed oil, rich in the c9,t11,c13 CLNA

isomer has also been shown to reduce omental white adi-

pose tissue weights in lean Long–Evans Tokusima Otsuka

(LETO) rats but not abdominal white adipose tissue

weights in obese, hyperlipidemic Otsuka Long Evans

Tokushima Fatty (OLETF) rats [59]. Studies into the

mechanisms behind the anti-adipogenic activity of the

c9,t11,c13 CLNA isomer, using genetically modified

rapeseed (2.5% of total fat was c9,t11,c13 CLNA) and ICR

CD-1 mice, highlighted that dietary exposure to the isomer

reduced leptin production and increased carnitine palmi-

toyl-transferase activity relative to the non-genetically

modified control [60]. There is also evidence that the

t8,t10,c12 CLNA isomer may decrease the body fat content

of male mice [61]. Indeed, mice fed the isomer had a

significantly lower percentage body fat than animals on the

control diet. However, when the effects achieved with the

t8,t10,c12 CLNA isomer were compared to those achieved

with the t10,c12 CLA isomer, the reductions in body fat

observed with the t10,c12 CLA isomer were found to be

significantly greater.

There is some evidence to suggest that the anti-adipo-

genic activity of CLNA may stem not only from its ability

to affect proteins such as leptin but also based on its ability

to activate the nuclear receptor proteins, PPARs, and in

particular PPARa. PPARa plays a key role in the activation

of enzymes involved in lipid catabolism, and both the

c9,t11,t13 CLNA isomer and t9,t11,c13 CLNA isomer

have been directly associated with its activation [62].

Moreover, these CLNA isomers have been shown to

increase the activity of acetyl-CoA carboxylase, a key

enzyme involved in the peroxisomal b-oxidation of lipids

under the control of PPARa.

The Role of CLNA in Cardio-Vascular Health

The dietary intake of a-linolenic acid, the non-conjugated

parent form of the CLNA isomers has been associated with

improving platelet function, cardiac arrhythmia, and ath-

erosclerosis, all of which lend themselves to improved

cardiovascular health [37, 38, 63–65]. Indeed, claims for

this health promoting activity have been supported by a

number of epidemiological studies, dietary trials and meta-

analyses [37, 38, 66, 67]. These activities have beenT
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attributed to the impact of the fatty acid on eicosanoid

production, sodium ion channels and low density lipopro-

tein (LDL) receptor activity [68–76]. Despite this evidence,

further dietary trials and meta-analyses have drawn into

question the claims of improved cardiovascular health

while others have questioned the design of a number of the

existing epidemiological studies [77–81]. In a number of in

vitro and in vivo studies, the CLA isomers have displayed

anti-atherosclerotic activity, though a consensus on the

significance of this activity in humans is yet to be reached

[82–85]. The existing evidence would suggest that any

anti-atherosclerotic activity is mediated through effects on

the expression of genes such as the LDL receptor gene and

on acyl-coenzyme A:Cholesterol acyltransferase [86–88]

and/or by their impact on the production of pro-inflam-

matory eicosanoids [21, 89, 90].

Like a-linolenic acid and the CLA isomers, the CLNA

isomers have shown properties associated with improved

cardiovascular health and in particular anti-hypercholes-

terolemic activity. In one such study, the c9,t11,t13 CLNA

isomer was associated with significantly lowering total and

non-high density lipoprotein (HDL) cholesterol in diabetic

rats [91]. This activity may be mediated through the impact

of the CLNA isomers on the secretion of apo-lipoprotein

B100 and on PPARa (Table 4). Apo-lipoprotein B100 is an

essential component of both very low density lipoprotein

(VLDL) and LDL cholesterol types, which are associated

with increased risk of coronary artery disease. Human

hepatoma cells treated with the c9,t11,c13 CLNA isomer

have been shown to produce less apo-lipoprotein B100 than

cells treated with an equivalent concentration of a-linolenic

acid [92]. Perhaps more significant is the increased acti-

vation of PPARa by CLNA given its role in lipid uptake

and metabolism [93, 94]. Indeed, activators of PPARa such

as fibrates have been directly associated with lowering

serum cholesterol levels [95]. However, other studies such

as that of Dhar et al. (1999) [96] have found no differences

in plasma total, HDL, and non-HDL cholesterol when rats

were fed c9,t11,t13 CLNA, relative to animals on the

control diet. These results may suggest that the positive

impact of CLNA on plasma cholesterol is limited to dia-

betic subjects.

Lipoprotein oxidation in vivo has been increasingly

associated with the development and progression of ath-

erosclerosis [97]. A number of natural compounds such as

garlic oil, fenugreek, ferulic acid and CLA have been

shown to possess antioxidant properties which may combat

the oxidation of these lipoproteins. These observations

have prompted investigations into the potential of CLNA to

reduce lipoprotein oxidation during in vitro and in vivo

studies (Table 4). In one such study, male albino rats fed a

diet containing 0.5% by weight c9,t11,t13 CLNA were

found to be significantly less susceptible to lipoproteinT
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peroxidation and peroxidation of erythrocyte membrane

lipids [96]. In rats with alloxan-induced diabetes mellitus,

the c9,t11,t13 CLNA isomer also proved effective in

reducing the oxidation of LDL cholesterol and of eryth-

rocyte membrane lipids [91]. The antioxidant effect of

c9,t11,t13 CLNA in relation to plasma lipoprotein is not

exclusive to murine models. In a recent study, the in vitro

antioxidant activity of the isomer in the blood of diabetic

and non-diabetic humans was assessed [98]. The results

showed that c9,t11,t13 CLNA significantly reduced plasma

lipid peroxidation, lipoprotein peroxidation and erythrocyte

membrane lipid peroxidation in both diabetic and non-

diabetic blood samples.

The Role of CLNA in Cancer

a-Linolenic acid displays potent inhibitory effects on

various cancer cell lines, such as colon cancer cells [99,

100], mammary cancer cells [101–104], melanoma cells

[105] and hepatoma cells [106]. While reductions in the

expression or cellular concentrations of cyclooxygenase-2

(COX-2) and prostaglandin synthesis were reported as

contributing factors in the anti-carcinogenic activity of a-

linolenic acid against most tumor types, other various

tissue specific mechanisms were also identified [100, 103,

106, 107]. Reductions in the incidence of colon cancer in

mice as a result of dietary inclusion of a-linolenic acid

have been inversely associated with the concentration of

b-catenin and protein kinase C-f [100]. Redistribution of

b-catenin to its more ‘normal’ location in the membrane

impairs activation of the nuclear Tcf/Lef transcription

factor targeting proliferative genes. The anti-carcinogenic

activity of a-linolenic acid against mammary cancer has

been associated with reductions in expression of the

oncogenes fatty acid synthase and human epidermal

growth factor receptor 2 [108, 109] and also with the

down-regulation of insulin-like growth factor 1 [102, 110,

111]. Vecchini et al. (2004) [106] associated the apop-

totic activity of a-linolenic acid against hepatoma cells

with reductions in the expression of sterol regulatory

element binding proteins (SREBP), nuclear transcription

factors which regulate lipid metabolism and lipogenic

enzymes including fatty acid synthase. Interestingly,

although the evidence pertaining to the anti-proliferative

activity of a-linolenic acid is strong, a number of studies

and meta-analysis have highlighted the potential

increased risk of prostate cancer associated with

increased a-linolenic acid intake [67, 112–114]. However,

a large number of studies have found no significant

relationship between dietary, blood and adipose tissue

concentrations of a-linolenic acid and prostate cancer

[115–118].T
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The CLA isomers have also been strongly linked with

anti-carcinogenic properties against a range of tumors

including those of the mammary gland, colon, skin and

liver [1, 3, 119]. Much work has been conducted with

regard to elucidating the mechanisms behind this anti-

carcinogenic activity. The results have identified CLA

isomers as effective modulators of (a) the expression of pro

and anti-apoptotic oncogenes such as bcl-2, bax, bak, bad,

p53, and p21, (b) eicosanoid synthesis (via their impact on

COX-2 and cell membrane composition), and (c) the

activity of cell transcription factors such as NF-kB and

PPAR [1, 3, 119]. Additionally, conjugated fatty acids such

as the CLA isomers, when incorporated into the mem-

branes of cancer cells, can undergo lipid peroxidation

leading to cellular apoptosis as a result of the increased

oxidative stress [120, 121].

In light of the potent activity which both a-linolenic acid

and the CLA isomers have displayed against a range of

cancer types, much research has been directed towards

identifying the effect that the various CLNA isomers have

on cancer, both in vitro and in vivo. These investigations

indicate that the various CLNA isomers differ substantially

in their anti-carcinogenic properties and in the mechanisms

through which this anti-carcinogenic activity is mediated

(Table 5).

Pomegranate seed oil, rich in c9,t11,c13 CLNA, has

been associated with inhibiting the incidence and multi-

plicity of chemically induced colonic aberrant crypt foci in

male F344 rats via increased concentrations of the c9,t11

CLA isomer and expression of PPARc in the colonic

mucosa [122]. Pomegranate seed oil has also been associ-

ated with reducing the proliferation and invasion of the

MCF-7 mammary cancer cell line and increasing apoptosis

of the MDA-MB-435 mammary cancer cell line [123]. This

anti-carcinogenic activity was potentially mediated through

the anti-angiogenic properties of pomegranate seed oil and

its ability to inhibit prostaglandin synthesis [124, 125].

Hora et al. (2003) [126] suggested that pomegranate seed

oil could be a safe and effective chemopreventive agent

against skin cancer. During their investigations, the oil was

found to significantly reduce the incidence and multiplicity

of chemically induced skin cancer, potentially through

reduced ornithine decarboxylase activity.

Interestingly, pomegranate oil has also been associated

with suppressing the proliferation and invasion of human

prostate cancer despite the association of a-linolenic acid

with the condition [67, 127] (Table 5). In one such

study, dietary pomegranate seed oil rich in c9,t11,c13-

CLNA was found to possess anti-proliferative activity

against a range of prostate cancers in vivo, while in

another, c9,t11,c13-CLNA was found to significantly

reduce the invasiveness of the PC-3 prostate cancer cell

line [128, 129].

One of the first investigations into the anti-carcinogenic

activity of CLNA found that tung seed oil (67.7%

c9,t11,t13 CLNA) was cytotoxic to a range of cancer cell

lines at concentrations greater than 25 lM [130] (Table 5).

Since that time, a range of further investigations have

demonstrated that oils rich in c9,t11,t13 CLNA have anti-

proliferative and apoptosis inducing activity against a

range of cancers and in particular those of the colon [131–

134]. A number of mechanisms have been suggested for

this activity including the increased expression of PPARc
and the cell cycle arrest genes GADD45 and p53, along

with decreased expression of the apoptosis suppressor Bcl-

2 [131–133, 135]. In addition, increased lipid peroxidation

within cancer cells, as a result of the uptake of c9,t11,t13

CLNA, has been proposed as contributing to the anti-car-

cinogenic effect of the isomer [134, 136]. A number of

studies have compared the anti-carcinogenic properties of

the c9,t11,t13 CLNA isomer or oils rich in the c9,t11,t13

CLNA isomer with that of CLA or certain anti-cancer

drugs. When c9,t11,t13 CLNA was compared with both the

c9,t11 and t10,c12 CLA isomers, the CLNA isomer was

found to have stronger anti-carcinogenic activity against

the DLD-1 colon cancer cell line than the CLA isomers

[134]. Similarly, the c9,t11,t13 CLNA isomer was found to

have a higher anti-carcinogenic activity than the PPARc
ligand, troglitazone [131, 132]. However, not all studies

have observed the anti-carcinogenic properties of the

c9,t11,t13 CLNA isomer. Kitamura et al. (2006) [137]

assessed the impact of the isomer on chemically induced

mammary and colon carcinogenesis in female Sprague–

Dawley rats. The results indicated that treatment with the

isomer resulted in only slight reductions in the incidence,

multiplicity and volume of tumors.

The t9,t11,c13 CLNA isomer, the predominant conju-

gated fatty acid found in catalpa seed oil, has also been

shown to possess anti-carcinogenic properties (Table 5).

One of the first studies to highlight this anti-carcinogenic

activity reported the cytotoxicity of the t9,t11,c13 CLNA

isomer on transformed mouse fibroblast cell lines and on

the human monocytic leukemia cell line U-937 [136].

Further investigations by the same group into this anti-

carcinogenic activity showed the t9,t11,c13 CLNA isomer

reduced the incidence of chemically induced colonic

aberrant crypt foci in rats, increasing apoptosis and

reducing proliferation of cancer cells [138]. These studies

have inferred the role of increased lipid peroxidation and

reduced expression of the enzyme COX-2 as mechanisms

for this anti-carcinogenic activity. Interestingly, dietary

supplementation of rats with catalpa seed oil (t9,t11,c13

CLNA rich) resulted in increased concentrations of t9,t11

CLA isomer in the colonic mucosa and liver. The t9,t11

isomer has previously been shown to decrease expression

of Bcl-2, the anti-apoptotic oncogene, and may play a role

Lipids (2011) 46:105–119 111

123



T
a

b
le

5
A

ss
es

si
n

g
th

e
ef

fe
ct

o
f

th
e

co
n

ju
g

at
ed

is
o

m
er

s
o

f
a-

li
n

o
le

n
ic

ac
id

(C
L

N
A

)
o

n
ca

n
ce

r

M
o

d
el

Is
o

m
er

(p
u

ri
ty

)
D

o
se

an
d

d
u

ra
ti

o
n

F
u

n
ct

io
n

P
o

te
n

ti
al

m
ec

h
an

is
m

o
f

ac
ti

o
n

R
ef

er
en

ce
s

C
an

ce
r

(1
)

T
ra

n
sf

o
rm

ed
S

V
-T

2
m

o
u

se

fi
b

ro
b

la
st

ce
ll

s.
(2

)
U

-9
3

7
h

u
m

an

m
o

n
o

cy
ti

c
le

u
k

em
ia

c9
,t

1
1

,c
1

3
C

L
N

A
(9

9
%

)
(1

)
C

1
0

l
M

,
(2

)
C

5
l

M
,

2
4

h
C

y
to

to
x

ic
:

li
p

id
p

er
o

x
id

at
io

n
,

su
p

p
o

rt
ed

b
y

th
e

;
in

cy
to

x
ic

it
y

o
n

ad
d

it
io

n
o

f
B

H
T

an
d

h
ig

h
su

sc
ep

ti
b

il
it

y
o

f
th

e
o

il
to

li
p

id
p

er
o

x
id

at
io

n

[1
3

6
]

F
3

4
4

ra
ts

w
it

h
az

o
x

y
m

et
h

an
e

in
d

u
ce

d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

([
7

0
%

)

0
.0

1
–

1
.0

0
%

w
t

d
ie

t,
3

2
w

ee
k

s
;

in
ci

d
en

ce
(3

8
–

5
6

%
)

an
d

m
u

lt
ip

li
ci

ty

(0
.5

0
±

0
.7

3
to

0
.8

8
±

0
.9

6
)

o
f

az
o

x
y

m
et

h
an

e
in

d
u

ce
d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci
(c

o
n

tr
o

l
d

ie
t:

8
1

%
an

d
1

.8
8

±
1

.5
4

,
re

sp
ec

ti
v

el
y

)

:
c9

,t
1

1
C

L
A

co
n

c
an

d
P

P
A

R
c

ex
p

re
ss

io
n

in
th

e
n

o
n

-l
es

io
n

al

co
lo

n
ic

m
u

co
sa

[1
2

2
]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r.

(2
)

M
D

A
-

M
B

-4
3

5
b

re
as

t
ca

n
ce

r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
a)

1
0

0
l

g
/m

l,
(1

b
)

1
0

lg
/m

l.

(2
)

5
0

lg
/m

l
su

p
er

cr
it

ic
al

fl
u

id
p

o
m

eg
ra

n
at

e
se

ed
o

il

(1
a)

9
0

%
;

in
p

ro
li

fe
ra

ti
o

n
,

(1
b

)
7

5
%
;

in
in

v
as

iv
en

es
s.

(2
)

In
d

u
ce

d
5

4
%

ap
o

p
to

si
s

N
.D

.
[1

2
3

]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r,

(2
)

M
C

F
-1

0
A

im
m

o
rt

al
is

ed
b

re
as

t
ep

it
h

el
ia

l
ce

ll
s,

(3
)

M
D

A
-M

B
-2

3
1

b
re

as
t

ca
n

ce
r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
)
[

1
0

0
lg

/m
l,

(2
)

C
1

0
l

g
/

m
l,

(3
)

C
1

0
lg

/m
l

su
p

er
cr

it
ic

al
fl

u
id

p
o

m
eg

ra
n

at
e

se
ed

o
il

,
2

4
h

;
an

g
io

g
en

es
is

(1
an

d
2

)
D

o
w

n
re

g
u

la
ti

o
n

o
f

th
e

an
g

io
g

en
ic

p
ro

m
o

te
r

‘‘
v

as
cu

la
r

en
d

o
th

el
ia

l
g

ro
w

th
fa

ct
o

r’
’.

(3
)

U
p

re
g

u
la

ti
o

n
o

f
th

e
an

g
io

g
en

ic

su
p

p
re

ss
o

rs
‘‘

m
ig

ra
ti

o
n

in
h

ib
it

o
ry

fa
ct

o
r’

’

[1
2

4
]

(1
)

T
ra

n
sf

o
rm

ed
S

V
-T

2
m

o
u

se

fi
b

ro
b

la
st

ce
ll

s.
(2

)
U

-9
3

7
h

u
m

an

m
o

n
o

cy
ti

c
le

u
k

em
ia

c9
,t

1
1

,c
1

3
C

L
N

A
(9

9
%

)
(1

)
C

1
0

l
M

,
(2

)
C

5
l

M
,

2
4

h
C

y
to

to
x

ic
:

li
p

id
p

er
o

x
id

at
io

n
,

su
p

p
o

rt
ed

b
y

th
e

;
in

cy
to

x
ic

it
y

o
n

ad
d

it
io

n
o

f
B

H
T

an
d

h
ig

h
su

sc
ep

ti
b

il
it

y
o

f
th

e
o

il
to

li
p

id
p

er
o

x
id

at
io

n

[1
3

6
]

F
3

4
4

ra
ts

w
it

h
az

o
x

y
m

et
h

an
e

in
d

u
ce

d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

([
7

0
%

)

0
.0

1
–

1
.0

0
%

w
t

d
ie

t,
3

2
w

ee
k

s
;

in
ci

d
en

ce
(3

8
–

5
6

%
)

an
d

m
u

lt
ip

li
ci

ty

(0
.5

0
±

0
.7

3
to

0
.8

8
±

0
.9

6
)

o
f

az
o

x
y

m
et

h
an

e
in

d
u

ce
d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci
(c

o
n

tr
o

l
d

ie
t:

8
1

%
an

d
1

.8
8

±
1

.5
4

,
re

sp
ec

ti
v

el
y

)

:
c9

,t
1

1
C

L
A

co
n

c
an

d
P

P
A

R
c

ex
p

re
ss

io
n

in
th

e
n

o
n

-l
es

io
n

al

co
lo

n
ic

m
u

co
sa

[1
2

2
]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r.

(2
)

M
D

A
-

M
B

-4
3

5
b

re
as

t
ca

n
ce

r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
a)

1
0

0
l

g
/m

l,
(1

b
)

1
0

lg
/m

l.

(2
)

5
0

lg
/m

l
su

p
er

cr
it

ic
al

fl
u

id
p

o
m

eg
ra

n
at

e
se

ed
o

il

(1
a)

9
0

%
;

in
p

ro
li

fe
ra

ti
o

n
,

(1
b

)
7

5
%
;

in
in

v
as

iv
en

es
s.

(2
)

In
d

u
ce

d
5

4
%

ap
o

p
to

si
s

N
.D

.
[1

2
3

]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r,

(2
)

M
C

F
-1

0
A

im
m

o
rt

al
is

ed
b

re
as

t
ep

it
h

el
ia

l
ce

ll
s,

(3
)

M
D

A
-M

B
-2

3
1

b
re

as
t

ca
n

ce
r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
)
[

1
0

0
lg

/m
l,

(2
)

C
1

0
l

g
/

m
l,

(3
)

C
1

0
lg

/m
l

su
p

er
cr

it
ic

al
fl

u
id

p
o

m
eg

ra
n

at
e

se
ed

o
il

,
2

4
h

;
an

g
io

g
en

es
is

(1
an

d
2

)
D

o
w

n
re

g
u

la
ti

o
n

o
f

th
e

an
g

io
g

en
ic

p
ro

m
o

te
r

‘‘
v

as
cu

la
r

en
d

o
th

el
ia

l
g

ro
w

th
fa

ct
o

r’
’.

(3
)

U
p

re
g

u
la

ti
o

n
o

f
th

e
an

g
io

g
en

ic

su
p

p
re

ss
o

rs
‘‘

m
ig

ra
ti

o
n

in
h

ib
it

o
ry

fa
ct

o
r’

’

[1
2

4
]

(1
)

T
ra

n
sf

o
rm

ed
S

V
-T

2
m

o
u

se

fi
b

ro
b

la
st

ce
ll

s.
(2

)
U

-9
3

7
h

u
m

an

m
o

n
o

cy
ti

c
le

u
k

em
ia

c9
,t

1
1

,c
1

3
C

L
N

A
(9

9
%

)
(1

)
C

1
0

l
M

,
(2

)
C

5
l

M
,

2
4

h
C

y
to

to
x

ic
:

li
p

id
p

er
o

x
id

at
io

n
,

su
p

p
o

rt
ed

b
y

th
e

;
in

cy
to

x
ic

it
y

o
n

ad
d

it
io

n
o

f
B

H
T

an
d

h
ig

h
su

sc
ep

ti
b

il
it

y
o

f
th

e
o

il
to

li
p

id
p

er
o

x
id

at
io

n

[1
3

6
]

112 Lipids (2011) 46:105–119

123



T
a

b
le

5
co

n
ti

n
u

ed

M
o

d
el

Is
o

m
er

(p
u

ri
ty

)
D

o
se

an
d

d
u

ra
ti

o
n

F
u

n
ct

io
n

P
o

te
n

ti
al

m
ec

h
an

is
m

o
f

ac
ti

o
n

R
ef

er
en

ce
s

F
3

4
4

ra
ts

w
it

h
az

o
x

y
m

et
h

an
e

in
d

u
ce

d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

([
7

0
%

)

0
.0

1
–

1
.0

0
%

w
t

d
ie

t,
3

2
w

ee
k

s
;

in
ci

d
en

ce
(3

8
–

5
6

%
)

an
d

m
u

lt
ip

li
ci

ty

(0
.5

0
±

0
.7

3
to

0
.8

8
±

0
.9

6
)

o
f

az
o

x
y

m
et

h
an

e
in

d
u

ce
d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci
(c

o
n

tr
o

l
d

ie
t:

8
1

%
an

d
1

.8
8

±
1

.5
4

,
re

sp
ec

ti
v

el
y

)

:
c9

,t
1

1
C

L
A

co
n

c
an

d
P

P
A

R
c

ex
p

re
ss

io
n

in
th

e
n

o
n

-l
es

io
n

al

co
lo

n
ic

m
u

co
sa

[1
2

2
]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r.

(2
)

M
D

A
-

M
B

-4
3

5
b

re
as

t
ca

n
ce

r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
a)

1
0

0
l

g
/m

l,
(1

b
)

1
0

lg
/m

l.

(2
)

5
0

lg
/m

l
su

p
er

cr
it

ic
al

fl
u

id
p

o
m

eg
ra

n
at

e
se

ed
o

il

(1
a)

9
0

%
;

in
p

ro
li

fe
ra

ti
o

n
,

(1
b

)
7

5
%
;

in
in

v
as

iv
en

es
s.

(2
)

In
d

u
ce

d
5

4
%

ap
o

p
to

si
s

N
.D

.
[1

2
3

]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r,

(2
)

M
C

F
-1

0
A

im
m

o
rt

al
is

ed
b

re
as

t
ep

it
h

el
ia

l
ce

ll
s,

(3
)

M
D

A
-M

B
-2

3
1

b
re

as
t

ca
n

ce
r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
)
[

1
0

0
lg

/m
l,

(2
)

C
1

0
l

g
/

m
l,

(3
)

C
1

0
lg

/m
l

su
p

er
cr

it
ic

al
fl

u
id

p
o

m
eg

ra
n

at
e

se
ed

o
il

,
2

4
h

;
an

g
io

g
en

es
is

(3
an

d
2

)
D

o
w

n
re

g
u

la
ti

o
n

o
f

th
e

an
g

io
g

en
ic

p
ro

m
o

te
r

‘‘
v

as
cu

la
r

en
d

o
th

el
ia

l
g

ro
w

th
fa

ct
o

r’
’.

(3
)

U
p

re
g

u
la

ti
o

n
o

f
th

e
an

g
io

g
en

ic

su
p

p
re

ss
o

rs
‘‘

m
ig

ra
ti

o
n

in
h

ib
it

o
ry

fa
ct

o
r’

’

[1
2

4
]

(1
)

T
ra

n
sf

o
rm

ed
S

V
-T

2
m

o
u

se

fi
b

ro
b

la
st

ce
ll

s.
(2

)
U

-9
3

7
h

u
m

an

m
o

n
o

cy
ti

c
le

u
k

em
ia

c9
,t

1
1

,c
1

3
C

L
N

A
(9

9
%

)
(1

)
C

1
0

l
M

,
(2

)
C

5
l

M
,

2
4

h
C

y
to

to
x

ic
:

li
p

id
p

er
o

x
id

at
io

n
,

su
p

p
o

rt
ed

b
y

th
e

;
in

cy
to

x
ic

it
y

o
n

ad
d

it
io

n
o

f
B

H
T

an
d

h
ig

h
su

sc
ep

ti
b

il
it

y
o

f
th

e
o

il
to

li
p

id
p

er
o

x
id

at
io

n

[1
3

6
]

F
3

4
4

ra
ts

w
it

h
az

o
x

y
m

et
h

an
e

in
d

u
ce

d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

([
7

0
%

)

0
.0

1
–

1
.0

0
%

w
t

d
ie

t,
3

2
w

ee
k

s
;

in
ci

d
en

ce
(3

8
–

5
6

%
)

an
d

m
u

lt
ip

li
ci

ty

(0
.5

0
±

0
.7

3
to

0
.8

8
±

0
.9

6
)

o
f

az
o

x
y

m
et

h
an

e
in

d
u

ce
d

co
lo

n
ic

ab
er

ra
n

t
cr

y
p

t
fo

ci
(c

o
n

tr
o

l
d

ie
t:

8
1

%
an

d
1

.8
8

±
1

.5
4

,
re

sp
ec

ti
v

el
y

)

:
c9

,t
1

1
C

L
A

co
n

c
an

d
P

P
A

R
c

ex
p

re
ss

io
n

in
th

e
n

o
n

-l
es

io
n

al

co
lo

n
ic

m
u

co
sa

[1
2

2
]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r.

(2
)

M
D

A
-

M
B

-4
3

5
b

re
as

t
ca

n
ce

r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
a)

1
0

0
l

g
/m

l,
(1

b
)

1
0

lg
/m

l.

(2
)

5
0

lg
/m

l
su

p
er

cr
it

ic
al

fl
u

id
p

o
m

eg
ra

n
at

e
se

ed
o

il

(1
a)

9
0

%
;

in
p

ro
li

fe
ra

ti
o

n
,

(1
b

)
7

5
%
;

in
in

v
as

iv
en

es
s.

(2
)

In
d

u
ce

d
5

4
%

ap
o

p
to

si
s

N
.D

.
[1

2
3

]

(1
)

M
C

F
-7

b
re

as
t

ca
n

ce
r,

(2
)

M
C

F
-1

0
A

im
m

o
rt

al
is

ed
b

re
as

t
ep

it
h

el
ia

l
ce

ll
s,

(3
)

M
D

A
-M

B
-2

3
1

b
re

as
t

ca
n

ce
r

P
o

m
eg

ra
n

at
e

se
ed

o
il

(c
9

,t
1

1
,c

1
3

C
L

N
A

)

(N
.D

.)

(1
)
[

1
0

0
lg

/m
l,

(2
)

C
1

0
l

g
/

m
l,

(3
)

C
1

0
lg

/m
l

su
p

er
cr

it
ic

al
fl

u
id

p
o

m
eg

ra
n

at
e

se
ed

o
il

,
2

4
h

;
an

g
io

g
en

es
is

(4
an

d
2

)
D

o
w

n
re

g
u

la
ti

o
n

o
f

th
e

an
g

io
g

en
ic

p
ro

m
o

te
r

‘‘
v

as
cu

la
r

en
d

o
th

el
ia

l
g

ro
w

th
fa

ct
o

r’
’.

(3
)

U
p

re
g

u
la

ti
o

n
o

f
th

e
an

g
io

g
en

ic

su
p

p
re

ss
o

rs
‘‘

m
ig

ra
ti

o
n

in
h

ib
it

o
ry

fa
ct

o
r’

’

[1
2

4
]

N
.D

.
N

o
t

d
et

er
m

in
ed

Lipids (2011) 46:105–119 113

123



in the apoptotic effect found with catalpa seed oil [120].

Yasui et al. (2006b) [133] compared the anti-proliferative

and pro-apoptotic properties of the t9,t11,t13 CLNA isomer

with that of the c9,t11,c13 CLNA isomer using the Caco-2

colon cancer cell line. Comparatively, the t9,t11,t13 CLNA

isomer was significantly more cytotoxic to the Caco-2

colon cancer cell line than the c9,t11,c13 CLNA isomer. In

this study, it was found that exposure of the Caco-2 cells to

the t9,t11,t13 CLNA isomer stimulated cellular apoptosis

via increases in cellular DNA fragmentation, increased

expression of the pro-apoptotic oncogene bax, and

decreased expression of Bcl-2. Increased lipid peroxidation

was also shown to play a role in this anti-carcinogenic

activity. However, the observation that the t9,t11,t13

CLNA isomer remained active even in the presence of

elevated concentrations of the anti-oxidant a-tocopherol is

suggestive that cancer cell apoptosis triggered by increased

cellular lipid peroxidation is not at least the predominant

mechanism behind the anti-carcinogenic activity of the

t9,t11,t13 CLNA isomers.

The t8,t10,c12 and t8,t10,t12 CLNA isomers derived

from pot marigold have also been shown to possess some

anti-carcinogenic properties (Table 5). The t8,t10,c12

CLNA isomer has displayed apoptotic activity against a

range of cancers including the human monocytic leukae-

mia cell line U-937 and the Caco-2 colon cancer cell line

[133, 136]. Investigations into the oxidative stability of

the fatty acid and the impact of the antioxidants BHT and

a-tocopherol led the authors to conclude that the anti-

carcinogenic activity of the isomer was related to lipid

peroxidation (Table 5). The anti-carcinogenic activity of

the t8,t10,t12 CLNA isomer has also been investigated

using the Caco-2 cell line [133]. In this study,t8,t10,t12

CLNA exhibited substantial cytotoxicity to the Caco-2

cell line and caused a substantial increase in the level of

DNA fragmentation. However, the mechanism behind this

anti-carcinogenic activity remained unclear and could

only partially be attributed to increased cellular lipid

peroxidation, as the t8,t10,t12 CLNA isomer remained

active even in the presence of a-tocopherol.

Comparatively, the anti-carcinogenic activity of the

CLNA isomers varies substantially. When the cytotoxicity

of the c9,t11,c13, the c9,t11,t13, and the t9,t11,c13 CLNA

isomers were compared to that of the t8,t10,c12 CLNA

isomer using the U-937 monocytic leukemia cell line and

the SV-T2 transformed mouse fibroblast cell line, the 9, 11,

13-CLNA isomers displayed much greater activity [136].

Yasui et al. (2006b) assessed the impact that the trans

content of CLNA had on its apoptotic activity using the

Caco-2 cancer cell line. The results showed that all trans

CLNA isomers (t9,t11,t13 and t8,t10,t12) were more

inhibitory to Caco-2 growth than their partial trans coun-

terparts (t9,t11,c13 and t8,t10,c12). When compared to the

CLA isomers (c9,t11 and/or t10,c12 CLA), tung and bitter

gourd seed oils (rich in the c9,t11,t13 CLNA isomer) and

pomegranate seed oil (rich in the c9,t11,c13 CLNA isomer)

displayed higher anti-carcinogenic activities against colon

cancers than the CLA isomers [122, 131, 134]. These

investigations highlight the impact of bond position, bond

number and bond conformation on the properties of these

conjugated fatty acids.

CLNA Metabolism in Vivo

Investigations into the metabolism of CLNA have sug-

gested that mammals rapidly convert 9,11,13-CLNA iso-

mers to 9,11-CLA via a D13-saturation reaction catalyzed

by a NADPH dependent enzyme [122, 135, 138–140].

Hence, it may be CLA rather than CLNA which exerts its

bioactivity in vivo. Interestingly, when rats were supplied

with equivalent concentrations of CLA or CLNA, it was

CLNA which caused the highest increase in CLA con-

centrations in both the non-lesional mucosa and liver,

potentially explaining the higher anti-carcinogenic activity

seen with CLNA. Despite this evidence, not all studies

have witnessed the high conversion of CLNA to CLA in

vivo. Plourde et al. (2006) [11] found that when Wistar rats

were fed a mixture of CLNA isomers (i.e. c9,t11,c15 and

c9,t13,c15 isomers), CLNA could be detected in the liver,

blood plasma and adipose tissue, while the c9,t11 CLA

isomer could not. This might suggest that n-5 CLNA iso-

mers such as the 9,11,13-CLNA typically found in plants

and seed oils, and n-3 CLNA isomers such as 9,11,15-

CLNA produced by bacteria may have very different

metabolic fates and hence, their activity on disease and

health may differ substantially.

Conclusions

The ability to produce conjugated fatty acids is shared by

certain plants and microbes, which though different in their

chemical structure, often share common bioactivity. This is

also true of the various conjugated isomers of CLNA which

have been shown to display potent inflammatory and

immune modulating properties, reduce the risk of obesity,

improve cardiovascular health, and mediate strong anti-

carcinogenic activity during in vitro studies and in animal

models. These diseases represent some of the greatest

mortality risks to humans in the Western world and have

been inextricably linked with diet. Thus far, the informa-

tion pertaining to the mechanisms through which the

CLNA isomers impart their bioactivity show strong par-

allels to that of the CLA isomers. Indeed, in this regard

both the CLNA isomers and the CLA isomers have been

114 Lipids (2011) 46:105–119
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shown to impart activity both at an endoplasmic (eicosa-

noid synthesis) and nuclear levels.

Although there is a plethora of evidence from in vitro

studies and animal models to support the bioactive

properties of CLNA, there are very limited data from

human studies involving these isomers. Consequently, it

is difficult to clearly establish the role of biologically

active CLNA isomers in improving human health.

Moreover, as certain CLA isomers have previously been

associated with adverse activities in humans, a better

understanding of the impact of CLNA isomers in the

human diet is of paramount importance before any rec-

ommendations regarding their dietary intake can be made.

In conclusion, better controlled human studies are

required before CLNA or CLNA enriched foods can be

recommended to humans with any degree of certainty that

improved health and well-being can be achieved without

any negative effects [128, 141–146].
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Abstract The well-documented link between a-synuclein

and the pathology of common human neurodegenerative

diseases has increased attention to the synuclein protein

family. The involvement of a-synuclein in lipid metabolism

in both normal and diseased nervous system has been shown

by many research groups. However, the possible involve-

ment of c-synuclein, a closely-related member of the syn-

uclein family, in these processes has hardly been addressed.

In this study, the effect of c-synuclein deficiency on the lipid

composition and fatty acid patterns of individual lipids from

two brain regions has been studied using a mouse model.

The level of phosphatidylserine (PtdSer) was increased in

the midbrain whereas no changes in the relative proportions

of membrane polar lipids were observed in the cortex of

c-synuclein-deficient compared to wild-type (WT) mice. In

addition, higher levels of docosahexaenoic acid were found

in PtdSer and phosphatidylethanolamine (PtdEtn) from the

cerebral cortex of c-synuclein null mutant mice. These

findings show that c-synuclein deficiency leads to alterations

in the lipid profile in brain tissues and suggest that this

protein, like a-synuclein, might affect neuronal function via

modulation of lipid metabolism.

Keywords Lipid composition � Synuclein �
Midbrain � Cortex � Phosphatidylserine �
Docosahexaenoic acid � c-Synuclein null mutant mice

Abbreviations

ARA Arachidonic acid

AD Alzheimer’s disease

alphaKO a-Synuclein null mutant

Ptd2Gro Cardiolipin (diphosphatidylglycerol)

CNS Central nervous system

DHA Docosahexaenoic acid

DLB Dementia with Lewy bodies

DMA Dimethylacetal

ESI–MS-MS Electrospray ionisation tandem mass

spectrometry

FAME Fatty acid methyl ester(s)

gammaKO c-Synuclein null mutant

LIT Linear ion trap

LnA a-Linolenic acid

PD Parkinson’s disease

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PtdGro Phosphatidylglycerol

PtdIns Phosphatidylinositol

PNS Peripheral nervous system

PtdSer Phosphatidylserine

PUFA Polyunsaturated fatty acid(s)

CerPCho Sphingomyelin

TAG Triacylglycerol(s)

WT Wild-type

Introduction

The synuclein family comprises three small, closely-

related, natively unfolded proteins, a-, b- and c-synuclein,

that are expressed predominantly in neural tissues. Alpha-

and b-synucleins are abundant in the neurons of the central
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nervous system (CNS) and concentrated within presynaptic

terminals where they are loosely associated with synaptic

vesicles. c-Synuclein is mainly cytosolic and expressed in

the neurons of the peripheral nervous system (PNS) and

certain populations of CNS neurons. c-Synuclein is also

expressed in some malignant tumours and may be involved

in tumorigenesis and metastasis [1].

Aggregated and fibrillated forms of a-synuclein are

major components of Lewy bodies, histological hallmarks

of hereditary and idiopathic forms of Parkinson’s disease

(PD). Moreover, several mutations in SNCA, a gene

encoding a-synuclein, are associated with early onset

autosomal dominant PD [2–7] and polymorphisms of this

gene are risk factors for PD and other diseases associated

with a-synuclein aggregation [8–12]. The accumulation of

aggregation intermediates, i.e. partially or fully soluble

oligomeric forms of a-synuclein, is believed to be the

principle pathogenic event responsible for neuronal dys-

function [13–16] and interactions with lipids play an

important role in oligomerisation of a-synuclein [17–19].

Interestingly, b- and c-synucleins may act to suppress

a-synuclein aggregation and toxicity [20].

In immortalised cell lines and primary neuronal cultures,

both WT and PD mutant a-synuclein could be found

associated with the phospholipid surface layer of lipid

droplets [21] and are enriched in lipid rafts [22]. In the

rafts, a-synuclein was associated with specific PtdSer

species containing polyunsaturated fatty acids (PUFA) [23]

or with gangliosides [24, 25]. Moreover, polyunsaturated

fatty acyl groups were shown to promote multimerisation

of a-, b-, and c-synucleins [26] and lipid-associated olig-

omers of a-synuclein have been detected in the brain of

patients with a-synucleinopathies [27, 28]. It has been

suggested that a-synuclein—PUFA interactions can recip-

rocally regulate neuronal PUFA levels and the oligomeri-

sation stage of a-synuclein in normal and disease nervous

system [27, 28].

The importance of PUFA in brain structure and func-

tions is well established [29]. These fatty acids, especially

arachidonic acid (C20:4n-6, ARA) and docosahexaenoic

acid (C22:6n-3, DHA), are enriched in certain brain

phospholipids, for example, in PtdIns and PtdEtn, respec-

tively [30]. In animal models, an inadequate supply of n-3

fatty acids during prenatal and early postnatal development

decreases DHA levels in the brain. As a result, adult ani-

mals develop learning and memory deficits, which can be

improved by dietary supplementation of DHA or other n-3

PUFA, e.g. a-linolenic acid (C18:3n-3, LnA) [31–33]. In

humans, mental development may be improved by dietary

DHA supplementation during infancy [34]. Conversely,

low levels of DHA in human brains are associated with the

risk of developing neurological diseases such as general-

ised peroxisomal disorders [35] and Alzheimer’s disease

(AD) [36, 37]. In contrast, elevated levels of DHA, doco-

satetraenoic acid and linoleic acid have been shown in

those brain areas of PD patients that contain a-synuclein

inclusions [28].

Although the precise mechanism of DHA-enriched

phospholipid action on cognitive function is still poorly

understood, possible effects on the blood–brain barrier,

membrane fluidity, activity of certain enzymes, neural

signalling, ionic channels, and control of nerve growth

factor have all been suggested [38]. Recently, a neuro-

protective action of the n-3 PUFA, DHA and LnA, in PD

has been also demonstrated using rat and mice models of

this disease [39, 40]. Interestingly, expression of genes

encoding a-synuclein and c-synuclein increased in brains

of rats fed high n-3 PUFA diets [38]. In turn, an important

role of a-synuclein in brain lipid metabolism as well as for

fatty acid uptake and metabolism has been documented

[41–43].

In contrast to the well-studied role of a-synuclein in

lipid metabolism in the normal and diseased nervous sys-

tems, very little is known about the involvement of

c-synuclein in these processes. Nevertheless, some recent

studies demonstrated that c-synuclein is directly involved

in lipid metabolism in mature adipocytes ([44, 45] and our

unpublished observations). Therefore it was logical to

investigate a possible link between c-synuclein and lipids

in the nervous system.

Here we analysed lipid composition and fatty acid pat-

terns of individual lipids from brain regions of c-synuclein

null mutant (gammaKO) mice. We found that the level of

PtdSer is increased in the midbrain whereas no changes in

the relative proportions of membrane lipid classes were

observed in the cerebral cortex of these animals. In addi-

tion, higher percentages of DHA were found in both PtdSer

and PtdEtn from the cerebral cortex of gammaKO mice.

These data suggest a role for c-synuclein in lipid metabo-

lism in the nervous system and are discussed in relation to

what is known about alterations of lipid metabolism in

a-synuclein-deficient animals.

Experimental Procedures

Materials

FA standards were obtained from Nu-Chek-Pre. Inc.

(Elysian, MN) and silica gel G plates were from Merck

KGaA (Darmstadt, Germany). Lipid standards were from

Sigma (Poole, UK). Other reagents were of the best

available grades and were from Fisher Scientific (Lough-

borough, UK).

122 Lipids (2011) 46:121–130

123



Experimental Animals

All animal work was carried in accordance with the United

Kingdom Animals (Scientific Procedures) Act (1986).

Production of c-synuclein null mutant mice on a pure

(C57Bl6J, Charles River) genetic background and the

method of animal genotyping by PCR have been described

previously [46, 47]. For this study, male c-synuclein null

mutant mice and their WT littermates were kept in indi-

vidual cages from the age of 9 weeks with access to water

and food ad libitum. Animals were fed special diet DOI

58Y2 with 10% energy from fats (LabDiets). No significant

differences in animal weight and food uptake were

observed between groups of mutant and WT animals

throughout the experimental period. In order to evaluate

the effect of c-synuclein deficiency on the lipid composi-

tion in the fully-developed nervous system, tissues of

young but fully mature (21 week-old) adult mice were

analysed.

Lipid Analysis

At the age of 21 weeks animals were fasted for 4 h before

killing by lethal injection of phenobarbital. Lipids were

extracted immediately from dissected brain regions by a

modified Folch method [48]. In this procedure [originally

developed for mitochondrial lipids such as cardiolipin

(Ptd2Gro)] efficient extraction even of highly polar com-

pounds is ensured.

Polar lipids were separated by two-dimensional TLC on

10 9 10 cm 1.2% boric acid-impregnated silica gel G

plates using chloroform: methanol: ammonium hydroxide

(65:25:4; v/v/v) in the first dimension and then n-butanol:

acetic acid: water (90:20: 20; v/v/v) in the second. Plates

were sprayed with 0.05% (wt/vol) 8-anilino-4-naphthosul-

phonic acid in methanol and viewed under UV light to

reveal lipids. Preliminary identification was made by ref-

erence to authentic standards and confirmed using specific

colour reagents [49]. Additionally, the structural identifi-

cation of lipids was confirmed by mass spectrometry (see

next paragraph for details). Non-polar lipids were separated

using 1-dimensional TLC on 10 9 10 cm silica gel G

plates with double development using toluene: hexane:

formic acid (140:60:1, v/v/v) for the entire plate followed

by hexane: diethyl ether: formic acid (60:40:1, v/v/v) to

half height. Individual lipids were scraped from the TLC

plates and their fatty acid compositions and contents were

determined by gas chromatography using an internal

standard of pentadecanoate (for details, see ‘‘Fatty Acid

Analysis’’ section below) [49].

Mass spectrometry was performed on an Applied Bio-

systems 4000 Q-Trap. Lipid extracts were diluted in

methanol and introduced at 10 ll/min into the electrospray

source operating in the negative ion mode. All scans were

obtained using an ionspray voltage of -4,500 V and a

declustering potential of -140 V. Q1 scans were per-

formed scanning a mass range of 600–1,000 amu over 4 s,

with 10 scans acquired and averaged. MS/MS scans using

the ion trap mode of the Q-Trap were run at a scan rate of

1,000 amu/s with collision energies of -50 and -60 V,

and a linear ion trap (LIT) fill time of 150 ms with Q0

trapping enabled. Again 10 scans were acquired and

averaged and the data analysed using the software Analyst

1.4.1.

Fatty Acid Analysis

Fatty acid methyl esters (FAME) were prepared by trans-

methylation with 2.5% H2SO4 in dry methanol/toluene

(2:1, by vol.). FAME were separated using a Clarus 500

gas chromatograph (Perkin-Elmer, Norwalk, Connecticut)

fitted with a 30 m 9 0.25 mm i.d. capillary column (Elite

225, Perkin Elmer). The oven temperature was pro-

grammed: 170 �C for 3 min, heated to 220 �C at 4 �C/min,

held at 220 �C for 15 min. FAME were identified routinely

by comparing retention times with fatty acid standards

(Nu-Chek Prep. Inc., Elysian, USA) but confirmation of the

structure of the major fatty acids had also been made by

MS. Quantification was made with an internal standard of

pentadecanoate.

Statistics

Statistical significance between groups was assessed by

Student’s t test.

Results

Fatty Acid Composition of Diet

The fatty acid composition of the diet used is presented in

Table 1. It contained oleic acid as a major compound (35%

of total diet FA) followed by linoleic (25%), palmitic

(20%) and stearic (13%) acids. The relative amount of

a-linolenic (an essential n-3 fatty acid) was low and did not

exceed 2.5% of total FA. Thus, the ratio of n-6/n-3 fatty

acids was high giving a value of 13 whereas a balanced

human diet is believed to range from 1:1 to 1:4 [50]. Lipids

accounted for 10% of total energy in this diet.

Fatty Acid Composition of Plasma

Fatty acid composition of plasma from WT and c-synuclein

null mutant mice (gammaKO) is present in Table 1. Pal-

mitic, stearic, oleic, linoleic and arachidonic acids were the
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major fatty acids in plasma together with a moderate

amount of DHA in both, WT and gammaKO mice. The

relative amount of oleic acid was increased significantly in

the plasma of gammaKO mice compared to WT (Table 1).

Cortex and Midbrain Fatty Acid Composition

of the Total Polar Lipids in WT and c-Synuclein Null

Mutant Mice

Table 2 shows the FA profile of the total polar lipid frac-

tions from cortex or midbrain in WT and gammaKO mice.

Palmitic and stearic acids were dominant FA in cortex

followed by DHA, oleic acid and ARA. In midbrain, stearic

and oleic acids were the major compounds followed by

palmitic, DHA and ARA. The percentages of palmitic,

arachidonic and DHA in total polar lipids were signifi-

cantly higher in the cortex region compared to midbrain in

both WT and gammaKO mice, whereas proportions of

oleic and nervonic (C24:1) acids were higher in this lipid

fraction from midbrain. There were no statistically signif-

icant differences in the relative proportions of fatty acids

from the total polar lipid fraction between WT and gam-

maKO mice in either brain region.

Polar Lipid Composition of Cortex and Midbrain

Regions from WT and gammaKO Mice

The relative proportions of different polar lipids in the two

brain regions are shown in Fig. 1. Three phospholip-

ids, namely phosphatidylcholine (PtdCho), ethanolamine

phospholipids and PtdSer, were the major polar lipids in

both brain regions (accounting for about 70–80% of the

total polar lipids). Phosphatidylinositol (PtdIns), sphingo-

myelin (CerPCho), Ptd2Gro as well as sulfatide and cere-

broside were present in smaller proportions and were each

less than 5% of the total polar lipids. Sulfatides and cere-

brosides were identified by electrospray ionisation tandem

mass spectrometry (ESI–MS-MS) [51, 52]. The relative

amounts of polar lipids did not vary much between mid-

brain and cortex samples from WT animals, although the

levels of sulfatides and PtdCho were higher and lower,

respectively, in the midbrain region (Fig. 1). In this brain

region, c-synuclein deficiency resulted in a statistically

significant (*40%) increase in the relative proportion of

PtdSer compared to WT animals, whereas the proportions

of other lipids were not altered significantly (Fig. 1). No

differences in the polar lipid composition were found in the

cortex of WT compared to gammaKO mice (Fig. 1). Also,

no differences in the concentrations of total polar lipids and

triacylglycerols (TAG) were observed for these brain

regions as a result of c-synuclein deficiency (data not

shown).

Table 1 Fatty acid composition (% total acids) of the diet and the

plasma from wild-type (WT) and c-synuclein null mutant (gam-

maKO) mice

Fatty acid Diet Plasma

WT gammaKO

C14:0 0.5 ± 0.1 tr. tr.

C16:0 20.3 ± 2.6 17.8 ± 4.7 19.8 ± 2.6

C16:1 (n-7) 1.0 ± 0.2 2.0 ± 0.7 3.1 ± 0.8

C18:0 12.6 ± 2.1 13.0 ± 2.2 13.0 ± 4.8

C18:1 (n-9) 35.0 ± 1.3 16.0 ± 1.9 20.5 ± 2.8*

C18:1 (n-7) 2.0 ± 0.1 2.2 ± 0.2 3.0 ± 0.8

C18:2 (n-6) 24.9 ± 6.0 17.3 ± 1.8 15.1 ± 1.8

C18:3 (n-3) 2.2 ± 0.6 0.5 ± 0.2 0.5 ± 0.3

C20:1 (n-9) 0.6 ± 0.2 tr. tr.

C20:3 (n-6) n.d. 1.6 ± 0.8 2.0 ± 0.7

C20:4 (n-6) n.d. 20.3 ± 4.5 15.9 ± 4.4

C22:6 (n-3) n.d. 7.3 ± 2.4 5.2 ± 1.9

Data as means ± SD (n = 3 for diet and n = 5 for plasma)

Fatty acids are indicated with the number before colon showing the

number of carbon atoms, the figure afterwards denoting the number of

double bonds. The position of the first double bond is shown in

brackets. Only the major fatty acids (C0.5%) are listed

n.d. none detected; tr trace \0.5%

The asterisk (*) indicates a significant effect of c-synuclein deficiency

when compared with WT (p \ 0.05)

Table 2 Fatty acid composition (% of total fatty acids) of the total

polar lipid fraction from cortex or midbrain of wild-type (WT) and

c-synuclein null mutant (gammaKO) mice

FA CORTEX MIDBRAIN

WT gammaKO WT gammaKO

C16:0 22.2 ± 0.5 22.6 ± 0.8 16.8 ± 0.2# 17.5 ± 0.8

C16:1 (n-7) 1.3 ± 0.2 1.4 ± 0.2 0.1 ± 0.0# 0.2 ± 0.0

C18:0 22.6 ± 0.4 22.8 ± 0.4 21.8 ± 2.3 21.6 ± 2.4

C18:1 (n-9) 15.9 ± 0.2 15.6 ± 0.3 21.7 ± 0.6# 21.1 ± 1.1

C18:1 (n-7) 3.8 ± 0.4 4.0 ± 0.3 4.7 ± 1.3 5.0 ± 0.5

C18:2 (n-6) 0.9 ± 0.1 0.8 ± 0.1 2.8 ± 0.9# 2.8 ± 0.8

C18:3 (n-3) 10.4 ± 0.5 10.5 ± 0.3 7.7 ± 0.9# 7.4 ± 1.2

C20:3 (n-6) 2.4 ± 0.1 2.4 ± 0.1 3.0 ± 0.9 3.7 ± 2.0

C20:4 (n-6) 16.5 ± 2.0 16.0 ± 0.6 12.1 ± 1.7# 11.5 ± 1.0

C22:6 (n-3) 0.8 ± 0.2 0.8 ± 0.2 2.5 ± 0.6# 2.6 ± 0.6

Data as means ± SD (n = 6–8)

See legend to Table 1 for other details

The hash (#) indicates significant differences between midbrain and

cortex in WT animals (p \ 0.05)
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Effect of c-Synuclein Deficiency on the Fatty Acid

Composition of Individual Polar Lipid Classes

in Cortex and Midbrain

Figures 2, 3 and Table 3 show data on the fatty acid

composition for the major polar lipids in cortex and mid-

brain from WT and gammaKO mice. These data show a

fatty acid distribution typical of that for murine brain

tissues.

PtdCho in both cortex and midbrain is characterised by a

domination of palmitate (about 48 and 40% in cortex and

midbrain, respectively), stearate (14 and 16%) and oleate

(21 and 24%) with much lower levels of the two major

brain long-chain polyunsaturated fatty acids, ARA and

DHA (Table 3). In the cortex, the relative concentrations of

ARA and DHA in PtdCho were about 6 and 3%, respec-

tively. In the midbrain, about 4% of each of ARA and DHA

was found in PtdCho. The levels of all above mentioned

fatty acids were significantly different between the two

brain regions. In contrast, there were no significant dif-

ferences in these parameters between WT and gammaKO

mice.

PtdIns is enriched with two fatty acids, stearic (around

44% in both cortex and midbrain) and ARA (37 and 34% in

cortex and midbrain, respectively). DHA is a minor com-

ponent in PtdIns and its relative concentration was about

2% in cortex and 4% in midbrain, these being significantly

different. c-Synuclein deficiency resulted in an increased

level of ARA in PtdIns in cortex but did not affect the fatty

acid profiles of this lipid in midbrain (Table 3).

Oleic and ARA were the major acids found in brain

Ptd2Gro. In this lipid, another C18:1 isomer, cis-vaccenic

acid, was also present in appreciable amounts especially in

the midbrain (around 11 vs. 7% in cortex). The relative

concentration of ARA was higher in Ptd2Gro from the

cortex than in Ptd2Gro from the midbrain (18 and 13%,

Midbrain

Cortex

#

*

#

Fig. 1 Midbrain and cortex polar lipid composition (% of total polar

lipids) from wild-type (WT) and c-synuclein null mutant (gammaKO)

mice. Values represent mean ± SD, n = 5. The asterisk (*) indicates

a significant effect of c-synuclein deficiency when compared with

WT, and the hash (#) indicates significant differences between

midbrain (top panel) and cortex (bottom panel) in WT animals

(p \ 0.05 for both). CerPCho sphingomyelin, PtdCho phosphatidyl-

choline, PtdEtn phosphatidylethanolamine, Ptd2Gro cardiolipin,

PtdIns phosphatidylinositol, PtdSer phosphatidylserine, ST sulfatide,

Cer cerebroside

Midbrain

Cortex
#

#

*

*

*

#

*

Fig. 2 Fatty acid composition of phosphatidylserine from midbrain

or cortex in wild-type (WT) and c-synuclein null mutant (gammaKO)

mice. Values represent mean ± SD, n = 5. The asterisk (*) indicates

a significant effect of c-synuclein deficiency when compared with

WT, and the hash (#) indicates significant differences between

midbrain (top panel) and cortex (bottom panel) in WT animals

(p \ 0.05 for both). See legend to Table 1 for identification of fatty

acids
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respectively). In comparison to other polar lipids isolated

from the brain, Ptd2Gro contains higher levels of C16

and C18 monoenic acids, namely C16:1n-7 (up to 5%),

C18:1n-9 (up to 38%) and C18:1n-7 (up to 15%). The

proportion of the latter was significantly higher in the

midbrain than in cortex at the expense of arachidonic acid

(Table 3). No statistically significant changes were found

when comparing Ptd2Gro fatty acid profiles in the cortex

between WT and gammaKO animals, whereas in midbrain

the proportion of C18:1n-7 was increased in gammaKO

mice compared to WT (Table 3).

CerPCho from both cortex and midbrain contains stearic

acid as its main fatty acid (up to 81% of total FAs in cortex,

and up to 65% of that in midbrain). The presence of two

very long chain acids, lignoceric (C24:0) and nervonic

(C24:1n-6), is also characteristic for this lipid. Their levels

were higher in midbrain than cortex. CerPCho fatty acids

were unchanged as a response to c-synuclein deficiency in

Midbrain 

Cortex

#

*
*#

#

# #

Fig. 3 Fatty acid and dimethylacetal composition of ethanolamine

phospholipids from midbrain or cortex in wild-type (WT) and

c-synuclein null mutant (gammaKO) mice. Values represent

mean ± SD, n = 5. The asterisk (*) indicates a significant effect of

c-synuclein deficiency when compared with WT, and the hash (#)

indicates significant differences between midbrain (top panel) and

cortex (bottom panel) in WT animals (p \ 0.05 for both)

Table 3 Fatty acid composition (% of total fatty acids) in individual

polar lipid classes from cortex or midbrain of wild-type (WT) and

c-synuclein null mutant (gammaKO) mice

FA CORTEX MIDBRAIN

WT gammaKO WT gammaKO

Phosphatidylcholine

C16:0 48.0 ± 2.7 45.2 ± 1.9 39.2 ± 3.5# 39.2 ± 2.6

C16:1 (n-7) 0.7 ± 0.1 0.8 ± 0.3 0.7 ± 0.2 0.9 ± 0.2

C18:0 3.7 ± 0.7 13.0 ± 0.7 16.5 ± 1.2# 15.1 ± 1.6

C18:1 (n-9) 20.6 ± 0.8 20.9 ± 1.1 24.1 ± 1.6# 23.9 ± 1.1

C18:1 (n-7) 5.1 ± 2.0 6.8 ± 0.9 7.2 ± 0.6 8.1 ± 1.6

C20:1 (n-9) 0.7 ± 0.1 0.7 ± 0.1 1.7 ± 0.5# 1.6 ± 0.3

C20:4 (n-6) 5.7 ± 0.6 6.4 ± 0.5 3.9 ± 0.7# 4.1 ± 0.6

C22:6 (n-3) 3.2 ± 0.5 3.8 ± 0.4 3.7 ± 0.6 4.3 ± 0.6

Phosphatidylinositol

C16:0 8.2 ± 1.8 6.7 ± 1.9 7.3 ± 1.8 9.4 ± 2.1

C18:0 44.1 ± 3.2 40.7 ± 1.1 44.9 ± 3.2 40.7 ± 2.1

C18:1 (n-9) 5.1 ± 0.8 5.1 ± 0.6 5.5 ± 0.5 8.4 ± 2.4*

C18:1 (n-7) 2.2 ± 0.2 2.5 ± 0.4 2.5 ± 0.4 3.4 ± 0.7

C20:4 (n-6) 36.8 ± 3.5 41.8 ± 2.4* 33.5 ± 3.6 32.4 ± 1.1

C22:6 (n-3) 2.0 ± 0.8 2.2 ± 0.5 4.6 ± 1.7# 4.2 ± 1.3

Cardiolipin

C16:0 6.7 ± 2.2 6.1 ± 2.2 7.8 ± 1.3 8.5 ± 1.9

C16:1 (n-7) 5.3 ± 1.1 5.1 ± 1.1 4.1 ± 2.6 4.8 ± 1.6

C18:0 8.1 ± 3.4 8.2 ± 3.5 10.6 ± 3.3 6.8 ± 2.9

C18:1 (n-9) 38.1 ± 2.2 36.4 ± 2.2 36.8 ± 2.3 33.9 ± 3.2

C18:1 (n-7) 6.9 ± 0.7 5.8 ± 0.9 10.5 ± 2.3# 15.4 ± 3.0*

C18:2 (n-6) 5.7 ± 2.1 4.8 ± 0.4 3.9 ± 0.6 4.2 ± 0.5

C20:3 (n-6) 1.9 ± 0.2 2.3 ± 0.4 1.7 ± 0.2 1.8 ± 0.2

C20:4 (n-6) 17.7 ± 2.3 19.4 ± 2.1 13.1 ± 2.2# 13.4 ± 0.8

C22:6 (n-3) 9.4 ± 2.3 11.5 ± 3.3 10.4 ± 2.9 10.7 ± 1.4

Sphingomyelin

C16:0 4.8 ± 2.1 5.2 ± 2.0 5.2 ± 2.3 6.9 ± 4.0

C16:1 (n-7) 0.8 ± 0.2 0.7 ± 0.4 1.2 ± 0.6 1.6 ± 0.6

C18:0 80.6 ± 3.4 77.8 ± 1.7 65.0 ± 8.4# 55.1 ± 5.8*

C18:1 (n-9) 0.5 ± 0.2 1.2 ± 0.5 0.7 ± 0.3 1.7 ± 0.8

C20:0 2.3 ± 0.3 2.3 ± 0.3 2.8 ± 0.4 2.4 ± 0.2

C22:0 2.7 ± 0.5 2.4 ± 0.5 5.0 ± 2.1 4.6 ± 1.6

C24:0 2.1 ± 0.4 1.7 ± 0.4 4.5 ± 2.5 3.9 ± 1.0

C24:1 (n-6) 4.1 ± 2.1 7.3 ± 1.9 11.1 ± 5.7 19.9 ± 9.3

Sulfatide

C16:0 6.9 ± 3.1 8.6 ± 1.8 7.9 ± 2.4 8.4 ± 2.4

C16:1 (n-7) 1.7 ± 0.2 1.8 ± 0.5 1.7 ± 1.0 1.6 ± 0.9

C18:0 20.7 ± 2.9 23.6 ± 2.4 19.0 ± 2.8 16.5 ± 3.5

C18:1 (n-9) 11.5 ± 1.7 13.2 ± 3.6 13.3 ± 1.4 14.1 ± 2.8

C18:1 (n-7) 1.4 ± 0.4 1.7 ± 0.4 2.2 ± 0.7 1.5 ± 0.9

C20:0 1.6 ± 0.2 1.5 ± 0.3 1.5 ± 0.4 1.3 ± 0.2

C20:1 (n-9) 1.6 ± 0.5 1.5 ± 0.7 2.2 ± 0.7 1.9 ± 0.6

C20:4 (n-6) 2.1 ± 1.1 2.3 ± 1.3 2.0 ± 0.5 2.2 ± 0.6

C22:0 6.6 ± 1.1 5.8 ± 0.8 6.0 ± 0.8 5.4 ± 0.8

126 Lipids (2011) 46:121–130

123



the cortex whereas in the midbrain decreased percentages

of C18:0 was found.

Fatty acids from both sulfatides and cerebrosides did

not show any differences between cortex and midbrain.

c-Synuclein deficiency resulted in a decreased proportion

of lignoceric acid in sulfatides and cerebrosides in the

cortex (Table 3). In midbrain region, a reduced relative

proportion of behenic acid (C22:0) was found in cerebro-

sides in gammaKO mice (Table 3).

The fatty acid composition of PtdSer and PtdEtn which,

in brain tissues, represent two lipid classes significantly

enriched with the n-3 PUFA, DHA, are shown in Figs. 2

and 3, respectively. For PtdSer, the levels of both C18:0

and DHA were higher in cortex compared to midbrain

while oleate was reduced (Fig. 2). Moreover, the level of

DHA in PtdSer was significantly increased in the cortex of

gammaKO mice compared to WT animals (30.0 and 25.8%

of total FA, respectively) with a concomitant decrease in

the proportion of stearate (C18:0) (Fig. 2). PtdEtn con-

tained both ARA and DHA as major fatty acids and, similar

to PtdSer, the proportion of DHA was enhanced signifi-

cantly in cortex tissue (25.4%) in gammaKO mice as

compared to control (21.4%). The proportions of ARA

were unaffected by c-synuclein deficiency in PtdEtn from

both cortex and midbrain tissues (Fig. 3). In addition to

fatty acids from the diacyl form of PtdEtn, we also

analysed the profile of dimethylacetal (DMA) derivatives

that represent aliphatic chains from ether derivatives

(mainly plasmalogens) of PtdEtn (Fig. 3). Four DMA were

identified with a domination of C18:0-DMA, but no sig-

nificant changes in the relative proportion of these com-

pounds in cortex and midbrain were found between WT

and gammaKO mice.

In addition to the polar lipid classes described above, a

C2-ceramide, N-acetylsphingosine, was present in lipid

extracts from both cortex and midbrain in small but sig-

nificant amounts [53]. The structure of this ceramide was

elucidated by using ESI–MS (data not shown).

Discussion

The importance of lipids in neural tissue physiology and

cell signalling has been demonstrated by the association of

lipid imbalances and/or deregulated lipid metabolism with

the development of various CNS disorders, including

Alzheimer’s disease, Parkinson’s disease, Niemann–Pick

disease, multiple sclerosis, Huntington’s disease, amyo-

trophic lateral sclerosis, schizophrenia, bipolar disorders

and epilepsy [54]. Recently, relationships between glu-

cosylsphingosine accumulation due to mutations in the

glucocerebrosidase gene (GBA) and Parkinsonism as well

as dementia with Lewy bodies, have been reported [55, 56].

Because alterations in brain lipid biochemistry have been

previously linked to the a-synuclein deficiency [41, 57] and

since c-synuclein and a-synuclein are closely-related pro-

teins, whose functions are potentially redundant [47, 58,

59], it was clearly important to evaluate if c-synuclein

might also be involved in brain lipid homeostasis. In our

study we examined the lipid composition of two brain

regions, the midbrain that exhibits relatively high level of

c-synuclein expression, and the cerebral cortex, where

expression level of this protein is substantially lower

[46, 60].

No effect of c-synuclein deficiency on the total polar

lipid content and TAG accumulation in the cerebral cortex

and midbrain was revealed in our work (data not shown).

This contrasts to studies with a-synuclein deficient mice

where an increase in TAG content of the whole brain has

been demonstrated [41].

The mitochondria-specific phospholipid, Ptd2Gro, which

was found in both regions studied (4% of the total polar

lipids), was not affected by c-synuclein deficiency (Fig. 1).

The fatty acid profile of Ptd2Gro was also almost the same

(Table 3). This was different from a-synuclein deficient

mice that had a reduced total brain Ptd2Gro content with a

strongly altered acyl chain composition, a mitochondrial

lipid abnormality possibly associated with electron trans-

port chain impairment in the brain of PD patients [42].

Table 3 continued

FA CORTEX MIDBRAIN

WT gammaKO WT gammaKO

C24:0 14.4 ± 2.0 11.5 ± 2.1* 12.9 ± 2.6 11.7 ± 1.2

C24:1 (n-6) 28.8 ± 4.9 27.7 ± 4.3 29.2 ± 3.7 34.5 ± 5.2

Cerebroside

C16:0 3.1 ± 0.7 5.3 ± 2.7 3.7 ± 1.3 5.0 ± 2.5

C16:1 (n-7) 1.7 ± 0.2 1.7 ± 0.8 1.4 ± 0.7 0.8 ± 0.1

C18:0 11.4 ± 4.2 13.2 ± 4.4 12.1 ± 2.9 9.1 ± 3.0

C18:1 (n-9) 2.8 ± 1.1 4.6 ± 2.8 4.0 ± 0.7 7.0 ± 3.1

C18:1 (n-7) 0.4 ± 0.1 0.4 ± 0.2 0.8 ± 0.5 1.2 ± 0.5

C20:0 2.5 ± 0.1 2.0 ± 0.4 1.8 ± 0.5 1.6 ± 0.7

C20:1 (n-9) 0.4 ± 0.2 0.6 ± 0.3 0.8 ± 0.3 1.4 ± 0.5

C20:4 (n-6) 1.5 ± 0.9 2.3 ± 1.0 1.7 ± 1.0 2.2 ± 0.4

C22:0 12.0 ± 1.6 9.1 ± 1.7 10.2 ± 1.6 7.5 ± 0.8*

C22:1 1.9 ± 0.8 2.5 ± 0.2 2.0 ± 0.2 2.3 ± 0.3

C24:0 22.8 ± 4.0 15.7 ± 3.7* 21.4 ± 4.3 15.2 ± 2.8

C24:1 (n-6) 39.6 ± 6.5 42.4 ± 5.5 40.2 ± 6.3 46.9 ± 4.7

Data as means ± SD (n = 6–7)

See legend to Table 1 for other details

The asterisk (*) indicates a significant effect of c-synuclein deficiency

when compared with WT (p \ 0.05). The hash (#) indicates signifi-

cant differences between midbrain and cortex in WT animals

(p \ 0.05)
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Therefore, it is unlikely that the c-synuclein deficiency

affects mitochondrial function in the nervous system.

Similar to a-synuclein deficiency [41], c-synuclein

deficiency did not change the level of ethanolamine phos-

pholipids (Fig. 1). The plasmenyl species of PtdEtn are

important phospholipid components of most electroactive

cellular membranes, such as cardiac sarcolemma and

neuronal cell membranes. Between one-half and two-thirds

of the ethanolamine phospholipids in the whole brain are in

plasmalogen form, and 11–12% of myelin phospholipids

are plasmalogens [61]. A deficiency of ethanolamine

plasmalogens has been shown to be associated with aging

and some degenerative diseases, especially those associ-

ated with peroxisomal disorders [62–64]. The absence of

ethanolamine plasmalogen alterations is consistent with

only mild alterations in normal neural function in both

a-synuclein and c-synuclein deficient mice. However, fur-

ther comparative studies of aging mice would be important,

due to various effects of aging on their nervous systems

[65].

Among polar lipids, only the relative proportion of

PtdSer changed in gammaKO in comparison to WT mice

(Fig. 1). This change was evident only in the midbrain

region where expression of c-synuclein is much higher than

in the cerebral cortex [46]. Although this increase was

relatively minor in the whole midbrain tissue, the changes

in PtdSer content may be much more pronounced in spe-

cific neuronal populations since c-synuclein has been

shown to be expressed only in a subset of midbrain neurons

[46]. Previously, increases in PtdSer have been noted in

plasma membrane phospholipids from affected regions of

AD brains [63] where they may induce formation of

amyloid fibers [66]. It is also of note, that PtdSer has roles

in apoptosis, in the regulation of many enzymes and in

control of the channel function of the acetylcholine

receptor [62, 67, 68]. Thus, alteration in PtdSer may have

implications for neuronal cell functions. However, the

changes observed were not sufficient for triggering patho-

logical alterations in the nervous system of c-synuclein

deficient mice [46, 47, 59].

Three lipid classes in brain contain high levels of PUFA.

Whereas PtdSer and PtdEtn are enriched in DHA, PtdIns

contains substantial amounts of ARA. When comparing

midbrain and cortex regions, the latter was enriched in

ARA but depleted in DHA (Table 2). These differences

may be partly explained by higher content of PtdCho

(Fig. 1), which possesses elevated levels of ARA, in the

cerebral cortex (Table 3). Interestingly, statistically sig-

nificant changes were found in the relative amount of

PtdSer in the midbrain region of c-synuclein null mutant

mice (Fig. 1) and in the DHA content of both PtdSer

(Fig. 2) and ethanolamine phospholipids (Fig. 3) in the

cerebral cortex. Because only a limited number of cortical

neurons normally express c-synuclein, changes of DHA

levels in these cells might be much more profound than

those revealed by analysis of total cortex phospholipids. It

is noteworthy that although a-synuclein null mutant mice

had slightly decreased levels of DHA in the whole brain

PtdEtn and PtdSer, an increased uptake of this fatty acid

into brain phospholipids has also been reported [69]. It is

well known that DHA is essential to perinatal neurological

development during which it increases in the CNS. The

high demand for DHA in the brain is maintained either by

dietary supply or by biosynthesis from a-linolenate within

the liver [33]. Since no very long-chain PUFA were present

in the diet, and no changes in the liver (data not shown) or

plasma PUFA profiles (Table 1) were found, we suggest

that the differences in DHA levels are most likely related to

possible effects of c-synuclein deficiency on DHA metab-

olism in the developing brain. Alternatively, complete

absence of c-synuclein might trigger systemic changes,

including alterations in adipose and other tissues normally

expressing this protein, that activate compensatory mech-

anisms during brain development.

There is a growing body of evidence about the impor-

tance of PUFA in brain function where its deficiency is

associated with cognitive decline during aging and with

neurodegenerative diseases [70]. The beneficial neuro-

physiological role of DHA most probably relates to

metabolites such as eicosanoids and other autacoids which

are important as modulators of membrane microdomain

composition, receptor signalling and gene expression [71].

Recent studies demonstrated a role for neuroprotectin D1

(NPD1) in the homeostatic regulation of brain cell survival

and repair involving neurotrophic, anti-apoptotic and anti-

inflammatory signalling in AD [70]. Unfortunately, there is

no information about the possible involvement of such

DHA metabolites in PD. But the gammaKO mutants,

which exhibit higher levels of DHA accumulation in cer-

tain brain regions, may be a useful model for future

research in this area.
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Barceló-Coblijn G, Nussbaum RL (2005) Mitochondrial lipid

abnormality and electron transport chain impairment in mice

lacking a-synuclein. Mol Cell Biol 25:10190–10201

43. Golovko MY, Rosenberger TA, Faergeman NJ, Feddersen S,

Cole NB, Pribill I, Berger J, Nussbaum RL, Murphy EJ (2006)

Acyl-CoA synthetase activity links wild-type wild type but not

mutant alpha-synuclein to brain arachidonate metabolism. Bio-

chem 45:6956–6966

44. Oort PJ, Knotts TA, Grino M, Naour N, Bastard J-P, Clément K,

Ninkina N, Buchman VL, Permana P, Luo X, Pan G, Dunn TN,

Adams SH (2008) c-Synuclein is an adipocyte-neuron gene

coordinately-expressed with leptin and increased in human

obesity. J Nutr 135:841–848

45. Frandsen PM, Madsen LB, Bendixen C, Larsen K (2009) Porcine

gamma-synuclein: molecular cloning, expression analysis, chro-

mosomal localization and functional expression. Mol Biol Res

36:971–976

46. Ninkina N, Papachroni K, Robertson DC, Schmidt O, Delaney L,

O’Neill F, Court F, Rosenthal A, Fleetwood-Walker SM, Davies

AM, Buchman VL (2003) Neurons expressing the highest levels

of c-synuclein are unaffected by targeted inactivation of the gene.

Mol Cell Biol 23:8233–8245

47. Robertson DC, Schmidt O, Ninkina N, Jones PA, Sharkey J,

Buchman VL (2004) Developmental loss and resistance to MPTP

toxicity of dopaminergic neurons in substantia nigra pars com-

pacta of c-synuclein, a-synuclein and double a/c-synuclein null

mutant mice. J Neurochem 89:1126–1136

48. Garbus J, De Luca HF, Loomans ME, Strong FM (1963) The

rapid incorporation of phosphate in mitochondrial lipids. J Biol

Chem 238:59–63

49. Kates M (1986) Techniques of lipidology: isolation, analysis and

identification of lipids, 2nd edn. Elsevier, Amsterdam

50. Simopoulos AP, Leaf A, Salem N Jr (2000) Workshop statement

on the essentiality of and recommended dietary intakes for

omega-6 and omega-3 fatty acids. Prostag Leukotr Ess Fatty

Acids 63:119–121

51. Hsu F-F, Bohrer A, Turk J (1998) Electrospray ionization mass

spectrometric analysis of sulfatide. Determination of fragmenta-

tion patterns and characterization of molecular species expressed

in brain and in pancreatic islets. Biochim Biophys Acta

1392:202–216

52. Han X, Cheng H (2005) Characterization and direct quantitation

of cerebroside molecular species from lipid extracts by shotgun

lipidomics. J Lipid Res 46:163–175

53. Van Overloop H, Denizot Y, Baes M, Van Veldhoven PP (2007)

On the presence of C2-ceramide in mammalian tissues: possible

relationship to etherphospholipids and phosphorylation by cera-

mide kinase. Biol Chem 388:315–3244

54. Adibhatla RM, Hatcher JF (2007) Role of lipids in brain injury

and diseases. Future Lipidol 2:403–422

55. Aharon-Peretz J, Rosenbaum H, Gershoni-Baruch R (2004)

Mutation in the glucocerebrosidase gene and Parkinson’s disease

in Ashkenazi Jews. N Engl J Med 351:1972–1977

56. Clark LN, Kartsaklis LA, Gilbert RW, Dorado B, Ross BM,

Kisselev S, Verbitsky M, Mejia-Santana H, Cote LJ, Andrews H,

Vonsattel J-P, Fahn S, Mayeux R, Honig LS, Marder K (2009)

Association of glucocerebrosidase mutations with dementia with

Lewy bodies. Arch Neurol 66:578–583

57. Rappley I, Myers DS, Milne SB, Ivanova PT, LaVoie MJ, Brown

HA, Selkoe DJ (2009) Lipidomic profiling in mouse brain reveals

differences between ages and genders, with smaller changes

associated with a-synuclein genotype. J Neurochem 111:15–25

58. Chandra S, Fornai F, Kwon HB, Yazdani U, Atasoy D, Liu X,

Hammer RE, Battaglia G, German DC, Castillo PE, Sudhof TC

(2004) Double-knockout mice for alpha- and beta-synucleins:

effect on synaptic functions. Proc Natl Acad Sci USA

101:14966–14971

59. Senior SL, Ninkina N, Deacon R, Bannerman D, Buchman VL,

Cragg SJ, Wade-Martins R (2008) Increased striatal dopamine

release and hyperdopaminergic-like behaviour in mice lacking

both alpha-synuclein and gamma-synuclein. Eur J Neurosci

27:947–957

60. Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH,

Castillo PE, Shinsky N, Verdugo JM, Armanini M, Ryan A et al

(2000) Mice lacking alpha-synuclein display functional deficits in

the nigrostriatal dopamine system. Neuron 25:239–252

61. Nagan N, Zoeller RA (2001) Plasmalogens: biosynthesis and

functions. Prog Lipid Res 40:199–229

62. Farooqui AA, Horrocks LA, Farooqui T (2000) Glycerophos-

pholipids in brain: their metabolism, incorporation into mem-

branes, functions, and involvement in neurological disorders.

Chem Phys Lipids 106:1–29

63. Farooqui AA, Rapoport SI, Horrocks LA (1997) Membrane

phospholipid alterations in Alzheimer’s disease: deficiency of

ethanolamine plasmalogens. Neurochem Res 22:523–527

64. Dragonas C, Bertsch T, Sieber CC, Brosche T (2009) Plasmal-

ogens as a marker of elevated systematic oxidative stress in

Parkinson’s disease. Clin Chem Lab Med 47:894–897

65. Al-Wandi A, Ninkina N, Millership S, Williamson SJ, Jones PA,

Buchman VL (2010) Absence of alpha-synuclein affects dopa-

mine metabolism and synaptic markers in the striatum of aging

mice. Neurobiol Aging 31:796–804

66. Zhao H, Tuominen EKJ, Kinnunen PKJ (2004) Formation of

amyloid fibers triggered by phosphatidylserine-containing mem-

branes. Biochem 43:10302–10307

67. Mozzi R, Buratta S, Goracci G (2003) Metabolism and functions

of phosphatidylserine in mammalian brain. Neurochem Res

28:195–214

68. Sunshine C, McNamee MG (1992) Lipid modulation of nicotinic

acetylcholine receptor function: the role of neutral and negatively

charged lipids. Biochim Biophys Acta 1108:240–246

69. Golovko MY, Rosenberger TA, Feddersen S, Faergeman NJ,

Murphy EJ (2007) Alpha-synuclein gene ablation increases

docosahexaenoic acid incorporation and turnover in brain phos-

pholipids. J Neurochem 101:201–211

70. Lukiw WJ, Bazan NG (2008) Docosahexaenoic acid and the

aging brain. J Nutr 138:2510–2514

71. Kim H-Y (2007) Novel metabolism of docosahexaenoic acid in

neural cells. J Biol Chem 282:18661–18665

130 Lipids (2011) 46:121–130

123



ORIGINAL ARTICLE

COX-2 Inhibition and Inhibition of Cytosolic Phospholipase A2
Increase CD36 Expression and Foam Cell Formation in THP-1
Cells

Kamran Anwar • Iryna Voloshyna • Michael J. Littlefield •

Steven E. Carsons • Peter A. Wirkowski • Nadia L. Jaber •

Andrew Sohn • Sajan Eapen • Allison B. Reiss

Received: 2 August 2010 / Accepted: 4 November 2010 / Published online: 22 December 2010

� AOCS 2010

Abstract Cardiovascular safety of cyclooxygenase

(COX)-2-selective inhibitors and nonselective nonsteroidal

anti-inflammatory drugs (NSAIDs) is of worldwide con-

cern. COX-2 inhibitors and NSAIDs act by inhibiting

arachidonic acid metabolism to prostaglandins. They con-

fer a cardiovascular hazard manifested as an elevated risk

of myocardial infarction. Mechanisms underlying these

cardiovascular effects are uncertain. Here we determine

whether interference with cytosolic phospholipase A2

(cPLA-2) or COX-2 through pharmacologic blockade or

silencing RNA impacts expression of scavenger receptor

CD36 and scavenger receptor A, both involved in choles-

terol uptake in monocytes and macrophages. THP-1 human

monocytes and human peripheral blood mononuclear cells

were exposed to celecoxib, a COX-2 selective inhibitor

currently in clinical use, and to arachidonyl trifluoromethyl

ketone (AACOCF3), an arachidonic acid analog that

selectively inhibits cPLA-2. Celecoxib and AACOCF3

each upregulated expression of CD36, but not scavenger

receptor A, as determined by quantitative PCR and

immunoblotting. Silencing of cPLA-2 or COX-2 had

comparable effects to pharmacologic treatments. Oil red O

staining revealed a profound increase in foam cell trans-

formation of THP-1 macrophages exposed to either

celecoxib or AACOCF3 (both 25 lM), supporting a role

for the COX pathway in maintaining macrophage choles-

terol homeostasis. Demonstration of disrupted cholesterol

balance by AACOCF3 and celecoxib provides further

evidence of the possible mechanism by which COX inhi-

bition may promote lipid overload leading to atheromatous

lesion formation and increased cardiovascular events.

Keywords Cyclooxygenase � Atherosclerosis � Gene

transcription � Cholesterol � Arachidonic acid

Abbreviations

AACOCF3 Arachidonyl trifluoromethyl ketone

COX Cyclooxygenase

cPLA-2 Cytosolic phospholipase A2

FCS Fetal calf serum

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

IFN Interferon

HRP Horseradish peroxidase

LDL Low density lipoprotein

NSAIDs Nonsteroidal anti-inflammatory drugs

PBMC Peripheral blood mononuclear cells

PMA Phorbol 12-myristate 13-acetate

RCT Reverse cholesterol transport

ScR-A Scavenger receptor A

TGF Transforming growth factor

Introduction

Atherosclerosis is a leading cause of death and impairment

in developed countries and is the underlying cause of

myocardial infarction, stroke, and peripheral artery disease
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[1, 2]. It is characterized by accumulation of cholesterol

and its esters in the vessel wall, either within macrophage

foam cells or as extracellular lipids, including free cho-

lesterol crystals. Unlike the classical low density lipopro-

tein (LDL) receptor, which is downregulated by increasing

cellular cholesterol levels, the ability of scavenger recep-

tors on the macrophage surface to take up modified LDL is

not inhibited by increasing cellular cholesterol [3]. Sub-

stantial quantities of modified forms of LDL may be

internalized by macrophages via scavenger receptors

whose expression is not controlled by cholesterol loading,

leading to foam cell formation [4, 5]. Lipid-laden foam

cells are found within the sub-endothelial space of the

arteries in fatty streak lesions, which are the first recog-

nizable atherosclerotic lesions, as well as in more-advanced

unstable atherosclerotic plaques.

It is now well-established that endocytic uptake of ath-

erogenic lipoproteins by macrophages or macrophage-

derived cells is mainly mediated by scavenger receptors,

including scavenger receptor A (ScR-A) and CD36 [6]. The

CD36 scavenger receptor is specific for nitrated LDL and

oxidized LDL, the most atherogenic forms of modified LDL.

Inhibition of cyclooxygenase (COX) by either non-ste-

roidal anti-inflammatory drugs (NSAIDs), which inhibit

both COX-1 and COX-2 isoforms, or by COX-2 specific

inhibitors (coxibs) provides analgesia and anti-inflammatory

efficacy [7]. Coxibs and NSAIDs have been associated with

increased frequency of cardiovascular toxicity and an ele-

vated risk of acute myocardial infarction [8, 9]. The COX-2

inhibitors rofecoxib and valdecoxib have been withdrawn

from the market, and two other coxibs failed to receive

approval due to cardiovascular concerns [10–12].

The mechanisms underlying cardiovascular effects of

coxibs are uncertain [13]. Our laboratory has previously

demonstrated that both the NSAID indomethacin and the

COX-2-selective inhibitor NS398 suppress expression of

cholesterol 27-hydroxylase and ABCA1, proteins involved

in reverse cholesterol transport (RCT) from the periphery

to the liver for metabolism [14, 15]. This observation led us

to propose that interference with normal cholesterol out-

flow from macrophages accelerates atheroma development,

contributing to the cardiovascular consequences of coxib

administration and that these effects may be reversible. In

the present study, we extend our examination to determine

whether interference with the COX/arachidonic acid path-

way impacts expression of scavenger receptor genes

involved in cholesterol uptake in human monocytes/mac-

rophages. Our study used the COX-2 specific inhibitor

celecoxib as well as arachidonyl trifluoromethyl ketone

(AACOCF3), a cell-permeable trifluoromethyl ketone

analog of arachidonic acid that selectively inhibits cyto-

solic phospholipase A2 (cPLA-2) (Fig. 1).

Prostaglandin G2

Phospholipids

Phospholipase A2

Arachidonic Acid

Prostaglandin H2

PGH2 Synthase
(Cox-1/Cox-2)

AACOCF3

Cox-2
inhibitors

(celecoxib)

HPETE

Lipooxygenase

Leukotrienes

PGH2 Peroxidase

Traditional
NSAIDS

Inflammation
Support of cholesterol metabolism 

Prostanoids

Fig. 1 Molecular pathway for

formation of eicosanoids and

prostanoids and where different

drugs have their effects. cPLA-2

catalyzes the release of

arachidonic acid from cell

membrane phospholipids.

Specific blockade of cPLA-2

with AACOCF3 abrogates

eicosanoid synthesis through the

arachidonic acid pathway. COX

converts arachidonic acid to

endoperoxide-containing

intermediates to produce

prostanoids–prostaglandins and

thromboxanes. NSAIDs and

COX-2 specific inhibitors

reduce formation of these

prostanoids, bioactive lipid

mediators that support normal

cholesterol flux
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The effect of COX-2 and cPLA-2 inhibition on CD36 is

measured against known effects of specific cytokines. In a

follow-up to our previous reports that the pro-atherogenic

cytokine interferon (IFN)-c suppresses RCT proteins and

increases foam cell formation in THP-1 human macro-

phages [16–18], we compare the impact of IFN-c to COX/

arachidonic acid pathway inhibition on the expression of

CD36 and ScR-A1. Since the cytokine TGF-b may be

involved in cardiovascular pathophysiology and has been

reported to downregulate expression of scavenger receptors

ScR-A and CD36, in human macrophages [19, 20], TGF-b
was used as a known control in these studies.

Experimental Procedures

Cell Culture

THP-1 monocytes (American Type Culture Collection,

Manassas, VA) were cultured in RPMI 1640 supplemented

with 10% fetal calf serum (FCS), 2 mM L-glutamine and

50 lg per ml of penicillin–streptomycin at 37 �C in a 5%

CO2 atmosphere to a density of 106 cells per ml. Cell

culture media and supplementary reagents were obtained

from Invitrogen (Grand Island, NY). Differentiation of the

monocytic THP-1 cells into adherent macrophages was

stimulated by 48 h of exposure to 100 nM phorbol 12-

myristate 13-acetate (PMA), obtained from Sigma–Aldrich

(St. Louis, MO). When differentiated phenotype was

achieved, the PMA-containing medium was removed, and

replaced with complete RPMI 1640, supplemented with

10% FCS. The macrophages were cultured for another 24 h

before treatment. THP-1 in both monocyte and macro-

phage states were subjected to the experimental conditions

described below.

Human peripheral blood mononuclear cells (PBMC)

were isolated from fresh blood obtained from healthy

donors. The investigation conforms with the principles

outlined in the Declaration of Helsinki. Approval for use

of human blood was granted by the Winthrop University

Hospital Institutional Review Board. Blood was collected

in EDTA treated tubes, adjusted to a density of 1.120 g/

ml with the addition of OptiPrep Density Gradient Media

(Sigma–Aldrich, St. Louis, MO), according to the manu-

facturer’s instructions. The blood was then overlaid with a

1.074 g/ml density solution composed of complete RPMI

1640 containing 10% FCS and OptiPrep Gradient Media.

A layer of complete RPMI containing 10% FCS was then

overlaid on top to prevent monocytes from sticking to the

plastic tube. The blood was centrifuged at 750g for

30 min at 4 �C, then the monocyte interphase was col-

lected from between the 1.074 g/ml and RPMI layers. The

collected cells were diluted with two volumes of complete

RPMI and harvested by centrifugation. The pellet was

resuspended in complete RPMI. The monocytes were then

counted with a hemocytometer and plated at a density of

2 9 106 cells/well in 6-well plates. Cells were maintained

in complete RPMI 1640, supplemented with 10% FCS

and were subjected to the experimental conditions

described below.

Experimental Conditions

THP-1 monocytes, THP-1 macrophages and PBMC were

incubated in six-well plates at 37 �C in a 5% CO2 atmo-

sphere for 18 and 24 h in RPMI media under the following

six conditions: (1) no additions (untreated control); (2)

DMSO vehicle (solvent control); (3) IFN-c (500 U/ml); (4)

celecoxib (25 lM); (5) AACOCF3 (25 lM); (6) trans-

forming growth factor (TGF)-b (120 pg/ml).

AACOCF3 was purchased from Sigma–Aldrich (St.

Louis, MO). Recombinant human IFN-c and TGF-b were

purchased from R&D Systems, Inc. (Minneapolis, MN).

Celecoxib was obtained from Pfizer (New York, NY).

AACOCF3 and celecoxib were dissolved in DMSO

(Sigma, Indianapolis, IN) to form 100X stock solutions

[21, 22].

Immediately after the incubation period, the cells were

collected and centrifuged at 1,500 rpm at room tempera-

ture, media was aspirated, and cell protein and RNA were

isolated.

Transfection of Small Interfering (si) RNA

Transfection of THP-1 monocytes was carried out when

they achieved 70% confluence, approximately 24 h after

seeding. Transfection was performed in serum-free med-

ium using siRNA transfection reagent (Santa Cruz, CA,

sc-29528). Cells were transfected for 6 h with 100 nM

of human COX-2 and cPLA-2 small interfering RNA

(siRNA) (Santa Cruz, CA, sc-29528 and sc-29280), or

irrelevant non-targeting control siRNA-A (Santa Cruz, CA,

sc-37007) according to the manufacturer’s protocol. Cells

were then further incubated for 24–72 h under standard

growth conditions. At 24–72 h post-transfection, depletion

of COX-2 was confirmed and expression of CD36 and

ScR-A1 were analyzed by quantitative real-time (QRT)-

PCR and immunoblotting.

RNA Isolation and cDNA Preparation

Total RNA was isolated using 1 ml per 106 cells of Trizol

reagent (Invitrogen, Grand Island, NY). The quantity of

total RNA from each condition was measured by absorp-

tion at 260 and 280 nm wavelengths by ultraviolet spec-

trophotometry (Hitachi U2010).
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All reverse transcription reactions were carried out in an

Eppendorf Mastercycler�-personal PCR thermocycler

(Eppendorf, Hamburg, Germany). All reagents for reverse

transcription and PCR were purchased from Applied Bio-

systems (Chicago, IL). For each reverse transcription

reaction, 1 lg of total RNA was reverse transcribed using

50 units of Murine Leukemia Virus (MuLV) reverse

transcriptase in the presence of 20 units of RNase inhibitor

in a final volume of 20 ll. The reaction mixture contained

5 mM MgCl2, 0.4 mM of each dNTP, 2.5 lM oligo dT

primers and random hexamers. The reaction mixtures were

incubated at 42 �C for 90 min. This was followed by

heating at 95 �C for 5 min and cooling to 4 �C for

5 minutes. Final cDNA was diluted 10 times for the fol-

lowing QRT-PCR reaction.

Analysis of CD36 and ScR-A1 Message by QRT-PCR

QRT-PCR analysis was performed using the FastStart

SYBR Green Reagents Kit according to the manufacturers’

instructions on the Roche Light Cycler 480 (Roche Applied

Science, Indianapolis, IN). 8 ll of cDNA were amplified

using CD36 (forward primer 50-GAGAACTGTTATGG

GGCTAT-30, reverse primer 50-TTCAACTGGAGAG-G

CAAAGG-30) [23, 24] and ScR-A1 (forward primer 50-CT

CGTGTTTGCAGTTCTCA-30; reverse primer 50-CCATG

TTGCTCATGTGTTCC-30) [25] specific primers. Primers

used in amplification reactions were generated by Sigma-

Genosys (The Woodlands, TX).

Each reaction was done in triplicate. The amounts of

PCR products were estimated using software provided by

the manufacturer (Roche Applied Science). To correct for

differences in cDNA load among samples, the target PCRs

were normalized to a reference PCR involving the endog-

enous housekeeping gene glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). Specific primers were used for

GAPDH amplification: forward primer 50-ACCATCATC

CCTGCCTCTAC-30, reverse primer 50-CCTGTTGCTGT

AGCCAAAT-30.
Non-template controls were included for each primer

pair to check for significant levels of any contaminants. A

melting-curve analysis was performed to assess the speci-

ficity of the amplified PCR products.

Protein Isolation and Western Blot

Cellular extracts were prepared for Western immunoblotting

using radioimmunoprecipitation assay (RIPA) lysis buffer

(98% PBS, 1% Igepal, 0.5% sodium deoxycholate, 0.1%

SDS), supplemented with 10 ll per ml of protease inhibitor

cocktail (Sigma–Aldrich). Protein content was measured in

triplicate using the BCA Protein Assay Kit by absorption at

562 nm (Pierce Biotechnology Inc., Rockford, IL).

Protein samples (10 lg/lane) were boiled for 5 min,

and fractionated on 8% SDS-PAGE, and transferred

onto a nitrocellulose membrane (Bio-Rad, Hercules, CA).

The membrane was stained with Ponceau red (Sigma–

Aldrich) to verify uniformity of protein loading in each

lane.

The membrane was blocked for 1 h at room temperature

in blocking solution [3% nonfat dry milk (Bio-Rad) in 1X

Tris-buffered saline/1% Tween 20 (TTBS)] and then

immersed in a 1:500 dilution of primary antibody overnight

at 4 �C. The following day, the membrane was washed and

then incubated in a 1:5,000 dilution of ECL horseradish

peroxidase (HRP)-linked species-specific whole antibody

in blocking solution.

The immunoreactive proteins were detected using Pierce

ECL Western Blot substrate system, and film development

in SRX-101A (Konica Minolta Holdings, Inc., Tokyo,

Japan). Stripping and reprobing of the membranes were

performed according to the manufacturer’s protocol (ECL

kit instructions, Thermoscientific, Rockford, IL).

Mouse anti-human CD36 IgM primary antibody (sc-

7309) and goat anti-mouse HRP conjugated IgM secondary

antibody (sc-2064) were obtained from Santa Cruz Bio-

technology (Santa Cruz, CA).

Goat anti-human macrophage ScR-A1 IgG polyclonal

antibody (P21757) was purchased from Millipore (Bille-

rica, MA). Donkey anti-goat IgG-HRP conjugated sec-

ondary antibody (sc-2020) was obtained from Santa Cruz

Biotechnology (Santa Cruz, CA).

As a loading control, on the same transferred membrane,

b-actin was detected using mouse anti-b-actin (diluted in

1:1,000) (Abcam, Cambridge, UK). IgG-HRP conjugated

antibody was used as a secondary antibody (GE Healthcare

Biosciences, Piscataway, NJ).

Band intensities for Western blot protein samples were

quantified using Kodak Digital Science 1D, version 2.0.3,

after imaging with Kodak Digital Science Electrophoresis

Documentation and Analysis System 120.

Foam Cell Formation

THP-1 cells (106 cells per ml) were transferred into 8-well

glass-chamber slides, then treated with PMA (100 nM,

48 h, 37 �C) to stimulate differentiation into macrophages.

Cells were cholesterol-loaded with 50 lg/ml acetylated

LDL or 50 lg/ml oxidized LDL (Inracel, Frederick, MD),

then further incubated in RPMI 1640 for 48 h under the

following five conditions: (1) untreated control, (2) IFN-c
(500 U/ml); (3) celecoxib (25 lM); (4) AACOCF3

(25 lM); (5) TGF-b (120 pg/ml). Following incubation,

media was aspirated, slides were washed with PBS and

fixed in 4% paraformaldehyde in water for 10 min. Cells

were then washed in distilled water and stained with 0.2%
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Oil Red O (Sigma) for 30 min. After the PBS wash, cell

nuclei were stained with hematoxylin (Sigma) for 5 min.

After a final wash with PBS, coverslips were mounted on

slides using Permount solution (Sigma).

Foam cells, recognized as macrophages stained with

Oil Red O, were visualized via light microscopy (Axio-

vert 25; Carl Zeiss, Gottingen, Germany) with 409

magnification and photographed using a DC 290 Zoom

digital camera (Eastman Kodak, Rochester, NY). Number

of foam cells formed in each condition was calculated in

triplicate manually and presented as a percentage of the

total cells.

Data Analysis

Statistical analysis was performed using Graphpad Prism,

version 5.01 (GraphPad Software, San Diego, CA). All

data were analyzed by one-way analysis of variance, and

pairwise multiple comparisons were made between control

and treatment conditions using Bonferroni correction.

P values less than 0.05 were considered significant.

Results

Celecoxib and AACOCF3 Exposure Increase CD36,

But Not ScR-A1 Expression in THP-1 Macrophages

and Monocytes

Celecoxib significantly increased CD36 message in THP-1

macrophages. In these mRNA and protein studies, we

compared treated THP-1 macrophages to untreated control

cells with mRNA and protein expression for untreated

control set at 100%. Celecoxib (25 lM) raised CD36

mRNA to 186.77 ± 25.43% of control (P \ 0.001, n = 5).

Solvent control reduced CD36 message slightly to

87.64 ± 4.6% (Fig. 2a). AACOCF3 treatment had an

effect comparable to celecoxib on CD36 expression in

THP-1 macrophages. 25 lM AACOCF3 at 18 h of incu-

bation markedly stimulated expression of CD36

(251.03 ± 39.99%, P \ 0.001, n = 5) (Fig. 2a).

The concentration of celecoxib used was in the range of

prior in vitro cell culture studies [26, 27]. Significant

upregulation of CD36 message in THP-1 macrophages was
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Fig. 2 Effect of COX-2 inhibition by celecoxib and cPLA-2

inhibition by AACOCF3 on CD36 expression in THP-1 macrophages.

a. Relative CD36 mRNA abundance increases upon exposure to

celecoxib or AACOCF3. THP-1 macrophages were incubated for

18 h under the following six conditions: (1) media alone, (2) vehicle

(DMSO), (3) IFN-c (500 U/ml), (4) AACOCF3 (25 lM), (5)

celecoxib (25 lM), (6) TGF-b (120 pmol/ml). Total RNA was

isolated from cells exposed to each condition. RNA was reverse

transcribed and CD36 message was analyzed by QRT-PCR. Gene

expression levels were graphed as relative mRNA expression. The

expression of CD36 was normalized to that of GAPDH. The data

represent the mean and SEM of five independent experiments

(n = 5). **P \ 0.01 versus controls, ***P \ 0.001 versus controls,

##P \ 0.01 versus IFN-c, celecoxib, AACOCF3. b Western blot

analysis using CD36-specific antibody. Total protein extracts were

analyzed by Western blot for CD36 protein expression. THP-1

macrophages were incubated for 24 h under the following five

conditions: (1) media alone, (2) celecoxib (25 lM), (3) AACOCF3

(25 lM), (4) TGF-b [120 pmol/ml], (5) IFN-c (500 U/ml). b-Actin

was detected on the same membrane as a loading control. c Graphic

representation of immunoblot results for CD36 protein expression

with normalization to b-actin. Conditions are the same as in part B.

The data represent the mean and SEM of three independent

experiments (n = 3). *P \ 0.05 versus control, **P \ 0.01 versus

control, ***P \ 0.001 versus control, ##P \ 0.01 versus IFN-c,

celecoxib, AACOCF3
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detected at celecoxib concentrations as low as 10 lM,

simultaneously with abrogation of COX-2 expression

(supplementary data Figure 1, not shown). Incubation of

THP-1 macrophages with celecoxib at concentrations

exceeding 25 lM had a toxic effect on the cells.

Protein expression, as determined by Western blot,

confirmed the same pattern of alterations in CD36

expression after celecoxib and AACOCF3 treatment. Thus,

celecoxib increased protein expression of CD36 by

100.7 ± 12.9% and AACOCF3 by 151.1 ± 11.9% versus

expression in untreated THP-1 macrophages, as normalized

to b-actin expression (P \ 0.01 and P \ 0.001, n = 3,

respectively) (Fig. 2b, c).

Consistent with the previously shown pro-atherogenic

properties of IFN-c [17, 18, 28], incubation of THP-1

macrophages with IFN-c for 18 h resulted in upregulation

of CD36 expression to 164.9 ± 32.1% (P \ 0.01, n = 5)

for the message and to 140.9 ± 12.6% (P \ 0.05, n = 3)

for the protein (Fig. 2).

In contrast to the documented changes in CD36

expression in THP-1 macrophages after celecoxib and

AACOCF3 treatment, ScR-A1 expression was not sig-

nificantly affected by these compounds. Only incubation

of THP-1 macrophages with TGF-b, our known control,

for 48 h had a significant impact on the ScR-A1

message. We observed a decrease in ScR-A1 expression

to 29.93 ± 3.38% of untreated THP-1 macrophages and

91.1 ± 0.29% of DMSO vehicle (P \ 0.05, n = 5)

(Fig. 3a). Nevertheless, none of the treatments signifi-

cantly changed the protein expression of ScR-A1

(Fig. 3b, c).

Equivalent results were obtained in THP-1 monocytes

under the conditions described above (supplemental data

Figure 2, not shown).

Celecoxib and AACOCF3 Treatment Increases CD36,

but Not ScR-A1 in PBMC

Exposure to either celecoxib or AACOCF3 caused a sig-

nificant increase in CD36 message in human PBMC

(Fig. 4a). In these mRNA studies, we compared treated

PBMC to untreated control PBMC with mRNA for

untreated control set at 100%. Incubation with celecoxib

(18 h, 25 lM) resulted in upregulation of the CD36 mes-

sage to 206.550 ± 32.3% versus untreated PBMC

(P \ 0.01, n = 3). AACOCF3 (18 h, 25 lM) stimulated

expression of CD36 to 214.83 ± 36.2% (P \ 0.01, n = 3).

Incubation of PBMC with IFN-c for 18 h upregulated

CD36 mRNA expression to 176.90 ± 17.6% (P \ 0.05,

n = 5) (Fig. 4a).
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Fig. 3 Effect of COX-2 inhibition by celecoxib and cPLA-2

inhibition by AACOCF3 on ScR-A1 expression in THP-1 macro-

phages. a Relative ScR-A1 mRNA abundance is not significantly

altered upon exposure to celecoxib or AACOCF3. THP-1 macro-

phages were incubated for 18 h under the following six conditions:

(1) media alone, (2) vehicle (DMSO), (3) IFN-c (500 U/ml), (4)

AACOCF3 (25 lM), (5) celecoxib (25 lM), (6) TGF-b (120 pmol/

ml). Total RNA was isolated from cells exposed to each condition.

RNA was reverse transcribed and ScR-A1 message was analyzed by

QRT-PCR. Gene expression levels were graphed as relative mRNA

expression. The expressions of ScR-A1 was normalized to that of

GAPDH. The data represent the mean and SEM of five independent

experiments (n = 5), *P \ 0.05 versus control, #P \ 0.05 versus

IFN-c, celecoxib, AACOCF3. b Western blot analysis using ScR-A1-

specific antibody. Total protein extracts were analyzed by Western

blot for ScR-A1 protein expression. THP-1 macrophages were

incubated for 24 h under the following five conditions: (1) media

alone, (2) celecoxib (25 lM), (3) AACOCF3 (25 lM), (4) TGF-b
(120 pmol/ml), (5) IFN-c (500 U/ml]. b-actin was detected on the

same membrane as a loading control. c Graphic representation of

immunoblot results for ScR-A1 protein expression with normalization

to b-actin. Conditions are the same as in part B. The data represent the

mean and SEM of three independent experiments (n = 3), NS
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As in the THP-1 monocyte/macrophage system, incu-

bation of PBMC with either celecoxib or AACOCF3 had

no significant effect on the expression of ScR-A1 (Fig. 4b).

COX-2 or cPLA-2 Silencing in THP-1 Monocytes

Upregulates CD36

Treatment of THP-1 monocytes with 100 nM of COX-2

and cPLA-2 siRNAs (48 h) downregulated the expression

of COX-2 mRNA to 45.6 ± 3.48% and 48.97 ± 5.31%

respectively, compared to control siRNA transfected cells

(P \ 0.01 and 0.01, n = 3 for each, respectively,) (data not

shown). Both silencing of COX-2 and silencing of cPLA-2

resulted in upregulation of CD36 message to 156.7 ±

13.68% and 169.5 ± 15.77% respectively, versus mock

transfected cells (P \ 0.01 and 0.01, n = 3 for each,

respectively) (Fig. 5a).

Incubation of THP-1 cells with COX-2 siRNA and

cPLA-2 siRNA for 56 h resulted in significant stimulation

of CD36 protein expression (Fig. 5b, c). Thus, transfection

with COX-2 siRNA resulted in enhancement of CD36

expression to 139.2 ± 10.68% of mock-transfected control

(P \ 0.01, n = 3), which is comparable to the effect of

celecoxib treatment on THP-1 monocytes for 24 h

(150.1 ± 12.56%, P \ 0.01, n = 3). cPLA-2 siRNA-

mediated pathway inhibition and AACOCF3 treatment for

24 h resulted in 197.3 ± 34.67% and 192.7 ± 24.77%

upregulation of CD36 protein expression, respectively

(P \ 0.001 and 0.001, n = 3 for each). Again, the phar-

macologic blockade achieved enhancement of CD36

almost equivalent to the effect observed with silencing of

the same target.

Celecoxib and AACOCF3 Augment Foam Cell

Transformation in Lipid-laden THP-1 Macrophages

Acetylated LDL-treated THP-1 macrophages showed a

significant increase in foam cell transformation in the

presence of either celecoxib or AACOCF3 (Figs. 6, 7).

Incubation of lipid-laden THP-1 macrophages with cele-

coxib resulted in 49.7 ± 5.773% of macrophages becom-

ing foam cells vs. 25.57 ± 7.37% foam cells formed

in untreated THP-1 macrophages, (P \ 0.01, n = 4)

(Fig. 7a). AACOCF3 treatment similarly promoted foam

cell transformation in 59.11 ± 3.83% versus 25.57 ±

7.37% of cells in untreated THP-1 macrophages,

(P \ 0.001, n = 4) (Fig. 7). Comparable results were

observed when THP-1 macrophages were pre-incubated

with oxidized LDL (supplementary data Figure 3, not

shown).

As additional evidence for the pro-atherogenic nature of

IFN-c, consistent with our previous reports [16, 17], we

observed a significant elevation of foam cells to 50.37 ±

3.83% in IFN-c treated THP-1 macrophages versus

25.57 ± 7.37% of foam cells formed in untreated THP-1

macrophages (P \ 0.01, n = 4) (Figs. 6, 7).

Exposure of lipid-laden macrophages to TGF-b did not

significantly alter the percentage of foam cells (Fig. 7).

Discussion

We report here that CD36 expression in human monocytes

increases with inhibition of the arachidonic acid/COX

pathway and specifically by celecoxib. To our knowledge,
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Fig. 4 Effect of COX-2 inhibition by celecoxib and cPLA-2 inhibi-

tion by AACOCF3 on CD36 and ScR-A1 mRNA expression in human

PBMC. Monocytes from human peripheral blood were incubated for

18 h under the following four conditions: (1) media alone, (2) IFN-c
(500 U/ml), (3) AACOCF3 (25 lM), (4) celecoxib (25 lM). Follow-

ing incubation, total RNA was isolated from cells exposed to each

condition. RNA was reverse transcribed, CD36 and ScR-A1 messages

were analyzed by QRT-PCR. The expressions of target genes were

normalized to that of GAPDH. a CD36 gene expression graphed as

relative mRNA expression and compared with results obtained from

untreated PBMC. The data represent the mean and SEM of three

independent experiments (n = 3), *P \ 0.05 versus PBMC control

cells in media alone, **P \ 0.01 versus control cells. b ScR-A1 gene

expression graphed as relative mRNA expression and compared with

results obtained from untreated PBMC. The data represent the mean

and SEM of three independent experiments (n = 3), NS
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this is the first demonstration that CD36 is regulated by a

COX-2 inhibitor currently in use in humans. CD36 is a

transmembrane, highly N-linked glycosylated glycoprotein

expressed on the cell surface of monocytes/macrophages

where it is the major receptor responsible for high-affinity

recognition of oxidized LDL by macrophages and where it

is thought to play important functions in inflammation and

vascular biology [29, 30]. CD36 is responsible for over

50% of total modified LDL uptake into human monocyte-

derived macrophages [31, 32]. In transgenic mice, knock-

ing out CD36 on the pro-atherogenic apoE-null background

reduces atherosclerosis [33]. These double-null mice show

a 70–80% reduction in aortic lesion size when compared to

apoE null mice. Further, macrophages from CD36-deficient

mice exhibit a reduced uptake of modified LDL and are

resistant to foam cell formation [33, 34]. Peripheral

monocyte-derived macrophages from humans with genetic

deficiency of CD36 have reduced uptake and degradation

of oxidized LDL. Cholesteryl ester mass accumulation

following exposure to oxidized LDL was reduced by

approximately 40% in the macrophages from CD36-defi-

cient subjects as compared to cells from normal controls

[31]. Anti-CD36 monoclonal antibody reduced by 50% the

specific binding of oxidized LDL to human peripheral

blood monocyte-derived macrophages [35]. Upregulation

of CD36 may contribute to the pathological process of

atherosclerosis by promoting macrophage lipid overload

and also by fostering cytoskeletal rearrangements that

enhance cell spreading and inhibit emigration from lesions

[31, 36]. It is likely that the observed phenotype of COX2/

cPLA-2 inhibition is the result of multiple lipid regulation

pathways gone awry. We previously reported on the sup-

pression of lipid efflux by COX-2 inhibition [14]. Now,

additionally, we report CD36 upregulation with COX2/

cPLA-2 inhibition. This upregulation has the potential to

further exacerbate the cellular lipid load.

Demonstration of disrupted cholesterol homeostasis by

AACOCF3 and celecoxib provides further evidence of the

possible mechanism through which COX inhibition by

traditional NSAIDs or COX-2 specific inhibitors may cause
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Fig. 5 Effect of COX-2 knockdown by COX-2 and PLA-2 siRNA on

CD36 expression in THP-1 monocytes. a Relative CD36 mRNA

abundance increases upon exposure to siCOX-2 and siPLA-2. THP-1

monocytes were transfected with 100 nM of: (1) siControl, (2)

siCOX-2, (3) siPLA-2 and cultured for 48 h. Total RNA was isolated

from cells exposed to each condition. RNA was reverse transcribed

and CD36 message was analyzed by QRT-PCR. Gene expression

levels were graphed as relative mRNA expression. The expression of

CD36 was normalized to that of GAPDH. The data represent the

mean and SEM of three independent experiments (n = 3).

**P \ 0.01 versus siControl transfected cells. b Western blot analysis

using human CD36-specific antibody. THP-1 monocytes were

incubated for 56 h post-transfection of siControl, siCOX-2, siPLA-2

and for 24 h in the presence of celecoxib and AACOCF3. Total

protein extracts were analyzed by Western blot for CD36 protein

expression: (1) siControl, (2) siCOX-2, (3) celecoxib (25 lM), (4)

siControl, (5) siPLA-2, (6) AACOCF3 (25 lM). b-actin was detected

on the same membrane as a loading control. c Graphic representation

of immunoblot results for CD36 protein expression with normaliza-

tion to b-actin. Conditions are the same as in part B. The data

represent the mean and SEM of three independent experiments

(n = 3). **P \ 0.01 versus siControl, ***P \ 0.001 versus siControl
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early atheromatous lesions leading to increased cardio-

vascular events.

The contribution of the leukotriene pathway, generated

from arachidonic acid and not blocked by COX-2 inhib-

itors, must be considered. Although the role of leukotri-

enes in atherosclerosis is not clearly defined, they play a

key role in aneurysm formation in mice [37, 38]. It has

been shown that enzymes responsible for the biosynthesis

of leukotrienes are highly expressed in human athero-

sclerotic lesions. There is also evidence that the 5-lipo-

oxygenase and leukotriene A4 hydrolase expression, and

hence, leukotriene production, are higher in patients with

vulnerable atherosclerotic plaques as opposed to patients

with stable lesions [39, 40]. Furthermore, it has been

reported that all human cell types involved in athero-

sclerosis have leukotriene B4 receptors. Future studies

involving specific blockade of the leukotriene pathway

will illuminate its importance in macrophage lipid

homeostasis.

One noted consequence of COX-2 inhibition that has

been implicated in cardiovascular toxicity is disruption of

the balance of thromboxane/prostaglandin I2 [41]. Namely,

COX-2 inhibition suppresses prostaglandin I2 and pro-

longed suppression of prostaglandin I2 leads to deletion of

its specific Gs-coupled I prostanoid receptor. A balance

between thromboxane and prostaglandin I2 modulates

vascular wall-platelet interactions. Thromboxane amplifies

the aggregatory responses of platelets to all known ago-

nists, whereas prostaglandin I2 impedes aggregation.

Additionally, prostaglandin I2 has been shown to afford

protection against oxidant injuries. Prostaglandin I2

appears to contribute to atheroprotection.

The relationship between COX and CD36 has been

explored previously. In 2003, Sennlaub and colleagues [42]

Fig. 6 Foam cell formation in

THP-1 macrophages under

cholesterol loading conditions is

augmented by celecoxib or

AACOCF3. THP-1

differentiated macrophages

were treated with acetylated

LDL (50 lg/ml, 48 h). Cells

were then exposed for 48 h to

the following five conditions:

(1) untreated control, (2) IFN-c
(500 U/ml); (3) celecoxib

(25 lM); (4) AACOCF3

(25 lM); (5) TGF-b (120 pg/

ml). Representative light

photomicrograph at

magnification 940 of Oil red O

staining to detect foam cells
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reported CD36 upregulation by the COX-2 inhibitor etod-

olac in a rat model of ischemic proliferative retinopathy.

Our present results are consistent with the study by Viñals

et al. [43] demonstrating that aspirin produces an increase

of CD36 expression in THP-1 macrophages, possibly by

decreasing production of PGE2 and the study by Chuang

et al. [44] showing that CD36 levels are reduced in peri-

toneal macrophages derived from endometriosis patients,

possibly due to excess prostaglandin E2. In the Chuang

study, COX-1 or COX-2 inhibition increased CD36 mes-

sage in cultured murine peritoneal macrophages.

In what may be a protective homeostatic mechanism,

Bujold et al. [45] found that in cultured murine peritoneal

macrophages activation of CD36 increases the expression

of COX-2 through the activation of the extracellular signal-

regulated kinase 1/2 pathway. Enhanced COX-2 expression

then promotes cholesterol efflux, possibly by increasing

intracellular levels of the PPARc activator 15-deoxy-D12,

14-prostaglandin J2. PPARc activation transcriptionally

upregulates genes involved in cholesterol efflux including

liver X receptors, ATP binding cassette transporters and

cholesterol 27-hydroxylase [46].

The mechanisms of CD36 upregulation by COX inhi-

bition are unknown. Further studies are needed to define

the pathways involved and to determine which specific

prostaglandin(s) are responsible for keeping CD36 levels in

check.

Strategies to prevent atherosclerosis aimed at blocking

upregulation of CD36 activity in patients taking NSAIDs or

coxibs long-term may provide a novel therapeutic approach

to improving the safety profile of these drugs. Further

studies are needed to define the pathways involved and to

determine whether CD36 expression may have prognostic

value in evaluating cardiovascular toxicity of specific drugs

in individuals. CD36 may be a feasible and attractive target

for pharmacologic intervention [47, 48].
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Abstract Fish oil (FO) supplementation could cause an

increase in the concentration of plasmatic free fatty acids

and, consequently, could compete with pro-inflammatory

arachidonic acid (ARA) derived from brain biomembranes

metabolism in the cerebrospinal fluid. Essential fatty acids

(EFA) (n-3) have been reported by their antioxidant and

neuroprotective properties, and therefore the influence of

the FO supplementation on the reserpine-induced motor

disorders was studied. Wistar rats were orally treated with

FO solution for 5 days, and co-treated with reserpine

(R; 1 mg/kg/mL) or its vehicle for 3 days (every other

day). Reserpine-induced orofacial dyskinesia and catalepsy

(P \ 0.05) were prevented by FO (P \ 0.05). Biochemical

evaluations showed that reserpine treatment increased the

lipid peroxidation in the cortex and striatum (P \ 0.05),

while the FO supplementation prevented this oxidative

effect in both brain regions (P \ 0.05). Our results showed

the protective role of FO in the brain lipid membranes,

reinforcing the beneficial effect of n-3 fatty acids in the

prevention of degenerative and motor disorders.

Keywords Fish oil � n-3 Essential fatty acids �
Reserpine � Motor disorders � Lipid peroxidation

Abbreviations

ALA a-Linolenic acid

ARA Arachidonic acid

DA Dopamine

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EFA Essential fatty acid(s)

EPA Eicosapentaenoic acid

FO Fish oil

FT Facial twitching

LNA Linoleic acid

MAO Monoamine oxidase

NF-jB Nuclear factor kappa-light-chain-enhancer of

activated B cells

PUFA Polyunsaturated fatty acids

SO Soybean oil

TBARS Thiobarbituric acid reactive substances

VCM Vacuous chewing movements

VMAT Vesicular monoamine transporter

Introduction

Families of n-3 and n-6 fatty acids are important constit-

uents of neuron cell membranes and are considered

essential fatty acids (EFA) because mammals are incapable

of synthesizing fatty acids with a double bond past the D-9
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position [1–3]. These EFA include a-linolenic acid (ALA,

18:3) and its metabolites docosahexaenoic acid (DHA,

22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-3), which

are members of the n-3 series, as well linoleic acid (LNA

18:2n-6) and its metabolite arachidonic acid (ARA; 20:4n-6),

which are members of the n-6 series. While the n-3 poly-

unsaturated fatty acids (n-3 PUFA) are abundant in fish oil

(FO) (EPA and DHA) and in smaller amounts in vegetable

oils (ALA), the n-6 fatty acids are abundantly obtained

from most types of vegetable oils including soybean

oil. The intake of these EFA in the diet can affect the

brain physiological functions [4]. An unbalanced diet in

EFA may change cell permeability, synaptic membrane

fluidity [5], density of receptors and function of ion chan-

nels. Furthermore, the activity of neurotransmitters is par-

ticularly modified [6], especially the dopamine (DA)

system [7, 8]. In this sense, experimental studies correlated

behavioral abnormalities with diets unbalanced in PUFA

[9], while human studies showed a relation between

abnormal levels of PUFA in the plasma and/or erythrocytes

of subjects suffering from diseases of the central nervous

system, such as motor disorders [10], confirming the

influence of the diet in the function of neuronal mem-

branes and their functions [11]. Furthermore, a connection

between the EPA levels in liquor and Parkinson’s disease

was recently observed, suggesting the involvement of this

fatty acids in neurodegenerative motor processes [12].

Reserpine is a catecholamine depletor that exerts a

blockade on the vesicular monoamine transporter (VMAT)

for neuronal transmission or storage, promoting dopamine-

autoxidation and oxidative catabolism by monoamine

oxidase (MAO) [13], which has been closely related to the

oxidative stress process [14, 15]. Due to these effects,

reserpine has been experimentally used to study movement

disorders [16–22] as well as to evaluate new therapeutic

approaches [23]. Of particular importance, basal ganglia

are brain areas rich in monoamines and consequently more

vulnerable to oxidative damage [24], which is frequently

related to the development of movement diseases such as

Huntington, Parkinson and tardive dyskinesia [25–27]. In

this sense, the brain is more susceptible to OS when

compared to other systems [28] due to its high level of

membrane lipids and autoxidizable neurotransmitters. The

neuronal phospholipid membrane is formed by PUFA

which are more prone to lipid peroxidation by reactive

oxygen species than other lipids such as cholesterol and

saturated fatty acids [29]. On the other hand, the enzyme

action on n-3 EFA generates less inflammatory docosa-

noids and eicosanoids than that originated from n-6 ARA

[30]. Thus, the n-3 fatty acid supplementation becomes

especially important because the majority of the diets

contain abundance of n-6 and scarcity of n-3 fatty acids.

Considering that n-3 has showed protective action on the

neuronal lipid membranes, here we propose to study the

effects of FO on reserpine-induced oxidative stress in an

animal model. Behavioral and biochemical evaluations

were performed to quantify the development of movement

disorders and oxidative damage in brain tissues involved in

motor control.

Methods

Twenty-eight male Wistar rats weighing 270–320 g (about

3 months of age) were kept in Plexiglas cages with free

access to food and water in a room with controlled tem-

perature (22–23�C) and in a 12 h-light/dark cycle with

lights on at 7:00 a.m. The animals were maintained and

used in accordance with the guidelines of the Committee

on Care and Use of Experimental Animal Resources,

School of Veterinary Medicine and Animal Science of the

University of São Paulo, Brazil, which are in accordance

with the National Institute of Health Guide for the Care and

Use of Laboratory Animals (NIH Publications No 80-23)

revised in 1996.

In order to assess the influence of n-3 fatty acids on the

reserpine-induced movement disorders, FO was used as

source of n-3 EFA, and SO, which contains high levels of

n-6 fatty acids, was used as control. FO capsules (Soft-

caps�, Cotia (SP), Brazil) contained 1 g of oil/capsule rich

in n-3 PUFA (35%), which are formed of EPA (20%;

20:5n-3), DHA (6%; 22:6n-3), ALA (0.4%; 18:3n-3) and

DPA n-3 (1.2%; 22:5n-3), besides a low content of n-6

PUFA (1.7%) and undetectable levels of trans fatty acids.

The SO had a high content of x-6 PUFAs (about 50%), a

low content of n-3 PUFA, and a very low content of trans

fatty acids. Both FO and SO were evaluated by capillary

gas chromatography (in the Núcleo Integrado de Desen-

volvimento em Análises Laboratoriais-NIDAL-UFSM).

Thus, FO and SO were incorporated daily in tap water

through a 1% polysorbate 80 (Tween 80�) and offered to

the rats in place of drinking water in dark bottles, avoiding

contact with the light. Considering the daily intake of each

rat (average 40 mL/rat/day), the n-3 fatty acids daily dose

was estimated at 14 mg/rat/day for FO-treated rats. This

dosage is equivalent to the daily recommendations for

human consumption (between 3 and 4 g/adult/day) of n-3

fatty acids.

Reserpine (methyl reserpate 3,4,5-trimethoxybenzoic

acid ester-Sigma Chemical) was dissolved in glacial acetic

acid and then diluted to a final concentration of 0.5% acetic

acid with distilled water. The vehicle consisted of a 0.5%

acetic acid solution.

Wistar rats were divided into two groups of 14 animals

each and treated with FO or SO solution for 5 days. In the

6th day the groups were re-divided and treated with
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reserpine solution (1 mg/kg/mL; sc) (R and FO ? R

groups) or vehicle (C and FO groups) for 3 days (every

other day). During this time the rats were maintained with

FO solution or SO solution. One day (24 h) after the last

injection of R or V, the rats were placed individually in

cages (20 9 20 9 19 cm) containing a mirror under the

floor and another one behind the back wall of the cage to

allow behavioral quantification when the animal was facing

away from the observer. To quantify the occurrence of

orofacial dyskinesia, which is characterized by involuntary

movements of the orofacial region, observers blinded to the

drug treatment recorded the vacuous chewing movement

frequency (VCM) and facial twitching time (FT) for three

sets of 6 min with intervals of 5 min (a total of 18 min). In

a preliminary study (using 5 control and 10 rats treated

with reserpine) of interrater reliability, we found that the

use of this method of observation for the parameters

evaluated usually resulted in [93 agreement between the

three different observers. The calculated value was sig-

nificant for P \ 0.05.

Immediately after the orofacial dyskinesia observation,

rats treated with reserpine (R and FO R) were individually

placed on the inclined wire grid (25 9 30 cm, inclined 45�
relative to the bench top) for quantification of catalepsy

time. This behavioral parameter is characterized by posi-

tional passivity, which is observed through failure to cor-

rect an uncomfortable imposed posture. Each rat was

placed with its forepaws near the edge of the grid and the

amount of time spent in this atypical position was recorded

for three times, with an interval of 5 min between them. At

the end of the three replications, the mean time spent by the

rat without moving was calculated for each test. One day

(24 h) after the behavioral observations the rats were

anesthetized with thiopental (50 mg/kg of body weight,

i.p.) and euthanized by exsanguination (blood was col-

lected by cardiac puncture). After removal, the brains were

put on ice and cut coronally at the caudal border of the

olfactory tubercle. Lipid peroxidation was determined

through the pink chromogen produced by the reaction of

thiobarbituric acid (TBA) with aldehydes, measured spec-

trophotometrically at 535 nm, in accordance with Ohkawa

et al. [31]. The cortex and striatum were homogenized in

Tris/acetic acid buffer (pH 7.4) and centrifuged at

1,3109g for 10 min. The supernatants (10% w/v) were

boiled (100 �C) in trichloroacetic acid (TCA-10%) and

thiobarbituric acid (TBA-0.67%) for 60 min, cooled and

centrifuged. The absorbance of the supernatant was read at

535 nm.

Data were analyzed by one or two-way ANOVA fol-

lowed by Duncan’s multiple range test when appropriate.

Pearson’s correlation coefficient was calculated between

the orofacial dyskinesia parameters (VCM frequency and

TF duration) and lipid peroxidation (TBARS levels). Data

were analyzed using Statistica 11.0 and expressed as

means ? SEM. P-values lower than 0.05 were considered

statistically significant.

Results

Rats’ body weight gain and food/suspension intake were

not different among the treatments, and no mortality

occurred during the study (data not shown).

The effects of reserpine treatment on orofacial movements

are shown in Table 1. Two-way ANOVA revealed a signifi-

cant main effect of reserpine [F(1,24) = 74.25; P \ 0.001],

FO [F(1,24) = 7.36; P \ 0.05], and a significant reser-

pine 9 FO interaction [F(1,24) = 6.42; P \ 0.05] for VCM

frequency. For duration of FT, two-way ANOVA revealed a

significant main effect of reserpine and a significant reser-

pine 9 FO interaction [F(1,24) = 36.62; P \ 0.001 and

8.38; P \ 0.05, respectively].

Univariate ANOVA followed by Duncan’s test showed

that reserpine treatment (1 mg/kg) caused evident signs of

orofacial dyskinesia, which were observed by an increase

in the VCM frequency and FT duration (Table 1). The co-

administration of FO solution (FO ? R group) caused a

reduction of 36% and 52% of these behavioral parameters,

respectively. In fact, rats treated with FO showed similar

VCM and FT as compared to the control group.

One-way ANOVA showed that reserpine treatment

(1 mg/kg) caused catalepsy in rats and co-treatment with

FO reduced about 21% of this immobility time (Table 1).

In this behavioral evaluation, rats not treated with reserpine

(C and FO groups) showed no catalepsy and therefore were

not included in the ‘‘Results’’ and ‘‘Discussion’’ section.

Two-way ANOVA of cortical TBARS levels revealed

a significant effect of reserpine [F(1,24) = 10.50;

P \ 0.001] and FO [F(1,24) = 22.27; P \ 0.001], as well

Table 1 Effects of fish oil oral treatment on behavioral parameters

(vacuous chewing movements, facial twitching and catalepsy time) of

rats treated with reserpine solution (1 mg/kg, sc, every other day, for

3 days)

Groups VCM (frequency) FT (seconds) Catalepsy (seconds)

C 26.7 ± 4.9 0.42 ± 0.4 -

FO 25.3 ± 7.6 1.50 ± 0.9 -

R 116.4 ± 10.8**,## 9.82 ± 1.4**,## 49.9 ± 2.3

FO ? R 74.2 ± 8.6**,##,? 4.74 ± 1.1*,#,? 39.3 ± 4.0#

Values are means ± SEM (n = 7)

VCM vacuous chewing movements; FT facial twitching; C control,

FO fish oil and R reserpine

* P \ 0.05, **P \ 0.001, differences from control group (C);
#P \ 0.05, ##P \ 0.001, differences from fish oil (FO) and
?P \ 0.05, differences from reserpine group (R)
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as a significant reserpine 9 FO interaction [F(1,24) =

12.15; P \ 0.05]. Two-way ANOVA of striatal TBARS

levels revealed a significant main effect of FO [F(1,24) =

31.21; P \ 0.001] and a reserpine 9 FO interaction ten-

dency (P = 0.059). Duncan’s multiple range test showed

that reserpine treatment (1 mg/kg) caused an increase in

the cortical and striatal TBARS levels (Fig. 1a, b). The co-

treatment with FO caused a reduction of 61% and 53% of

this lipid peroxidation measure in both brain regions,

respectively. Interestingly, statistical analyses revealed a

significant positive correlation between VCM frequency

(r = 0.47, P \ 0.0.05, Fig. 2a) and FT duration (r = 0.45,

P \ 0.05, Fig. 2b) with striatal lipid peroxidation, con-

firming that motor disturbances and oxidative stress may

result from the pro-inflammatory and oxidative cascade

induced by reserpine.

Discussion

Our results demonstrate that FO rich in n-3 fatty acids

reduced the reserpine-induced parkinsonism symptoms,

observed through orofacial dyskinesia parameters, catalepsy

time and lipid peroxidation. Sarsilmaz et al. [1] hypothe-

sized that n-3 EFA could affect the oxidant/antioxidant

status of the brain by stabilizing the neuronal membranes,

acting as an antiapoptotic agent in brain neurons [32] with

neuroprotective functions [33, 34]. In fact, n-3 fatty acids

have a potential to reduce damages in the neuronal mem-

branes, whose dysfunction may affect the dopaminergic

and serotonergic neurotransmission [35]. In dopaminergic

structures such as striatum, DA itself may be one of the key

contributors to oxidative stress, mainly because it generates

dopamine-quinones and hydrogen peroxide by autoxidation

and MAO metabolism. In this sense, reserpine is known to

exert a monoamine-depleting action by blocking the ATP-

dependent uptake mechanism of the storage organelles,

resulting in the accelerated presynaptic turnover of the

cytoplasmic DA. This mechanism of reserpine was studied

by Sussman et al. [36], who showed that reserpine

administration causes a decrease in striatal DA levels and

an increase in the metabolites of DA ratios (DOPAC/DA

and HVA/DA) in rats. The reserpine-induced movement

disorders have been suggested as a putative animal model

of tardive dyskinesia and parkinsonism [14, 37] which

has been used by different research groups [17–19, 38].

Fig. 1 Effects of fish oil oral

treatment on TBARS levels in

the cortex (a) and striatum

(b) of rats treated with reserpine

(1 mg/kg, sc, every other day,

for 3 days). Abbreviations:

control (C); fish oil (FO);

reserpine (R). Data are reported

as means ? SEM. *P \ 0.05,

**P \ 0.001, difference from C

group; ??P \ 0.001, difference

from R group
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In addition, it has also been used as an animal model of

brain oxidative stress [13, 15, 23]. Apart from the names,

these animal models are not contradictory, mainly because

parkinsonism and tardive dyskinesia are closely related to

oxidative stress and neurotoxicity [19, 39]. Recently, we

showed a negative relationship between the glutamate

transporter and the manifestation of orofacial dyskinesia in

rats exposed to reserpine or haloperidol [19], strengthening

the relation between oxidative stress, excitotoxicity and

movement disorders.

Some studies have shown that deficiencies of n-3 PUFA

may decrease the vesicular monoamine transporter

(VMAT-2) [40] as well as alter DA vesicle density in

frontal cortex [41] and mesolimbic pathway [42] but not in

striatum [43, 44]. Unlike these results, our study was not

conducted with a lack but with a supplementation of n-3

fatty acids, which showed a beneficial effect on reserpine-

induced behavioral and biochemical parameters. Since

reserpine acts on the VMAT-2 [13], we can assume that n-3

PUFA supplementation does not prevent its monoamine

depleting effects, but attenuates the oxidative cascade

resulting from monoamine metabolism. Our findings sug-

gest that n-3 EFA plays a role as an neuroprotective agent.

N-3 fatty acids supplementation allows its higher bio-

availability for enzymatic activities (cyclooxygenase and

lipoxygenase), which degrade the ARA (n-6 EFA) dis-

placed from neuronal phospholipid membranes. So, both n-

3 (from supplementation or diet) and n-6 EFA (from

membrane phospholipids) compete for the common

cyclooxygenase and lipoxygenase enzymes, but ARA

produces more potent inflammatory and pro-aggregatory

eicosanoids [45], which are also related to the generation of

free radicals and development of oxidative damage, while

the neuroprotectins derived from these n-3 EFA retard

neuroinflammation, oxidative stress and apoptotic cell

death in brain tissue [46]. Up to now, different hypotheses

have been raised to explain the influence of n-3 EFA on

inflammatory and oxidative processes: DHA (and, to a

lesser degree, EPA) reduces chronic inflammation by

attenuating nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-jB), in turn modulating the expres-

sion of pro-inflammatory cytokines. These fatty acids may

decrease the phosphorylation of specific interleukins (IjB)

modulating the availability of NF-jB. Importantly, this

process can modulate the expression of the pro-inflamma-

tory genes for COX-2 beyond other molecules of adhesion

and signalizing [47]. These genes control the availability of

lipid mediators such as prostaglandins, leukotrienes and

thromboxanes, which modulate the intensity and duration

of immune responses, which are also involved in neuro-

inflammatory processes. Of particular importance, DHA

and its derivatives are themselves intimately involved in

cell signaling processes [48]. Although EPA has been

explored as a therapeutic agent to treat neurological dis-

eases in recent years [49, 50], its uptake and incorporation

in the brain is not clear. A recent study showed a low

concentration of EPA in brain phospholipids after intra-

cerebroventricular infusion of 14C-EPA in rats, suggesting

a fast b-oxidation (14% per day) of this fatty acid [51]. In

this sense, FO, which contains DHA and other EFA, has

Fig. 2 Linear regression

analysis between vacuous

chewing frequency, facial

twitching and striatal lipid

peroxidation induced by

reserpine treatment (1.0 mg/kg,

sc, every other day, for 3 days)

following 5 days of oral

treatment with fish oil

(ad libitum). Abbreviations:

control (C); fish oil (FO);

reserpine (R). Linear regression

was evidenced by Pearson’s

coefficient (r = 0.47 and 0.45,

respectively, P \ 0.05)
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shown beneficial effects. A recent study on Parkinson’s

disease showed that short-term administration of DHA

reduced the extent of levodopa-induced dyskinesia by

about 40% in a non-human primate model of parkinsonism

[52]. On the other hand, animal models showed the

involvement of prostaglandins derived from ARA in oro-

facial dyskinesia [53] and cataleptic behavior [54] devel-

opment. In addition, we recently showed the beneficial

effect of FO on orofacial dyskinesia and oxidative stress

induced by typical neuroleptics [55], confirming the pro-

tective role of n-3 fatty acids on brain phospholipid

membranes [56].

Concerning the length of FO supplementation, different

studies have shown the therapeutic properties of n-3 fatty

acids after short-term treatment (5–14 days) [10, 32, 57].

Besides these experimental designs, a human study per-

formed during antidepressant treatment showed the bene-

ficial effects of 3 week FO supplementation [58]. In this

sense, it is important to emphasize that, as the temporal

relationship between humans and animals is very different,

a relatively longer time of treatment is needed for animals

as compared to humans. In fact, we believe that the dem-

onstration of n-3 fatty acids incorporation in neuronal

membranes may be conclusive, but the mechanisms by

which the brain uptakes PUFA are not agreed upon. Sev-

eral models regarding the uptake of PUFA by the brain

have been proposed: via receptor mediated transporter

(esterified PUFA in the form of a lipoprotein) or via pas-

sive diffusion (unesterified PUFA), whose rates of incor-

poration in brain membrane phospholipids vary with

experimental conditions [59, 60]. In short, although brief

treatment with n-3 fatty acids is not supposed to change

significantly the composition of brain membranes

(although this possibility cannot be ruled out), it could

cause an increase in the concentration of plasmatic free

fatty acids and, consequently, in the cerebrospinal fluid,

that could compete with pro-inflammatory ARA derived

from brain bio-membranes metabolism.

In conclusion, here we have shown that n-3 fatty acids

may protect brain motor structures against reserpine-

induced oxidative damage, and its supplementation or

inclusion in the diet may prevent the development of motor

disorders related to oxidative damages.
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Abstract In previous studies, low blood levels of n-3

fatty acids (FA) have been associated with increased risk of

cardiac death, and the omega-3 index (red blood cell

(RBC) eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA) expressed as weight percentage of total FA)

has recently been proposed as a new risk factor for death

from coronary artery disease, especially following sudden

cardiac arrest (SCA). As blood samples often haven been

harvested after the event, the aim of our study was to

evaluate the stability of RBC fatty acids following SCA.

The total FA profile, including the omega-3 index, was

measured three times during the first 48 h in 25 survivors

of out-of-hospital cardiac arrest (OHCA), in 15 patients

with a myocardial infarction (MI) without SCA and in 5

healthy subjects. We could not demonstrate significant

changes in the FA measurements in any of the groups, this

also applied to the omega-6/omega-3 ratio and the ara-

chidonic acid (AA)/EPA ratio. Furthermore, we compared

the omega-3 index in 14 OHCA-patients suffering their

first MI with that of 185 first-time MI-patients without

SCA; mean values being 4.59% and 6.48%, respectively

(p = 0.002). In a multivariate logistic regression analysis,

a 1% increase of the omega-3 index was associated with a

58% (95% CI: 0.25–0.76%) reduction in risk of ventricular

fibrillation (VF). In conclusion, the omega-3 index

remained stable after an event of SCA and predicted the

risk of VF.

Keywords n-3 fatty acids � Eicosapentaenoic acid �
Docosahexaenoic acid � Red blood cell membranes �
The omega-3 index � Fatty acid stability � Sudden cardiac

arrest � Ventricular fibrillation � Myocardial infarction

Abbreviations

AA Arachidonic acid

ACS Acute coronary syndrome

AMI Acute myocardial infarction

CAD Coronary artery disease

DHA Docosahexaenoic acid

ECG Electrocardiography

EF Ejection fraction

EPA Eicosapentaenoic acid

FA Fatty acid(s)

hsCRP High-sensitivity C-reactive protein

ICD Implantable cardioverter defibrillator

MI Myocardial infarction

NSTEMI Non-ST-elevation myocardial infarction

OHCA Out-of-hospital cardiac arrest

PCI Percutaneous coronary intervention

RBC Red blood cell(s)

ROSC Return of spontaneous circulation
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SCA Sudden cardiac arrest

SCD Sudden cardiac death

STEMI ST-elevation myocardial infarction

TnT Troponin-T

VF Ventricular fibrillation

VT Ventricular tachycardia

Introduction

The first clinical evidence of a possible protective effect of

n-3 fatty acids (FA) against sudden cardiac death (SCD)

came from the publication of the GISSI-Prevenzione trial

in 1999 [1]. In this study, supplementation with 1 g/day of

n-3 FA following a myocardial infarction (MI) resulted in a

45% reduction of sudden deaths during 3.5 years of follow-

up. This finding has been supported by the demonstration

of low levels of blood n-3 FA in patients suffering SCD

[2, 3] or a fatal cardiac event [4]. In addition, our research

group has recently presented evidence for an increased risk

of ventricular fibrillation (VF) during the acute ischemic

phase of an MI in patients with low levels of cellular n-3

FA [5]. In our study, as well as in a previous investigation

[3], blood samples were harvested after the episode of

sudden cardiac arrest (SCA). To obtain a reliable result

with this method, we have to assume that the blood com-

position of FA remains stable following the event, or else

we need to correct for changes induced by the event itself

in selected case–controls.

Previous studies have demonstrated significant changes

in FA composition of serum [6] and plasma lipids [7] in the

early stage of an MI. Recently, the red blood cell (RBC) FA

composition has been found to reflect the cardiac omega-3

content [8, 9]. Even though stable in rats for 24 h after the

induction of an MI [7], the only evaluation of post-MI RBC

FA in humans demonstrated a statistically significant

change in the investigated FA during a 7 day period [10].

As most episodes of cardiac arrest appear during the early

course of an MI, these findings are of interest when

assessing the FA profile of SCD/SCA-patients.

In patients with SCA, the event itself, as well as the

resuscitation, might potentially affect the measurements.

Stress-induced or injected adrenalin can activate phos-

pholipases, releasing FA from cell membrane phospholip-

ids leading to falsely low post-resuscitation measurements.

The only evaluation of this question has so far been per-

formed in animal studies, in which no significant effect of

adrenalin on the FA composition in RBC [3] or serum

lipids [11] has been observed. FA stability after an episode

of cardiac arrest has previously not been reported in

humans, and this was the primary aim of our study.

Based on the proposed post-MI changes in FA, we

wanted to compare the time-related profile of RBC FA in

SCA-patients with that of MI-patients without a cardiac

arrest. We also wanted to evaluate whether the level of

RBC eicosapentaenoic acid (EPA) ? docosahexaenoic

acid (DHA) (the omega-3 index) might be related to VF, as

previously demonstrated in another group of SCA patients

[5].

Materials and Methods

Study Subjects and Design

This study was performed at Stavanger University Hospi-

tal, Stavanger, Norway. The inclusion criteria were; age

[18 years and out-of-hospital cardiac arrest (OHCA) of

assumed cardiac origin. Patients with permanent return of

spontaneous circulation (ROSC) had 6 mL of EDTA-

blood drawn on hospital admission. Further blood sampling

was repeated after 8–12 h and after 24–48 h. At this point,

most patients were on a respirator at the intensive care unit,

and blood samples were collected from an already estab-

lished arterial crane. For the few patients who woke up

immediately after resuscitation, blood sampling was per-

formed as part of the hospital’s routine. Echocardiography

was performed shortly after admission for the evaluation of

the ejection fraction (EF). Survivors gave written informed

consent before discharge. If the patient stayed unconscious

until death, the family was asked for consent on the

patient’s behalf.

From February 2007 until June 2009, blood samples for

evaluation of RBC FA were collected from 25 patients with

documented VF. Patients were divided into three groups

based on the mechanism of their ventricular arrhythmia;

(1) SCA without a present MI, (2) SCA with a first-time MI

and (3) SCA with recurrent MI. The presence or absence of

an MI was determined from the release pattern of troponin-

T (TnT), using ST-segment analysis of the electrocardio-

gram (ECG) for the definition of ST-elevation MI (STEMI)

or non-ST-elevation MI (NSTEMI). For one case, there

were only two in-hospital samples available, and this

patient was only included in the analysis of risk.

For the evaluation of MI related FA changes, 15 subjects

with an acute MI (AMI) without SCA were recruited. In

this group, MI was defined by a maximal TnT[0.03 lg/L

and a typical release pattern. EDTA-blood from most of

these patients was collected as part of the hospital’s routine

at admission or at coronary angiography and during the

subsequent 48 h, employing the same time points as

described for the SCA-patients. After collection of blood

and baseline characteristics, the identity of these patients

was destroyed and all samples treated anonymously. The
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selection of the MI-patients was not sufficiently random for

them to serve as controls for the assessment of risk.

To rule out a biological variation of the FA profile, we

also analyzed a subsequent set of three blood samples in 5

healthy subjects, 3 men and 2 women, with an age of

34–72 years. The first and last (after 24 h) blood samples

were drawn after an overnight fast, the second sample was

in the fed state 8–12 h after the first one.

For risk evaluation, we compared the admission omega-

3 index in the SCA-patients with first-time MI with our

previous control-population of 185 first-time MI patients

from the Risk factors in Acute Coronary Syndrome

(RACS, ClinicalTrials.gov identifier: NCT00521976) study

[5]). In that study, patients with chest pain or otherwise

suspected acute coronary syndrome (ACS) were included

at the same hospital from November 2002 until September

2003. Blood samples for the analysis of the omega-3 index

were harvested immediately after admission, without sub-

sequent sampling during hospitalization. Controls were

selected based on the absence of VF or sustained ventric-

ular tachycardia (VT) for at least 30 days of follow-up.

The present study was approved by the Regional Board

of Research Ethics and the Norwegian Health Authorities

and conducted in accordance with the Helsinki Declaration

of 1975, as revised in 1983.

Laboratory Methods

Storage of blood samples prior to preparation was allowed

for 24 h at room-temperature and 48 h in a refrigerator.

RBC for analysis of FA were prepared from EDTA-blood

after centrifugation at 2,500g for 10 min in room temper-

ature. Plasma was extracted and the buffy coat discarded,

after which sedimented RBC were washed twice with

phosphate buffered saline (PBS), followed each time by

centrifugation at 2,500g for 3 min. All samples were stored

at –70 �C until extraction of FA could be performed. At

this temperature, the composition of RBC FA has been

demonstrated to remain stable for at least 4 years [12].

For the FA analysis a 50-lL sample of thawed packed

RBC was placed on a filter paper disc (Whatman grade 1,

3.0 cm diameter) that had been pre-treated with butylated

hydroxytoluene (50 mg/L) according to Marangoni et al.

[13]. Dried blood spots were shipped to the US and the FA

composition analyzed in the laboratory of W. S. Harris by

flame ionization gas chromatography (GC9A, Shimadazu

Corporation, Columbia, MD, USA), as previously descri-

bed [5]. FA in dried RBC-samples remain stable during

storage and shipment in cooled conditions for at least

1 week, as previously described [14]. We have also shown

that dried RBC-samples can be stored at -70 �C for

1.5 years with no reduction in the omega-3 index (n = 22)

(unpublished data). The coefficient of variation (CV) for

the omega-3 index was 6%. Laboratory personnel per-

forming the analyses were blinded with respect to clinical

events.

Statistical Analyses

Characteristics of cases and controls are given as

means ± standard deviations (SD) for normally distributed

variables and as medians with interquartile range (25th–

75th percentile) when the assumption of normality was

violated. Differences between groups at baseline were

tested by the Mann–Whitney U Test and the Kruskal–

Wallis Test for non-normally distributed variables with the

independent samples t test and the one-way between group

analysis of variance (ANOVA) as the parametric alterna-

tive. Categorical variables were evaluated using the Chi-

square test, or in the case of few expected observations, the

p value was derived from Fisher’s exact probability test.

The sample sizes of the subgroups of SCA-patients were,

however, too small to test for differences in inter-group

frequencies.

For the evaluation of FA stability following an event of

SCA and/or AMI we used one-way repeated measures

ANOVA to compare the omega-3 index and individual FA

at admission, after 8–12 h and after 24–48 h in the four

different groups of patients; (1) SCA without an AMI

(n = 6), (2) SCA with an AMI (both first and recurrent)

(n = 18), (3) AMI without SCA (n = 15) and (4) healthy

subjects (n = 5). The analysis was performed for each

group with time as the only within-subject factor at three

levels. The Mauchly’s test of sphericity was used to check

that the correlations and variances of the observations

remained constant at all time points. The within-subject

CV was calculated from the mean and SD of the three

subsequent omega-3 index measurements, according to the

method described by Harris and Thomas [15].

To evaluate the association between the omega-3 index

and risk of VF we performed logistic regression analyses

adjusting for age and sex. In addition, high-sensitivity

C-reactive protein (hsCRP), EF and previous angina pec-

toris were included as potential confounders in a backward

elimination procedure, and stayed in the final model if they

were significant in the first step. Based on the existing

knowledge of STEMI and anterior location as potential risk

factors for VF during the course of an AMI [16, 17], we

performed separate analyses for STEMI-patients only and

for patients with anterior location of their infarction. We

chose not to include maximal TnT as a measure of infarct

size due to the possibility of this parameter being differ-

entially affected by the mechanical manipulation of the

heart, by coronary hypoperfusion during resuscitation [18,

19] as well as by later percutaneous coronary intervention

(PCI) therapy [20]. The Odds Ratio (OR) for VF is

Lipids (2011) 46:151–161 153

123



presented with 95% confidence interval (CI). The statistical

analyses were performed with the statistical package SPSS

version 17.0, with p values derived from the logistic

regressions using the Wald chi-square test. All tests were

2-sided with a significance level of 5%.

Results

Characteristics of SCA-Patients

Out of the 25 patients admitted after an event of OHCA, 19

experienced their VF during the initial course of an AMI.

The remaining 6 patients had no evidence of a present MI

and their arrhythmia was classified as primary VF with the

need for an implantable cardioverter defibrillator (ICD)

prior to discharge. Patient characteristics for the different

SCA-groups are given in Table 1.

Fourteen out of the 19 AMI-patients, 12 men and 2

women, experienced their first MI. These patients were

relatively young (median age 52.5 years, range 41–78 years)

and had a predominance of STEMI located to the anterior

wall of the heart and mainly one-vessel disease evaluated by

coronary angiography (Table 1). Retrospectively, 3 patients

had evidence of pre-infarction angina, but none of them had

received any treatment for this condition.

Characteristics of Control Subjects

The characteristics of the 185 control subjects (134 men

and 51 women) are presented in Table 2. As compared to

the group of SCA-patients with first-time MI they were

significantly older, had a higher frequency of NSTEMI at

admission, and at baseline hsCRP was significantly higher

and s-glucose significantly lower. For the remaining base-

line characteristics, including infarct location, previous

history, presence of risk factors, use of medication, EF and

degree of coronary artery disease (CAD), there were no

statistically significant differences among the two groups.

Serial Measurements of Individual FA

and the Omega-3 Index

A plot of the means of the omega-3 index with 95% CI in

SCA patients with and without an AMI, in AMI-patients

without SCA and in healthy subjects is presented in Fig. 1.

Among patients with SCA, mean time from event to first

sample was 1.3 ± 0.6 h. The time from admission until

first, second and third sample was 0.5 ± 0.4, 11.1 ± 2.3

and 39.3 ± 6.0 h, respectively. After removing from the

analysis one patient with chest pain for at least 74 h before

the occurrence of cardiac arrest, patients with SCA during

the course of their AMI had a mean duration of symptoms

of 3.3 ± 5.7 h (range 0.6–21.0 h) at the time of the first

sample. For AMI-patients without SCA, time from symp-

tom onset until first sample was 3.4 ± 2.5 h (range

0.8–9.7 h) and from admission to subsequent sampling

0.3 ± 0.4, 10.2 ± 3.1 and 35.6 ± 6.8 h, respectively.

Healthy subjects had samples taken at time 0, after

8.1 ± 0.1 and 23.4 ± 0.4 h. The repeated measures

ANOVA (sphericity assumed) showed no statistically sig-

nificant time-dependent effect on the omega-3 index in any

of the groups. The within-subject CV differed from 16.7%

in SCA-patients with an AMI to 10.4% in SCA-patients

with no AMI. The corresponding values for AMI-patients

without SCA and for healthy subjects were 11.7 and

12.9%, respectively.

Similar comparisons were performed for the individual

FA. As shown in Table 3 the FA profile remained stable

irrespective of sampling time in each subject group.

Accordingly, the ratio between the omega-6 and omega-3

FA was also found to be stable, including the arachidonic

acid (AA) to EPA ratio.

Omega-3 Index and Risk of VF

The mean omega-3 index among SCA-patients with first-

time AMI was 4.59% as compared to 6.48% in controls. In

the main logistic regression analysis age, sex, hsCRP and

EF were included as covariates, 12 cases and 177 controls

were enrolled based on available measurements. The

omega-3 index turned out to be a highly significant pre-

dictor of VF during the course of a first-time AMI with an

OR of 0.42 (95% CI; 0.24–0.75, p = 0.003). Of the other

covariates included in the analysis, only EF (OR 0.94, 95%

CI: 0.89–0.99) and hsCRP (OR 0.61, 95% CI: 0.39–0.95)

contributed to the risk of VF.

When restricting the analysis to patients admitted with

STEMI and to those with anterior location of their infarc-

tion, the omega-3 index still remained an independent

predictor of VF with an OR of 0.53 (95% CI: 0.29–0.96),

p = 0.037, in STEMI-patients (n = 91) and 0.50 (95% CI:

0.27–0.93), p = 0.028, among those with anterior infarc-

tions (n = 92) (Fig. 2).

Discussion

We have demonstrated that the RBC FA, including the

omega-3 index, remained stable after SCA and during the

post-MI period. In healthy subjects, we have also ruled out

any significant biological variability, largely confirming

previous observations on reproducibility over time [15].

There has been diverging results in previous studies

regarding the effect of an AMI on FA composition of

phospholipids [6, 7, 10]. Our findings are consistent with
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Table 1 Characteristics of patients suffering SCA

First myocardial infarction

(n = 14)

Recurrent myocardial infarction

(n = 5)

Primary arrhythmia

(n = 6)

p value

Men 12 (86%) 5 (100%) 5 (83%) nd

Women 2 (14%) 0 1 (17%)

Age (median, years) 52.5 (46.8–59.5) 68.0 (58.0–77.5) 73.5 (62.5–81.5) 0.006

BMI (mean ± SD, kg/m2) 26.6 ± 3.9b 26.4 ± 3.3c 26.9 ± 4.3 0.017

Symptoms prior to SCA

Chest pain 10 (71%) 3 (60%) 0 nd

Dyspnea 0 0 1 (17%)

Asymptomatic 0 2 (40%) 4 (67%)

Unknown 4 (29%) 0 1 (17%)

ECG findings

STEMI 11 (79%) 3 (60%) 0 nd

NSTEMI 3 (21%) 2 (40%) 0

Infarct location

Anterior wall 10 (71%) 3 (60%) 0 nd

Inferior wall 3 (21%) 1 (20%) 0

Lateral wall 1 (7%) 1 (20%) 0

TnT max (median, lg/L) 4.55 (1.21–6.99) 4.53 (2.61–11.99) 0.16 (0.04–0.74) 0.005

Ejection fraction (median, %) 58 (36–60)d 35 (30–50) 40 (20–43)e ns

Coronary angiography

Normal 0 0 2 (33%) nd

1-vessel disease 9 (64%) 1 (20%) 1 (17%)

2-vessel disease 3 (21%) 2 (40%) 0

3-vessel disease 2 (14%) 2 (40%) 3 (50%)

Coronary intervention

LAD 9 (64%) 3 (60%) 1 (17%) nd

RCA 2 (14%) 1 (20%) 1 (17%)

CX 3 (21%) 1 (20%) 0

Hypothermic treatment 10 (71%) 4 (80%) 5 (83%) nd

Implantation of ICD 0 0 6 (100%) nd

Death prior to discharge 2 (14%) 2 (40%) 0 nd

Previous history

Angina pectoris 3 (21%) 0 1 (17%) nd

Myocardial infarction 0 5 (100%) 5 (83%)

Heart failure 0 1 (20%) 5 (83%)a

Previous CABG 0 1 (20%) 2 (33%)

Previous PTCA 0 3 (60%) 2 (33%)

Hypertension 4 (29%) 2 (40%) 4 (67%)

Aortic stenosis 0 0 0

Mitral insufficiency 0 2 (40%) 4 (67%)

Diabetes mellitus 0 0 0

Hypercholesterolemia 10 (71%) 3 (60%) 2 (33%)

Current smoking 4 (29%) 1 (20%) 1 (17%)

Ex-smoker 6 (50%)d 3 (75%)c 4 (67%)

Family history 7 (70%)f 2 (50%)c 4 (67%)

Medication prior to admission

Beta-blocker 1 (7%) 1 (25%)c 3 (50%) nd

Ca-blocker 1 (7%) 1 (25%)c 2 (33%)

ACE/AT II-inhibitor 1 (7%) 2 (50%)c 6 (100%)
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results from an experimental study in rats by Shearer et al.

[7]. Kark et al. [10] sampled 20 MI-patients up to 7 days

after the event. Decreasing values of EPA were evident

after 42 h, whereas DHA started to increase 7 h after

admission. In that study there were no statistical analyses

for composite indexes, but we would expect that increasing

values of DHA (the major contributor to the sum of

EPA ? DHA) would reflect an increasing omega-3 index

after the initial 7 h of admission, a finding not confirmed in

our study. The observed decrease in EPA after 42 h could,

however, have been missed by our investigation, as our

mean time to last sample was 35.6 h following admission.

The time between onset of symptoms and first blood

sample was similar in the two studies. In contrast to the

study of Kark et al., our STEMI patients were treated

invasively, but there is no indication that this difference in

the treatment strategy may influence the FA composition in

phospholipids.

Unique to our study is a separate evaluation of the effect

of SCA on FA composition in humans. The so-far existing

research has been performed on primates [3] and rats [11].

In the study by Siscovick et al. [3] RBC membrane levels

of EPA ? DHA (corresponding to our omega-3 index)

were altered only slightly (0.33%) from the pre-mortem to

the post-mortem state, suggesting a non-significant effect

on these FA by the cardiac arrest itself. Jurand et al. [11]

injected rats with noradrenaline, but could not demonstrate

any variation in serum FA. Our study confirms the findings

Table 1 continued

First myocardial infarction

(n = 14)

Recurrent myocardial infarction

(n = 5)

Primary arrhythmia

(n = 6)

p value

Diuretics 1 (7%) 0c 6 (100%)

ASA 1 (7%) 4 (100%)c 0

Warfarin 0 0c 6 (100%)

Statin 2 (14%) 3 (75%)c 6 (100%)

Antiarrhythmics 0 0c 0

Baseline blood samples (median)

Hemoglobin (g/L) 14.7 (13.5–15.8) 14.0 (13.0–17.0) 13.3 (11.1 15.1) ns

Sodium (mmol/L) 140 (136–142) 143 (142–144) 138 (136–144) 0.045

Calcium (mmol/L) 4.0 (3.9–4.6) 4.0 (3.8–4.6) 3.5 (3.1–4.6) ns

Creatinine (lmol/L) 92 (80–115) 110 (89–118) 107 (81–154) ns

Total-cholesterol (mmol/L) 6.4 (4.8–6.9) 3.8 (3.6–4.1) 3.7 (2.9–5.1) 0.014

HDL-cholesterol (mmol/L) 1.4 (1.0–1.7) 1.3 (0.9–1.8) 1.4 (0.7–1.8) ns

Triglyceride (mmol/L) 2.2 (1.0–3.2)g 1.5 (0.6–1.7)h 1.1 (1.0–1.4)h ns

Glucose (mmol/L) 15.1 (8.7–22.5)b 12.0 (9.4 -18.9) 13.8 (8.1 14.9)e ns

hsCRP (mg/L) 1.7 (1.1–3.1) 1.8 (1.1–2.9) 3.2 (2.3–28.3) ns

Number of fish meals

\1 9 per month 1 (11%)b 0 0 nd

2–3 9 per month 4 (44%)b 2 (100%)i 3 (50%)

1 9 per week 2 (22%)b 0 1 (17%)

2–3 9 per week 1 (11%)b 0 2 (33%)

[3 9 per week 1 (11%)b 0 0

Omega-3 supplementation

Cod-liver oil 0b 0h 2 (33%) nd

Fish-oil capsules 1 (11%)b 1 (33%)h 1 (17%)

Omega-3 index at admission (mean ± SD, %) 4.59 ± 1.58 5.26 ± 1.59 7.15 ± 1.77 0.014

Categorical data are given as n (%). Median values of continuous data given with 25th and 75th percentiles in parentheses (interquartile range)

Nd no data, p values not available, too small groups to test for differences for categorical variables. ns not significant

ACE angiotensin converting enzyme, ASA acetylsalicylic acid, AT II angiotensin II receptor, BMI body mass index, CABG coronary artery bypass

grafting, HDL high density lipoprotein, hsCRP high-sensitivity C-reactive protein, ICD implantable cardioverter defibrillator, LAD left anterior

descending artery, RCA right coronary artery, CX circumflex, NSTEMI non-ST-elevation myocardial, PTCA percutaneous transluminal coronary

angioplasty, SCA sudden cardiac arrest, SD standard deviation, STEMI ST-elevation myocardial infarction, TnT troponin-T
a For one of the patients the diagnosis of dilated cardiomyopathy was first established after admission and this information is therefore not

included in the baseline characteristics; b n = 9; c n = 4; d n = 12; e n = 5; f n = 10; g n = 13; h n = 3; i n = 2
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in these animal studies, and is strengthened by similar

results obtained in SCA-patients both with and without an

AMI. Although the latter group only consisted of 6

patients, these subjects represent a population in which we

could evaluate the effect of the cardiac arrest itself without

any interference from an AMI. Also, there was no evidence

Table 2 Characteristics of

cases and controls

Categorical data given as n (%).

Median values of continuous

data given with 25th and 75th

percentiles in parentheses

(interquartile range)

ACE angiotensin converting

enzyme, ASA acetylsalicylic

acid, AT II angiotensin II

receptor, BMI body mass index,

CABG coronary artery bypass

grafting, HDL high density

lipoprotein, hsCRP high-

sensitivity C-reactive protein,

NSTEMI non-ST-elevation

myocardial, PTCA percutaneous

transluminal coronary

angioplasty, SD standard

deviation, STEMI ST-elevation

myocardial infarction
a n = 9; b n = 183; c n = 12;
d n = 178; e n = 141;
f n = 139; g n = 10; h n = 175;
i n = 184; j n = 13

Case-patients (n = 14) Control patients (n = 185) p value

Men 12 (86%) 134 (72%) ns

Women 2 (14%) 51 (28%)

Age (median, years) 52.5 (46.8–59.5) 64 (53.5–73.0) 0.003

BMI (mean ± SD, kg/m2) 26.6 ± 3.9a 25.9 ± 4.5 ns

ECG findings at admission

STEMI 11 (79%) 85 (46%)b 0.026

NSTEMI 3 (21%) 98 (54%)b

Infarct location

Anterior wall 10 (71%) 85 (45%) ns

Inferior wall 3 (21%) 64 (35%)

Lateral wall 1 (7%) 0

Unidentifiable 0 36 (20%)

Ejection fraction (median, %) 58 (36–60)c 55 (50–60)d ns

Coronary angiography

1-vessel disease 9 (64%) 55 (39%)e ns

2-vessel disease 3 (21%) 39 (28%)e

3-vessel disease 2 (14%) 47 (33%)e

Death prior to discharge 2 (14%) 1 (0.5%) 0.013

Previous history

Angina pectoris 3 (21%) 56 (30%) ns

Heart failure 0 12 (7%) ns

Previous CABG 0 6 (3%) ns

Previous PTCA 0 8 (4%) ns

Hypertension 4 (29%) 61 (33%) ns

Diabetes mellitus 0 21 (11%) ns

Hypercholesterolemia 10 (71%) 92 (50%) ns

Current smoking 4 (29%) 84 (45%) ns

Ex-smoker 6 (50%)c 55 (40%)f ns

Family history 7 (70%)g 121 (69%)h ns

Medication prior to admission

Beta-blocker 1 (7%) 31 (17%) ns

Ca-blocker 1 (7%) 22 (12%)i ns

ACE/AT II-inhibitor 1 (7%) 32 (17%) ns

Diuretics 1 (7%) 17 (9%) ns

ASA 1 (7%) 32 (17%) ns

Warfarin 0 8 (4%) ns

Statin 2 (14%) 36 (20%) ns

Baseline blood samples (median)

Hemoglobin (g/dL) 14.7 (13.5–15.8) 14.1 (13.1–15.0) ns

Creatinine (lmol/L) 92 (80–115) 89 (75–98) ns

Total-cholesterol (mmol/L) 6.4 (4.8–6.9) 5.6 (5.0–6.2) ns

HDL-cholesterol (mmol/L) 1.4 (1.0–1.7) 1.2 (1.0–1.5) ns

Triglycerides (mmol/L) 2.2 (1.0–3.2)j 1.4 (1.0–2.0) ns

Glucose (mmol/L) 15.1 (8.7–22.5)a 6.5 (5.6–8.6)b \0.001

hsCRP (mg/L) 1.7 (1.1–3.1) 4.4 (2.0–13.5)b 0.002

Omega-3 index (mean ± SD, %) 4.59 ± 1.58 6.48 ± 2.20 0.002
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of a decreased omega-3 index at admission in patients

given adrenaline prior to hospitalization (5.60%, n = 14)

as compared to those not receiving this medication (5.01%,

n = 11).

Our findings suggest that any sample obtained within the

first 48 h after an event of cardiac arrest, is representative

of the total FA status, including the omega-3 index and

AA/EPA ratio, of the individual prior to the event. Proof of

that assumption would, however, require a measurement

just prior to the event, but that would hardly be achievable

in a clinical setting. The other option would be blood

samples obtained in advance in large prospective cohort

studies, but in those settings dietary changes may have

taken place between the time of sampling and the event. As

a second-best choice, our study was designed to harvest the

first sample as close to the event as possible, based on the

assumption that it may take some time for the cellular

changes to appear. The first sample taken at admission was

harvested at a mean time of only 1.3 h after the SCA event.

Furthermore, the mean time from symptom onset was 3.3 h

in AMI-patients with SCA as compared to 3.4 h in AMI-

patients without a cardiac arrest. A possible effect of the

cardiac arrest on the FA profile, has been one of the main

objections to case–control studies demonstrating an

increased risk of SCD/SCA with low levels of n-3 FA

[3, 5]. However, these objections are not supported by our

present results.

We had previously demonstrated that a 1% increase of

the omega-3 index reflects a 48% reduction in risk of VF

during the ischemic phase of an AMI [5]. In the present

case–control study we have recruited a similar group of

SCA-patients with first-time MI, with the use of the same

control subjects in both study settings. As in our previous

investigation, we found a large difference in the omega-3

index values between cases and controls at admission.

Furthermore, the logistic regression analysis confirms an

inverse relation between the omega-3 index and risk of VF;

a 1% increase in this index reflecting a 58% reduced risk of

VF (95% CI: 25–76%). Even though EF and hsCRP con-

tributed to the risk of VF, the omega-3 index was the

strongest predictor. The omega-3 index also remained an

independent predictor of risk, but was slightly attenuated,

in the subgroup analyses of STEMI-patients and anterior

infarctions. Contrary to other investigations, both of our

studies have documented ventricular fibrillation at the time

of resuscitation, supporting the proposed antiarrhythmic

mechanism of n-3 FA [21–23], especially in ischemia-

induced VF. Theoretically, the antiarrhythmic mechanism

of n-3 FA is based on an increase of the arrhythmic

threshold in the ischemic zone of the myocardium, due to

an indirect effect of the FA on sodium and calcium ion-

channels in the myocardial membrane [22, 24].

The group of SCA patients without the presence of an

AMI is highly different from the first-time MI population.

Their high omega-3 index of 7.15% does not contradict the

above finding, as their VF is mainly considered to be a

result of myocardial scarring and heart failure. For

arrhythmias generated by such mechanisms, n-3 FA might

not be protective, as suggested by the discrepant results of

n-3 FA in ICD-patients [25, 26]. Also, chronically ill

patients may have changed their lifestyle according to an

assumed protection by n-3 FA, ingesting an increased

amount of fish and omega-3 supplements.

Limitations

Our evaluation of a time-dependent change in the FA

profile following an event of SCA and/or AMI is limited by

the relative low number of patients in each category,

reducing our power to confidently exclude a small change.

Statistically, power calculations are difficult to perform

with repeated sampling, but the use of serial samples

without any detectable change in healthy individuals and in

different patient groups strengthen our conclusion. As our

patient populations had highly different omega-3 index

values, the present study furthermore supports the stability

of this analysis in patients with both high and low n-3 FA

levels.

The main objection to the present case-control study

might be the different time-periods for inclusion of cases

and controls. Whereas controls were participants in the

RACS-study [5], sampled between November 2002 and

September 2003, our new cases had their blood samples

taken between February 2007 and June 2009. Both studies

were, however, performed at Stavanger University Hospi-

tal, the only hospital available for the CAD and SCA

Fig. 1 Mean of the omega-3 index with 95% confidence interval (CI)

at admission (time 1), after 8–12 h (time 2) and 24–48 h (time 3).

Values given for sudden cardiac arrest (SCA) patients with and

without an acute myocardial infarction (MI), MI-patients without

SCA and healthy subjects (normal). p values for variance of the

omega-3 index in each group derived from the ANOVA analysis with

time as the only within-subject factor at three levels
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Table 3 Fatty acid profiles from red blood cells

Patient group At admission 8–12 h 24–48 h p

SCA without MI (n = 6)

Myristic acid (C14:0) 3.56 (2.12–5.01) 5.00 (2.21–7.80) 5.29 (3.39–7.20) 0.276

Palmitic acid (C16:0) 23.10 (21.55–24.66) 22.59 (20.48–24.69) 22.98 (21.44–24.52) 0.843

Stearic acid (C18:0) 21.01 (18.36–23.66) 20.14 (17.42–22.87) 20.43 (18.43–22.44) 0.660

Oleic acid (C18:1n-9) 15.68 (13.93–17.43) 15.69 (14.40–16.98) 15.11 (14.08–16.14) 0.544

Linoleic acid (C18:2n-6) 8.32 (6.34–10.31) 8.19 (6.38–9.99) 8.04 (6.44–9.63) 0.427

a-Linolenic acid (C18:3n-3) 0.10 (0.03–0.17) 0.08 (0.04–0.12) 0.08 (0.03–0.12) 0.560

AA (C20:4n-6) 12.03 (9.96–14.11) 12.07 (9.72–14.43) 12.14 (10.16–14.12) 0.980

EPA (C20:5n-3) 1.42 (0.78–2.07) 1.36 (0.64–2.08) 1.24 (0.47–2.01) 0.429

DPA (C22:5n-3) 2.35 (1.83–2.86) 2.34 (1.80–2.88) 2.26 (1.92–2.60) 0.876

DHA (C22:6n-3) 5.73 (4.41–7.05) 5.61 (4.25–6.97) 5.58 (3.93–7.23) 0.949

Total n-3 FA 7.15 (5.30–9.01) 6.97 (4.98–8.96) 6.82 (4.54–9.09) 0.866

n-6 FA/n-3 FA 2.62 (1.93–3.31) 2.68 (1.99–3.37) 2.82 (1.98–3.66) 0.669

SCA with MI (n = 18)

Myristic acid (C14:0) 4.27 (3.21–5.32) 4.90 (3.88–5.92) 4.98 (3.27–6.70) 0.569

Palmitic acid (C16:0) 24.28 (22.95–25.60) 24.44 (23.09–25.78) 25.01 (24.07–25.94) 0.356

Stearic acid (C18:0) 20.47 (19.32–21.61) 20.71 (19.79–21.64) 20.93 (20.05–21.82) 0.552

Oleic acid (C18:1n-9) 15.34 (14.43–16.25) 15.27 (14.59–15.96) 15.22 (14.38–16.06) 0.933

Linoleic acid (C18:2n-6) 9.55 (9.02–10.09) 9.37 (8.81–9.92) 9.27 (8.61–9.93) 0.144

a-Linolenic acid (C18:3n-3) 0.10 (0.08–0.12) 0.10 (0.07–0.13) 0.09 (0.06–0.11) 0.470

AA (C20:4n-6) 11.12 (9.87–12.37) 10.56 (9.49–11.63) 10.24 (9.49–10.99) 0.101

EPA (C20:5n-3) 0.79 (0.60–0.97) 0.70 (0.47–0.92) 0.74 (0.54–0.95) 0.283

DPA (C22:5n-3) 1.91 (1.67–2.15) 1.87 (1.61–2.12) 1.76 (1.51–2.01) 0.218

DHA (C22:6n-3) 3.91 (3.34–4.48) 3.80 (3.19–4.42) 3.68 (3.21–4.15) 0.591

Total n-3 FA 4.70 (4.03–5.37) 4.50 (3.72–5.28) 4.43 (3.82–5.03) 0.576

n-6 FA/n-3 FA 3.95 (3.48–4.42) 4.00 (3.45-4.56) 4.04 (3.46–4.62) 0.891

MI without SCA (n = 15)

Myristic acid (C14:0) 5.91 (4.59–7.23) 6.33 (4.92–7.74) 7.13 (5.61–8.66) 0.380

Palmitic acid (C16:0) 25.79 (24.90–26.67) 25.40 (24.59–26.22) 24.99 (24.23–25.75) 0.135

Stearic acid (C18:0) 21.79 (21.03–22.54) 21.42 (20.76–22.09) 21.18 (20.41–21.95) 0.214

Oleic acid (C18:1n-9) 14.82 (14.11–15.54) 14.61 (13.98–15.23) 14.43 (13.81–15.06) 0.499

Linoleic acid (C18:2n-6) 9.22 (8.32–10.11) 9.20 (8.32–10.08) 8.82 (8.00–9.64) 0.053

a-Linolenic acid (C18:3n-3) 0.12 (0.09–0.15) 0.15 (0.10–0.20) 0.16 (0.10–0.23) 0.335

AA (C20:4n-6) 8.23 (7.40–9.06) 8.46 (7.65–9.27) 8.52 (7.54–9.49) 0.616

EPA (C20:5n-3) 0.68 (0.44–0.92) 0.69 (0.43–0.95) 0.63 (0.43–0.84) 0.361

DPA (C22:5n-3) 1.65 (1.47–1.84) 1.66 (1.51–1.80) 1.69 (1.57–1.82) 0.804

DHA (C22:6n-3) 3.18 (2.55–3.80) 3.36 (2.69–4.03) 3.34 (2.71–3.98) 0.421

Total n-3 FA 3.85 (3.03–4.67) 4.05 (3.18–4.92) 3.98 (3.18–4.77) 0.562

n-6 FA/n-3 FA 4.09 (3.35–4.83) 4.03 (3.21–4.85) 3.88 (3.21–4.56) 0.239

Healthy subjects (n = 5)

Myristic acid (C14:0) 7.00 (2.87–11.13) 5.18 (1.64–8.71) 4.45 (2.88–6.02) 0.207

Palmitic acid (C16:0) 23.90 (21.87–25.93) 23.47 (22.48–24.46) 23.73 (22.25–25.20) 0.904

Stearic acid (C18:0) 21.09 (18.69–23.49) 20.88 (20.03–21.72) 21.06 (20.06–22.06) 0.956

Oleic acid (C18:1n-9) 13.86 (12.63–15.08) 15.34 (13.08–15.59) 14.70 (13.72–15.69) 0.232

Linoleic acid (C18:2n-6) 9.74 (8.58–10.91) 10.27 (8.74–11.81) 10.14 (9.08–11.21) 0.312

a-Linolenic acid (C18:3n-3) 0.17 (0.01–0.33) 0.12 (0.08–0.15) 0.13 (0.09–0.17) 0.613

AA (C20:4n-6) 9.04 (7.23–10.85) 9.99 (8.12–11.86) 9.98 (7.85–12.11) 0.409

EPA (C20:5n-3) 1.53 (0.53–2.53) 1.73 (0.87–2.59) 1.69 (0.79–2.59) 0.393
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populations in this region of Norway. The source-popula-

tion should therefore be similar for both studies and there is

no reason to believe that their way of living, including diet,

would have changed significantly during a 5 year period.

The results of our study are, however, only valid for the

range of omega-3 index values included in the analyses.

Furthermore, we do not know for certain whether the

omega-3 index in admitted SCA-patients differ from those

of OHCA-patients where ROSC was not obtained. Also,

the urgent situation during resuscitation and admission

sometimes resulted in missing samples for admitted SCA-

patients.

Conclusion

Our study supports an association between low levels of

n-3 FA and the risk of VF during the ischemic phase of an

AMI in hospitalized patients. The results are strengthened

by our demonstration of the stability of RBC FA within the

first 48 h after an episode of SCA or AMI, suggesting that

the validity of risk assessment is maintained within this

time frame.
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Abstract The goal of this study was to determine the

mechanisms of n-3 polyunsaturated fatty acids (n-3

PUFA) on anti-arrhythmias and prevention of sudden

death. The calcium-tolerant Sprague–Dawley rat ventric-

ular myocytes were isolated by enzyme digestion. Effects

of docosahexaenoic acid (DHA) and eicosapentaenoic

acid (EPA) on action potentials and transient outward

potassium currents (Ito) of epicardial ventricular myocytes

were investigated using whole-cell patch clamp tech-

niques. Action potential durations (APDs) and Ito were

observed in different concentrations of DHA and EPA.

APD25, APD50, and APD90 with 0.1 lmol/L DHA and

EPA were prolonged less than 15% and 10%. However,

APDs were prolonged in concentration-dependent man-

ners when DHA and EPA were more than 1 lmol/L.

APD25, APD50, and APD90 were 7.7 ± 2.0, 21.2 ± 3.5,

and 100.1 ± 9.8 ms respectively with 10 lmol/L DHA,

and 7.2 ± 2.5, 12.8 ± 4.2, and 70.5 ± 10.7 ms respec-

tively with 10 lmol/L EPA. Ito currents were gradually

reduced with the increased concentrations of DHA and

EPA from 1 to 100 lmol/L, and their half-inhibited

concentrations were 2.3 ± 0.2 and 3.8 ± 0.6 lmol/L. The

results showed APDs were prolonged and Ito current

densities were gradually reduced with the increased con-

centrations of DHA and EPA. The anti-arrhythmia

mechanisms of n-3 PUFA are complex, however, the

effects of n-3 PUFA on action potentials and Ito may be

one of the important mechanisms.

Keywords n-3 Polyunsaturated fatty acid �
Docosahexaenoic acid � Eicosapentaenoic acid �
Action potential � Action potential duration �
Transient outward potassium current

Abbreviations

PUFA Polyunsaturated fatty acids

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

Ito Transient outward potassium currents

APDs Action potential durations

APD25 Action potential duration of 25% repolarization

APD50 Action potential duration of 50% repolarization

APD90 Action potential duration of 90% repolarization

HP Holding potential

Vmax Maximal velocity of action potential

depolarization

APA Action potential amplitude

OS Overshoot

Introduction

Fatty acids, especially polyunsaturated fatty acids (PUFA),

play an important role in cardiac activities. For example,
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PUFA are essential fuels for mechanical, electrical, and

synthetic activities of the heart; and the dietary PUFA are

very beneficial to heart functions [1, 2]. Recently, the

beneficial effects of PUFA, particularly the n-3 series, have

been reported for cardiovascular diseases [3–6]. n-3 PUFA

have been shown to reduce cardiovascular mortality, in

part, due to their anti-arrhythmic mechanisms that are not

fully understood up till now [7, 8].

n-3 PUFA mainly include docosahexaenoic acid

(DHA) and eicosapentaenoic acid (EPA). The vital

importance of the n-3 PUFA, so called because of the

location of the first double bond (at carbon no.3, from the

methyl end of the carbon chain), is becoming widely

recognized in human physiology. Many studies suggest

that n-3 PUFA have beneficial effects on human health.

Recently, more attentions have been paid to their bene-

ficial effects on cardiovascular diseases, especially in their

anti-arrhythmias and prevention of sudden cardiac death

[9–13]. Although the underlying mechanisms of which are

still not completely known, the effects of n-3 PUFA on

action potentials and ionic channels might contribute to

this phenomenon [14].

The typical action potentials consist of 5 phases or

stages, i.e., 0, 1, 2, 3, and 4. The transient outward

potassium current (Ito) is a major repolarizing ionic cur-

rent of action potentials in ventricular myocytes of many

mammals. Because of its immediate activation by depo-

larization and its transient nature, Ito plays an important

role in the early repolarization of action potentials. It

influences the height of the plateau potential and the

action potential durations (APDs), especially in the early

phase. Accordingly, its inhibition leads to a significant

prolongation of APDs. It has been reported that APDs

magnitude depends on the origin of the myocytes and is

regulated by a number of physiological and pathophysi-

ological signals [15, 16].

To investigate the underlying mechanisms of n-3

PUFA in anti-arrhythmias and prevention of sudden car-

diac death, the magnitude of Ito and APDs were studied in

rat ventricular myocytes of endocardial, mid-myocardial

and epicardial origin using whole-cell patch clamp

recordings. The aim of this study was to test the

hypothesis that a differential distribution of Ito is the most

important cause of different action potential waveforms in

endocardial, mid-myocardial and epicardial myocytes, and

the effects of n-3 PUFA on action potentials and Ito may

be one of the important mechanisms of anti-arrhythmias.

Since Ito may not be uniformly expressed in the ventricle

[17], we have only investigated the epicardial cardio-

myocytes in order to avoid experiment errors. These

results may provide some experimental evidences for

rational applications of n-3 PUFA to prevent and treat

arrhythmias in clinical practice.

Experimental Procedures

Major Experimental Instruments

The instruments used were: MultiClamp 700B patch clamp

amplifier (Axon Instruments, USA), D/A and A/D con-

verter (DigiData 1322, Axon Instruments, USA), Pclamp

9.0 pulse software (Axon Instruments, USA), MP-285

motorized micromanipulator (Sutter Instruments, USA),

IX71 inverted microscope (Olympus, Japan), SA-OLY/2

and DH-35 culture dish heater (Warner Instruments, USA),

P-97 micropipette puller (Sutter Instruments, USA).

Reagents, Solutions and Drugs

The reagents, solutions and drugs used were: DHA (Sigma,

USA), molecular weight 328.5, and EPA (Sigma, USA),

molecular weight 302.45; 100 mmol/L stock solutions were

prepared respectively by being dissolved in absolute ethanol

and protected from light in a refrigerator at -20 �C. The

experimental concentrations of DHA and EPA were obtained

by dilution of stock solutions before each experiment. For the

recording of action potentials, the internal solution (in mmol/

L) contained KCl 120, CaCl2 1, MgCl2 5, Na2ATP 5, EGTA

11, HEPES 10, glucose 11, pH 7.3 adjusted with KOH. The

external solution was Tyrode’s solution [18]. For the

recording of Ito, the external solution (in mmol/L) contained

NaCl 140, KCl 4, CaCl2 1.5, MgCl2 1, CdCl2 0.5, HEPES 5,

glucose 10, pH 7.4 adjusted with NaOH. The internal solution

(in mmol/L) contained KCl 140,MgCl2 1,K2ATP 5, EGTA 5,

HEPES 10, pH 7.4 adjusted with KOH. KB solution (in

mmol/L) contained L-glutamic acid 50, KCl 40, KH2PO4 20,

Taurine 20, MgCl2 3, KOH 70, EGTA 0.5, HEPES 10,

glucose 10, pH 7.4 adjusted with KOH.

Cell Isolation

The investigation was approved by our institute ethics

committee and conformed to the Guide for the Care and

Use of Laboratory Animals published by the US National

Institutes of Health (NIH publication No. 85-23, revised

1996). Healthy Sprague–Dawley rats of both sexes, aged

8–12 weeks and weighing approximately 200 g, were

provided by the Experimental Animal Center of Soochow

University (Suzhou, China). Animals were anesthetized

with pentobarbital sodium intraperitoneally (i.p.), Hearts

were removed and retrograde perfusion through the aorta

was performed as described previously [19]. After retro-

grade perfusion, epicardial, mid-myocardial, and endocar-

dial ventricular myocardium were obtained respectively by

cutting with eye scissors and plyers. Isolated cells were

kept at room temperature in KB solution and used within

6 h; only relaxed, striated, and rod-shaped cells were used.
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Recordings of Action Potentials and Ito

with and Without DHA and EPA

Currents in whole-cell voltage clamp configuration were

recorded following the method of Hamill et al. [20].

Cardiomyocytes were transferred to a 1-ml chamber (DH-

35 culture dish heater, Warner Instruments, USA) with

external solution on the stage of an inverted microscope.

The chamber was continuously perfused at a rate of

1–2 ml/min with external solution. Electrodes were pre-

pared from borosilicate glass (Clark Instruments, UK)

using a P-97 micropipette puller with resistances typically

between 2 and 4 M9X when filled with internal solution.

Whole-cell voltage-clamp experiments were performed

with a MultiClamp 700B amplifier. Whole-cell capacitance

and series resistance were compensated by 60–80%.

Experiments were performed at 36–37 �C. Voltage clamp

pulses were generated via an IBM-compatible computer

connected to Digidata 1322. Data acquisition and analyses

were performed using pCLAMP software. To obtain action

potentials, a 5-ms depolarizing pulse with 900pA, 1 Hz in

current-clamp configuration was applied. DHA and EPA at

0.01, 0.1 , 1, 10, and 100 lmol/L were perfused for 10 min

respectively to observe the effects on APDs. To obtain Ito,

600-ms depolarizing pulses in the range -40 mV to

?70 mV were applied to the ventricular myocytes every

5 s in ?10 mV increments from -40 mV holding potential

(HP). Recordings of action potentials and Ito were per-

formed in the physiological temperature range (36–37 �C).

DHA and EPA at various concentrations were applied to

investigate the effects on Ito.

Statistical Analysis

Continuous variables were expressed as means ± standard

error (�x ± SE). SPSS11.5 SPSS Inc, Chicago, IL, USA)

was used for statistical analysis. Comparisons among

groups were performed by repeated measurement analysis

of variance (ANOVA) and least-significant difference

contrast. Control and drug data for individual groups were

compared by a Paired t test. P B 0.05 was considered

significant. OriginPro 7.5 software (OriginLab, USA) was

utilized to calculate the half-inhibited concentration (IC50).

Results

Characteristics of Action Potentials and Ito of Rat

Ventricular Myocytes

Action potentials of epicardial, mid-myocardial and endo-

cardial ventricular myocytes were recorded respectively

with action potential stimulus protocol. The action potential

configurations were different in epicardial, mid-myocardial

and endocardial ventricular myocytes (Fig. 1). APD25,

APD50, and APD90 were gradually prolonged from epicar-

dial to endocardial ventricular myocytes. APD25, APD50,

and APD90 were 3.6 ± 1.2, 10.3 ± 2.1, and 46.3 ± 4.8 ms

in epicardial ventricular myocytes (n = 50); 6.4 ± 1.8,

14.7 ± 2.4, and 69.4 ± 8.3 ms in mid-myocardial ventric-

ular myocytes (n = 58) and 13.8 ± 2.1, 45.3 ± 10.2, and

152.1 ± 33.4 ms respectively in epicardial ventricular

myocytes (n = 62). There were statistical significance of

APDs’ variations in cardiomyocytes of different layers

(P \ 0.05); however, there were no remarkable changes

in the maximal velocity of action potential depolariza-

tion (Vmax), amplitude (APA), and overshoot (OS) in

epicardial, mid-myocardial and endocardial ventricular

myocytes. Vmax were 228.3 ± 14.5 V/s (n = 71), 10.3 ±

2.1 V/s (n = 63), and 46.3 ± 4.8 V/s (n = 70) in epicar-

dial, mid-myocardial and endocardial ventricular myo-

cytes (P [ 0.05). APA were 110.7 ± 10.1 mV (n = 71),

Fig. 1 Action potential

configurations of rat ventricular

myocytes. A, B and C were

action potentials in epicardial,

mid-myocardial and endocardial

ventricular myocytes,

respectively. Action potential

durations were gradually

increased from epicardial

ventricular myocytes to

endocardial ventricular

myocytes
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111.9 ± 9.3 mV (n = 63), and 109.8 ± 8.9 mV (n = 70)

in epicardial, mid-myocardial and endocardial ventricular

myocytes (P [ 0.05). OS were 31.5 ± 5.4 mV/s (n = 71),

32.4 ± 6.3 mV (n = 63), and 30.8 ± 4.8 mV (n = 70) in

epicardial, mid-myocardial and endocardial ventricular

myocytes (P [ 0.05). Ito current tracings at various test

potentials were elicited by 600 ms depolarization in the

range of -40 mV to ?70 mV pulses applied to the ven-

tricular myocytes every 5 s in ?10 mV increments from

-40 mV HP. The current densities of epicardial, mid-

myocardial and endocardial ventricular myocytes at

?70 mV were 59.5 ± 16.0 , 29.2 ± 5.5, and 12.3 ± 3.6

pA/pF, respectively.

The current–voltage curves of Ito were plotted with

current densities at each test potential. The threshold

potential of Ito channel opening was -30.3 ± 2.8 mV, i.e.,

Ito channel began to activate at more than -30 mV. Ito

currents were gradually enhanced with the increase of test

potentials. The activation of Ito channel was very rapid, and

only needed about 10 ms, nonetheless, its inactivation was

relatively slow. The time constants of epicardial, mid-

myocardial, and endocardial ventricular myocytes were

almost the same at each test potential. They were

31.8 ± 1.7, 32.9 ± 2.4, and 33.2 ± 2.9 ms, respectively,

at ?70 mV test potential (P [ 0.05).

Effects of DHA and EPA on Action Potentials

DHA and EPA at 0.01, 0.1, 1, 10, and 100 lmol/L were

applied to epicardial ventricular myocytes, respectively.

The results showed that: � APDs were gradually prolonged

with the increase of DHA and EPA concentrations,

whereas APD changes were not significant at low con-

centrations of DHA and EPA (\1 lmol/L). The prolon-

gation of APD25, APD50, and APD90 was less than 15%

compared with the control (0 min) when 0.1 lmol/L DHA

was applied, and less than 10% with 0.1 lmol/L EPA

application (Fig. 2). ` APDs were prolonged in concen-

tration-dependent manners when DHA and EPA were more

than 1 lmol/L. APD25, APD50, and APD90 were 7.7 ± 2.0,

21.2 ± 3.5, and 100.1 ± 9.8 ms respectively after 10 lmol/L

DHA was used for 5 min (Fig. 3C), and 7.2 ± 2.5, 12.8 ±

4.2, and 70.5 ± 10.7 ms respectively with 10 lmol/L

EPA application for 5 min (Fig. 3C1). APD25, APD50,

and APD90 were 15.2 ± 4.0, 45.7 ± 6.8, and 215.6 ±

15.7 ms respectively when 100 lmol/L DHA was utilized

for 5 min (Fig. 3D), and 13.1 ± 5.4, 48.2 ± 9.1, and

132.3 ± 21.2 ms respectively with 100 lmol/L EPA for

5 min (Fig. 3D1), which were significantly prolonged

compared with those without addition of DHA and EPA

(P \ 0.05).

Fig. 2 Action potential changes

of rat ventricular myocytes at

0.1 lmol/L DHA and EPA.

A, B, and C were configurations

of action potential when

0.1 lmol/L DHA was applied at

0, 1, and 5 min, respectively.

The action potential duration

was increased; however,

compared with the control

(0 min), the prolongation of

action potential duration was

less than 15%. A1, B1, and C1
were configurations of action

potential when 0.1 lmol/L EPA

was applied at 0, 1, and 5 min,

respectively. The action

potential duration was

increased; however, compared

with the control (0 min), the

prolongation of action potential

duration was less than 10%
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Effects of DHA and EPA on Ito

DHA and EPA at 0.01, 0.1, 1, 10, and 100 lmol/L were

applied, respectively. Ito currents were blocked by DHA

and EPA in concentration-dependent manners. Current

densities were gradually decreased with the increases of

DHA and EPA concentrations. The Ito current densities at

?70 mV in different concentrations of DHA and EPA were

illustrated in Table 1. The representative current tracings

blocked by DHA and EPA at 100 lmol/L were shown in

Fig. 4. IC50 of DHA and EPA on Ito were fitted with Hill

function and calculated by OriginPro 7.5 software, which

were 2.3 ± 0.2 and 3.8 ± 0.6 lmol/L (Fig. 5).

Discussion

The typical action potentials consist of 5 phases or stages,

i.e., 0, 1, 2, 3, and 4. The present study has showed that

there are no typical action potential configurations of rat

ventricular myocytes. APDs are the shortest in epicardial

ventricular myocytes, and repolarization rapidly appears

after depolarization, demonstrating no platform phase [21].

The phenomenon of ‘‘spike and dome’’ [22] sometimes can

be seen, however, this phenomenon does not appear in

endocardial ventricular myocytes. Action potential repo-

larization in endocardial ventricular myocytes is slow,

showing a relative standard action potential profile. The

action potential configurations of mid-myocardial ventric-

ular myocytes are between epicardial and endocardial

ventricular myocytes [23, 24], but action potential repo-

larization is still rapid, and has the tendency of the platform

phase, compared with the epicardial ventricular myocytes.

The reasons why these alterations appear are that there are

regional differences of Ito in epicardial, mid-myocardial

and endocardial ventricular myocytes. The Ito channels are

the most abundant in rat epicardial ventricular myocytes

and then by turns in mid-myocardial and endocardial

ventricular myocytes. The Ito current densities in epicar-

dial, mid-myocardial and endocardial ventricular myocytes

were different in this study, which further illustrates that Ito

channels of rat ventricular myocytes have regional differ-

ences. Ito channels in epicardial myocytes are extremely

abundant, and therefore, Ito currents are the largest, which

makes action potential repolarization rapid, calcium inflow

time and APDs short. In contrast, Ito channels in endocar-

dial myocytes are few or absent, and therefore, APDs

prolong. Vmax, APA, and OS are formed mainly by 0 phase

depolarization. Because regional differences of Ito channels

do not affect depolarization of ventricular myocytes, and

thus, there are no significant differences of Vmax, APA, and

OS in epicardial, mid-myocardial and endocardial myo-

cytes [25].

The Ca2?-insensitive but 4-aminopyridine-sensitive Ito

currents play a major role in modulating cardiac electrical

activity [26]. It underlies phase 1 repolarization, and thus,

by setting the voltage of the early plateau phase, it influ-

ences activation and inactivation of other plateau currents

that affect repolarization. It has also been reported in

several studies that Ito channels are potentially important

targets for both neuromodulatory control [27] and anti-

arrhythmic drug actions [28]. This current has been

suggested to contribute significantly to the regional elec-

trophysiological heterogeneity within the ventricular wall,

Fig. 3 Action potential changes of rat ventricular myocytes at

different concentrations of DHA and EPA. A, B, and C were the

applications of 10 lmol/L DHA at 0, 1, and 5 min. D was DHA at

concentration of 100 lmol/L for 5 min. Action potential durations

were significantly prolonged in concentration-dependent manners

when DHA concentrations were more than 10 lmol/L. A1, B1, and

C1 were the applications of 10 lmol/L EPA at 0, 1, and 5 min. D was

EPA at concentration of 100 lmol/L for 5 min. Action potential

durations were significantly prolonged in a concentration-dependent

manner when EPA concentrations were more than 10 lmol/L

Table 1 Ito current density changes in different concentrations of

DHA and EPA

Concentrations

(lmol/L)

Ito current densities (pA/pF)

DHA EPA

0 59.5 ± 16.0 59.5 ± 16.0

0.01 58.4 ± 15.2 59.1 ± 14.3

0.1 57.1 ± 14.1 59.0 ± 13.2

1 49.3 ± 10.2 52.3 ± 10.5

10 35.4 ± 8.0 40.0 ± 9.2

100 30.1 ± 7.2 32.7 ± 8.1
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a fact considered to be responsible for T-wave polarity.

The heterogeneous distribution of Ito thus appears to be

essential in causing the transmural electrical gradients

necessary for proper repolarization of cardiac action

potentials. It is expected that changes in Ito distribution and

availability can be expressed in the ECG by typical J-wave

and T-wave alterations and may lead to cardiac arrhyth-

mias during evolving heart diseases.

The present study results have shown that there are

regional differences of action potentials and Ito amplitude

and configuration of rat epicardial, mid-myocardial and

endocardial myocytes. Regional differences of action

potentials and Ito should be considered when rats are cho-

sen as the experimental animal. We should try to obtain

same regional ventricular myocytes to avoid experiment

errors when we perform cellular electrophysiological

studies. Consequently, in this study, we only chose epi-

cardial myocytes to investigate the effects of DHA and

EPA on action potentials and Ito.

There have been many reports about the electrophysio-

logical effects of n-3 PUFA on potassium channels of

cardiomyocytes and vascular smooth muscle cells in recent

years [29–33]. Interestingly, it seems that n-3 PUFA inhibit

or block potassium channels of cardiomyocytes [29–31],

whereas they activate potassium channels of vascular

smooth muscle cells [32, 33]. So far, n-3 PUFA protect

against arrhythmia and sudden cardiac death using largely

unknown mechanisms [34–36]. In order to investigate the

mechanisms of n-3 PUFA on anti-arrhythmias and pre-

vention of sudden death, we performed this experiment to

study the effects of DHA and EPA on the action potential

and Ito of rat ventricular myocytes. The reasons that we

chose the rat as the experimental animal are not only

because the rats have many advantages, e.g. cheap, strong

vitality, and easily bred, but also because there are many

similar electrophysiological characteristics between rat and

human cardiomyocytes [17, 37].

After DHA and EPA at various concentrations were

applied, APDs were gradually prolonged and Ito current

densities were decreased by degrees with the increased

concentrations of DHA and EPA. DHA and EPA could

inhibit Ito currents, prolong APDs, and extend effective

refractory period of cardiomyocytes [38]. The effects of

DHA and EPA on action potentials and Ito may be one of

their anti-arrhythmia mechanisms.

Figure 4 clearly showed that DHA and EPA could

inhibit Ito currents. However, from the morphologic chan-

ges of action potentials in Fig. 3, we found that the mor-

phologic changes of action potentials mainly appeared in

phase 2 and phase 3 with the increased concentrations of

Fig. 4 Alterations of transient

outward potassium currents

after DHA and EPA at

100 lmol/L were applied. A, B,

C, D, and E were representative

transient outward potassium

current tracings with DHA at

0, 1, 5, 10, and 15 min,

respectively. Transient outward

potassium currents were

remarkably blocked by DHA.

A1, B1, C1, D1, and E1 were

representative transient outward

potassium current tracings with

EPA at 0, 1, 5, 10, and 15 min,

respectively. Transient outward

potassium currents were

significantly blocked by EPA

Fig. 5 Half-inhibited concentrations of DHA and EPA on transient

outward potassium currents of rat ventricular myocytes. Half-

inhibited concentrations of DHA and EPA on transient outward

potassium currents were fitted with Hill function, which were

2.3 ± 0.2 and 3.8 ± 0.6 lmol/L
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DHA and EPA. In contrast, there were no significant

changes in phase 1 of action potential formed mainly by Ito

current efflux. This means DHA and EPA may have effects

on other ion currents in addition to the Ito current.

The present study has some limitations, e.g., we only

investigated the effects of DHA and EPA on action

potentials and Ito of rat ventricular myocytes. The effects of

DHA and EPA on other ion currents such as INa, ICa-L, IK,

and IK1 still need to be studied further. Only if we explore

the anti-arrhythmia mechanisms of n-3 PUFA completely,

can we apply them correctly in clinical practice to prevent

and treat cardiovascular diseases [39–43].

In summary, the present findings obtained by the patch-

clamp technique have clearly shown that APDs are pro-

longed, and Ito current densities are gradually reduced with

the increased concentrations of DHA and EPA. DHA and

EPA have the similar effects on action potentials and Ito of

ventricular myocytes. The effects of n-3 PUFA on action

potentials and Ito may be one of the important mechanisms

of anti-arrhythmias.
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Abstract Dietary levels of n-3 PUFA are believed to

influence the immune system. The importance of the source

of n-3 PUFA is debated. This study addressed how the content

and source of n-3 PUFA in the maternal diet influenced tissue

FA composition and the immune response to ovalbumin

(OVA) in mice pups. From the day of conception and

throughout lactation, dams were fed diets containing 4% fat

from linseed oil (LSO), fish oil (FO) or a n-3 PUFA-deficient

diet (DEF). Pups were injected with OVA within 24 h of birth

and sacrificed at weaning (day 21). Overall, the content of

n-3 PUFA in milk, liver and spleen reflected the source and

only minor differences were observed in brain phospholipid

22:6n-3. The source had only limited influence on the n-3

PUFA accretion in peripheral tissue, with most pronounced

differences in the spleen. The marine PUFA-group had

reduced levels of total OVA-specific antibodies and

OVA-IgG1 titers in the pup blood, while the response in the

LSO-group did not differ from that in the DEF-group. There

were no statistical differences in the cytokine responses to

OVA-stimulated splenocytes, but the decrease in IgG1 was

paralleled by an increase in IFNc-production and a decrease

in IL-6-production. Our results indicate that maternal intake

of FO, but not of LSO, changes the offspring’s antigen-

specific response and potentially increases Th1-polarization.

Keywords n-3 long-chain polyunsaturated fatty acid �
Tissue fatty acid incorporation � Immune maturation �
Sensitization � Diet � Programming

Abbreviations

DEF The n-3 PUFA-deficient group

20:5n-3 Eicosapentaenoic acid (individual fatty acids

are named by number of carbon atoms: number

of double bonds followed by the position of the

last double bond)

FO The fish oil group

Ig Immunoglobulin

IL Interleukin

IFNc Interferon-c
LCPUFA Long-chain PUFA

LSO The linseed oil-group

OVA Ovalbumin

PC Phosphatidylcholine

PE Phosphatidylethanolamine

TAG Triacylglycerol

Th T-helper lymphocytes

TNFa Tumor necrosis factor-a

Introduction

An adequate supply of essential fatty acids during preg-

nancy and lactation is crucial for optimal fetal and
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postnatal development. It is well known that n-3 PUFA are

required for growth and development of the central nervous

system of the fetus and infant [1]. Long-chain n-3 PUFA

(n-3 LCPUFA) have in studies with adults been shown

to be immunosuppressive and to exert beneficial effects

in a variety of inflammatory disorders [2]. Dietary n-3

LCPUFA have, in both human and animal experiments,

been shown to affect a wide range of immune functions,

including lymphocyte proliferation, cytokine production,

NK-cell activity, adhesion molecules expression, and

antigen presentation in adults [3]. However, the effect of

maternal n-3 PUFA intake on immune function in the

offspring is less well characterized and only few experi-

mental studies have addressed this topic [4].

The immune system of the newborn has not fully

matured and is believed to be more sensitive to environ-

mental conditions, including diet. Such conditions have

been hypothesized to influence the polarization of T-helper

lymphocytes (Th1/Th2) of the immune system and

accordingly the risk of allergy development [5]. The pro-

cesses of importance for shaping the immune system take

place already in utero and in the early postnatal period, and

the immune system is therefore particularly susceptible to

changes in diet and external stimuli to the fetus/newborn

[6]. To this end, human studies with fish oil-supplemen-

tation of pregnant women have been shown to affect

immune function in the neonate [7, 8]. We have previously

shown that fish oil-supplementation during lactation

resulted in a higher predisposition of the blood from the

children to produce Interferon-c (IFNc) upon polyclonal

stimulation [9, 10], indicating a higher intake of n-3

LCPUFA is associated with faster immune maturation and

Th1-polarization. An association between a high maternal

n-3 PUFA intake and a decreased risk of infant allergy is

supported by recent randomized trials [11, 12]. In mice,

maternal fish oil has been shown to lead to lower levels of

prostaglandin E2 in pups’ lung and increased survival to

infection compared to offspring of dams on a corn oil diet

[13] and in another study manipulation of the ratio of n-6 to

n-3 PUFA in the maternal diet showed better induction of

oral tolerance in neonatal mice with a high relative intake

of n-3 PUFA [14].

Even though mammals can convert a-linolenic acid

(18:3n-3) to eicosapentaenoic acid (20:5n-3) and docosa-

hexaenoic acid (22:6n-3), it is controversial whether a

dietary intake of 18:3n-3 is as efficient as fish oil as a

means to affect disease risk. Fish oil [11–13] as well as

a-linolenic acid [14] have been used in the various human

and animal studies, but since different doses and experi-

mental designs have been used, the effect of the two

sources is difficult to compare. In the present study, we

hypothesized that maternal n-3 PUFA intake from fish

oil0or plant oil during gestation and lactation affects the

Th1/Th2-polarization early in life and that this is reflected

in the antibody and cytokine production against food

allergens encountered postnatally. We fed groups of female

mice fish oil or linseed oil from mating until weaning of

their offspring, and tested the antibody response to oval-

bumin (OVA) injected in the offspring on day 1.

Experimental Procedure

Animals

The experiment was approved by the Danish Committee

for Animal Experiments. BalbC mice from Taconic M&B

(Ll. Skensved, Denmark) 8–10 weeks of age were housed

in plastic cages in a temperature (21 �C) and humidity

(50%) controlled environment on a 12 h/12 h light/dark

cycle with a standard nonpurified diet (Altromin No. 1324,

Chr. Petersen A/S, Ringsted, Denmark) and water freely

available. They were acclimatized to the housing condi-

tions for 7 days before conception. The mice were then

allocated to individual cages and randomized to the three

dietary treatments from the time of mating and throughout

the pregnancy and lactation periods. In this feeding

experiment, 3 dams on fish oil diet (FO) gave birth to 17

pups, 4 dams on n-3 PUFA-deficient diet (DEF) to 13 pups,

and 2 dams on a linseed oil based diet (LSO) to 11 pups.

An additional feeding experiment was performed with the

same diets, since the first experiment resulted in fewer

pregnancies than expected. This resulted in birth of further

12 pups in the FO groups, 11 in the DEF-group, and 10 in

the LSO-group, from 2 dams in each of the groups. No

differences were found in milk gland TAG fatty acid

composition from the two feeding periods, so the results

from the two experiments were pooled.

Diets

The overall composition of the three dietary groups was as

follows: 56 g/100 g corn starch (Bestfoods Nordic A/S,

Skovlunde, Denmark); 20 g/100 g casein (Miprodan milk-

proteins, Arla Foods amba, Viby, Denmark), 10 g/100 g

sucrose (Danisco Sugar, Copenhagen, Denmark), 5 g/100 g

salt mixture (including trace elements), 4 g/100 g fat,

4 g/100 g cellulose powder (MN 100, Machery-Nagel

GmbH & Co, Düren, Germany), 0.5 g/100 g vitamin mix-

ture, and 0.5 g/100 g choline chloride (Merck, Darmstadt,

Germany). The vitamin and salt mixtures were composed as

described by Aaes-Jørgensen and Hølmer [15].

One group was given a DEF, in which fat was supplied

as a 78:10-mix of coconut fat (Aarhus United A/S) and

safflower oil (Urtekram A/S, Mariager, Denmark). The
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other four groups were given n-3 PUFA sufficient diets

with equal amounts of n-3 PUFA, but in the form of

a-linoleic acid (18:3n-3) from linseed oil (Unikem,

Copenhagen, Denmark) mixed with safflower oil, olive oil

(FDB, Albertslund, Denmark), and coconut fat (43:13:

25:19) (LSO) or n-3 LCPUFA from fish oil (Aarhus United

A/S, Aarhus, Denmark) mixed with safflower oil (79:21)

(FO). All diets had an equal content of n-6 PUFA (Table 1).

All diets were supplied ad libitum. The diets were

powdered, stored at –20 �C and provided fresh every day.

Immunization and Organ Collection

All neonatal mice were immunized both intraperitoneally

and subcutaneously with 20 lL 10 mg/mL OVA within the

first 24 h of life. 3 weeks after birth, blood from the off-

spring was drawn from retro-orbital venous plexus using

calibrated 25 lL heparinized micropipettes. Blood was

immediately diluted in 375 lL PBS and stored at -20 �C

until antibody determination.

Dams and pups were weighed weekly and when pups

were 3 weeks of age, all mice were anesthetized with

0.06 mL/10 g body weight of a mixture composed of

Hypnorm (Janssen Pharmaceutica, Beerse, Belgium):

Dormicum (Hoffmann-La Roche AG, Basel, Switzer-

land):sterile water (1:1:2), thereafter death was assured by

cervical dislocation. Spleens were removed, and leucocytes

were immediately after isolation and used for determina-

tion of the fatty acid composition and for OVA-specific cell

proliferation and cytokine production. Brains, eyes, and

livers were also removed from pups and milk glands

from the dams and all organs were immediately frozen in

liquid nitrogen. The organs were stored at -80 �C until

analysis.

Analysis of Diets and Tissue Lipids

Lipid from diets and tissues were extracted with chloro-

form and methanol according to Folch et al. [16]. Fatty acid

composition of the dietary fat and the structure of the TAG,

represented by the fatty acid composition in sn-2 MAG,

were measured as described previously [17]. TAG from

milk glands were isolated by TLC with heptane–isopro-

panol–acetic acid (95:5:1, v/v/v) and methylated with a

modified BF3 procedure [18], as were the lipid extracts

from the pup livers. Phospholipid classes in pup brain, eyes

and spleen (from brain: phosphatidylcholine (PC), phos-

phatidylethanolamine (PE) and phosphatidylserine and

PC and PE from eyes and spleen) were separated by TLC

with chloroform–methanol–hexane–acetic acid–boric acid

(40:20:30:10:1.8, v/v/v/v/w), visualized with 2,7-dichloro-

fluorescein (0.2% in ethanol), scraped off and methylated

with BF3 [19]. The resulting fatty acid methyl esters were

analyzed by GLC in a Hewlett–Packard 5890 chromato-

graph equipped with a split/splitless injector, SP2380

capillary column (60 m, ID. 0.25 mm; Supelco Inc.,

Bellefonte, PA), flame-ionization detection and helium as

carrier gas. The GLC conditions were as follows: injector

temperature 270 �C, flame-ionization detector 270 �C,

helium carrier gas at 1.2 mL/min, injector split ratio 1:11,

initial oven temperature 70 �C, which was held for 5 min

and the increased by 15 �C/min until 160 �C, 1.5 �C/min

until 200 �C that was then maintained for 15 min followed

by a finally temperature rise to 225 �C maintained for

10 min. The initial oven temperature for the fatty acid

determinations in milk gland TAG was 50 �C. Peak areas

were calculated using a Hewlett–Packard integrator and the

fatty acids were identified by comparing the retention time

with standards of known fatty acid composition (Nu-Chek-

Prep, Elysian, MN).

Spleen Cell Preparation and Ex-Vivo-Stimulated

Cytokine Production

Single-cell suspensions were prepared from spleens pooled

from 2 to 3 offspring within a litter in DMEM (Gibco, Life

Technologies, Scotland). Red blood cells were lyzed with

ammonium chloride buffer (0.83% NH4Cl). For the mea-

surement of cytokine production, cells were washed and

resuspended in X-VIVO 10 (serum free medium, Bio

Whitaker, USA) at a final concentration of 2 9 106 cells/ mL

and were cultured with 550 lL/well in flat-bottom 48-well

tissue culture plates (Nunc, Denmark). Cells were stimu-

lated with 0.5 mg OVA/well (0.9 mg/mL) or with medium

in triplicates, and supernatants were collected after 72 h of

culture. Supernatants were stored at -80 �C until deter-

mination of IFNc, tumor necrosis factor-a (TNFa), inter-

leukin (IL)-6, IL-10, IL-5 and IL-12 by commercial ELISA

Table 1 Fatty acid composition of diets

n-3 PUFA-deficient

(DEF)

Linseed oil

(LSO)

Fish oil

(FO)

SFA 71.4 26.6 23.1

MUFA 10.0 30.5 34.3

n-6 PUFA 18.5 18.1 19.3

18:2n-6 18.5 18.1 18.9

20:4n-6 0.0 0.0 0.4

n-3 PUFA 0.1 24.6 23.2

18:3n-3 0.1 24.6 2.4

20:5n-3 0.0 0.0 6.1

22:6n-3 0.0 0.0 9.9

n-6/n-3 PUFA 185 0.7 0.8

Data are given as g/100 g
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kits from R&D systems Europe (Abingdon, UK) according

to manufactures instructions (Duosets DY 485, DY 410,

DY 406, DY 417, DY 405, DY 419). Cytokine concen-

trations were quantified relative to standard curves repre-

senting a range of dilutions of recombinant cytokine using

4-parameter curve fit analysis (Kineticalc software, version

KC4 Rev 29, Biotek instruments). Limits of detection for

these assays were 31 pg/mL (IFNc), 16 pg/mL (TNFa),

16 pg/mL (IL-6), 31 pg/mL (IL-10), 16 pg/mL (IL-5) and

31 pg/mL (IL-12).

Determination of OVA-Specific Antibodies

in Pups’ Plasma

Presence of total immunoglobulins (Ig) and IgG1 plasma

antibodies specific for OVA was tested by ELISA. In brief,

micro-titer plates (Nunc, Denmark) were coated with OVA

overnight at 4 �C and plasma and controls were serially

diluted in the washed plates. Bound OVA-specific Ig was

detected with peroxidase-conjugated rabbit anti-mouse Ig

(DAKO, Denmark). OVA-specific IgG1 and IgG2a were

detected with rabbit anti-mouse IgG1 and IgG2a antibodies

(Zymed, CA, USA) followed by peroxidase-conjugated

swine anti-rabbit Ig (DAKO, Denmark). Hydrogen perox-

ide and tetramethylbenzidine (TMB, Merck, Germany)

were used as substrates and the reaction was stopped after

10 min by the addition of phosphorous acid (2 M). Plates

were measured spectrophotometrically at 450 nm using

690 nm as reference on an ELISA-reader (Bio-kinetics

reader, EL 340, Biotek instruments). Controls, monoclonal

antibodies against OVA (of IgG1 and IgG2a isotypes) and a

pool of plasma from OVA-immunized animals were

included on each plate. The antibody titers were expressed

as log2 titers and defined as the interpolated dilution

(4-parameter analysis, Kineticalc software, KC4 Rev 29,

Biotek instruments) of a blood sample leading to an

absorbance on 0.2 above background.

Statistics

Results were expressed as means ± standard errors (SEM).

Differences in fatty acid compositions between groups

were tested by one-way ANOVA (GraphPad PRISM ver-

sion 3.02, GraphPad software, San Diego, CA). Tukey’s

Multiple Comparison post hoc test was used to determine

the exact nature of the differences. The level of statistical

significance was P \ 0.05.

Results

Dams weighed 23 ± 0.5 g (mean ± SEM) at the begin-

ning and 30 ± 0.6 g at the end of the 7 weeks study.

During the course of the study all mice gained more weight

due to pregnancy, which they lost again at delivery. The

pups increased their weight by a factor 1.8–3.4 from birth

until sacrifice at 3 weeks of age. The increase in weight

was dependent on the number of pups in the litter, but

there was no significant difference in pup litter size (3–7

pups/group in FO-group, 2–6 in DEF-groups, and 3–8 in

the LSO-group) and weight between the dietary groups

(results not shown).

The n-3 PUFA content in the milk gland TAG reflected

the fatty acid composition of the maternal diets (Table 2).

Milk gland TAG from both of the n-3 PUFA sufficient

groups, LSO and FO, had a significantly higher content of

n-3 PUFA relative to the DEF-group. In the LSO-group

this was due to an increase in the content of 18:3n-3 and

20:5n-3, whereas also 22:6n-3 was increased in the FO-

group. It is noteworthy that although approximately 25% of

dietary fatty acids in the LSO-diet were 18:3n-3, only 2%

of the milk gland TAG fatty acid was 18:3n-3. The n-6

PUFA-content of the milk glands was not affected by an

increased intake of n-3 PUFA, whereas that of MUFA was

decreased in the FO-group compared to that in the DEF-

group. The composition of PUFA in the pup liver lipid in

turn reflects that in the milk gland TAG (Table 3). Pups

from both the FO- and the LSO-group had pronouncedly

increased liver levels of n-3 PUFA, increased levels of

PUFA as such, and lower levels of n-6 PUFA. These

changes were more pronounced in the FO-group, but the

two groups responded similar with respect to changes in

Table 2 Fatty acid composition of milk gland triacylglycerol in the

dietary groups

n-3 PUFA-deficient

(DEF)

Linseed oil

(LSO)

Fish oil

(FO)

n 8 4 7

12:0 10.5 ± 0.6 8.7 ± 1.4 8.1 ± 1.2

14:0 13.4 ± 0.6 13.1 ± 2.1 13.3 ± 1.4

16:0 29.1 ± 0.5 28.3 ± 1.5 27.7 ± 0.7

18:1n-9 16.8 ± 0.7a,b 19.3 ± 2.6a 13.6 ± 0.8b

18:1n-7 6.4 ± 0.4a 4.5 ± 0.8b 3.6 ± 0.2b

n-6 PUFA 9.0 ± 0.7 7.1 ± 0.7 8.1 ± 0.7

18:2n-6 8.2 ± 0.7 6.5 ± 0.6 7.5 ± 0.7

n-3 PUFA 0.1 ± 0.0a 4.7 ± 0.2b 5.7 ± 0.5b

18:3n-3 0.0 ± 0.0a 3.2 ± 0.1c 2.2 ± 0.2b

20:5n-3 0.0 ± 0.0a 0.3 ± 0.0b 0.4 ± 0.1b

22:6n-3 0.0 ± 0.0a 0.3 ± 0.1a 2.0 ± 0.2b

n-6/n-3 PUFA 94.0 ± 9.5a 1.5 ± 0.1b 1.4 ± 0.0b

Data are given as means ± SEM in g/100 g and the table shows

single SFA and MUFA, which constitute [5%; and the main PUFA

Statistical analysis by ANOVA and post hoc group comparisons, if

the overall P \ 0.05: Groups with different superscripts differ sig-

nificantly (P \ 0.01)
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the overall n-6 to n-3 PUFA-ratio, the content of 20:5n-3

and 22:5n-3, and the observed deceases in the content of

the n-3 PUFA-deficiency markers, 22:4n-6 and 22:5n-6.

The phospholipid PUFA-composition of pup tissues was

also affected by the n-3 PUFA-content of the maternal diet.

All types of n-3 LCPUFA were increased in both PC and

PE in both brain and spleen, whereas the n-6 PUFA-content

of the tissue phospholipids decreased. The n-6 PUFA-

decrease was most pronounced for 22:5n-6, which is the

dominant of the two n-3 PUFA-deficiency markers and

which decreased to the same extent in the LSO- and FO-

group (Table 4). The dietary n-3 PUFA-induced decrease

in the tissue phospholipid n-6 PUFA-content was generally

larger in the spleen than in the brain. The phospholipid

PUFA-incorporation of the LSO- and FO-group only dif-

fered significantly in the PE-pool of the tissues, whereas

the two groups were very comparable with respect to the

composition in PC in brain but exhibited a minor difference

in total n-3 PUFA in spleen PC (Table 4). Brain phos-

phatidylserine PUFA-incorporation was changed in the

same way as that of PC and PE, with only minor differ-

ences between the LSO- and FO-group (data not shown).

Furthermore, the observed diet-induced changes in eye PC

and PE PUFA-composition were as those in the brain,

except that no differences were found in the PUFA-com-

position of the LSO- and FO-group (data not shown).

OVA-immunization gave rise to a significant increase in

the plasma concentration of OVA-specific antibodies and

of OVA-IgG1, which in non-immunized mice of the same

age was 6.0 ± 0.07 and 5.5 ± 0.06, respectively. The

observed OVA-antibody titers reflect a Th2-polarization of

the response, since the IgG1 titers corresponded to the titer

measured for all antibody classes. It was not possible to

obtain IgG2a titers (representing aTh1-polarization) that

were significantly above the background (data not shown),

possibly due to the much lower level of antibodies involved

in this type of responses. The OVA-Ig titers were signifi-

cantly reduced in FO group as compared to the DEF-group,

whereas the LSO-group did not differ from the DEF-group

(P \ 0.01, Fig. 1). The results for OVA-IgG1 were similar

to those of IgG (data not shown).

The cytokines produced in spleen cells from the same

mice upon stimulation with OVA did not reveal any sig-

nificant differences between the different groups (Table 5).

The responses were for most of the analysed cytokines only

slightly over the detection levels and rather variable and it

was thus not possible to show any statistically significant

differences between the groups. The high variation within

groups may be ascribed to the fact that a proportion of cell

cultures within each group did not result in cytokine pro-

ductions above the background (for IFN-c, 50, 60 and 40%

were detectable in the FO, LSO and DEF-group, respec-

tively). However, a trend towards an increasing IFNc- and

TNFa-production and a decreasing production of IL-6 with

increasing incorporation of n-3 LCPUFA in spleen cells

was observed. The production of IL-12 and IL-5 could not

be detected in any of the groups. There were no significant

differences in the spleen cell proliferation or in CD69-

expression on the cultured spleen cells from the pups in the

dietary groups (data not shown).

Discussion

The present study showed a reduction in total OVA-spe-

cific antibodies and in the IgG1 titers in the blood in the

neonatal mice from dams in the fish oil-fed group. As we

were not able to measure OVA-specific IgG2a antibodies in

the plasma, we cannot establish whether this reduction is

caused by a general reduction in the ability to respond to an

antigen or an increased Th1-polarization. However,

although our results were not significant, the decrease in

the Th2-facilitated IgG1-response was paralleled by an

increase in IFNc-production and a decrease in the pro-

duction of IL-6 in OVA-stimulated spleen cells ex vivo,

indicating an increase in Th1-cells in the spleen in FO-

group compared to control. The response in the LSO-group

did not differ from that in the DEF-group. This is supported

by the study of Rayon et al. [13], who showed that maternal

intake of menhaden oil resulted in a higher survival in rat

pups towards group B Streptococcal infection. This was

correlated with a lower PGE2 production in the lungs as

compared to the corn oil-fed group, indicative of conditions

favoring a Th1- over Th2-polarization [20]. Korotkova

Table 3 Fatty acid composition of liver lipids in the pups in the

dietary groups

n-3 PUFA-deficient

(DEF)

Linseed oil

(LSO)

Fish oil

(FO)

n 13 8 16

Total PUFA 35.4 ± 0.8a 42.5 ± 1.0b 46.7 ± 0.7c

n-6 PUFA 33.5 ± 0.7a 21.4 ± 0.3b 18.4 ± 0.2c

20:4n-6 10.5 ± 0.6a 6.7 ± 0.2b 4.5 ± 0.2c

22:4n-6 1.5 ± 0.1a 0.0 ± 0.0b 0.2 ± 0.0b

22:5n-6 4.6 ± 0.2a 0.0 ± 0.0b 0.0 ± 0.0b

n-3 PUFA 1.8 ± 0.1a 21.2 ± 0.7b 28.3 ± 0.6c

18:3n-3 0.0 ± 0.0a 2.9 ± 0.1c 0.5 ± 0.0b

20:5n-3 0.0 ± 0.0a 1.9 ± 0.1b 2.2 ± 0.1b

22:5n-3 0.0 ± 0.0a 2.9 ± 0.1b 2.9 ± 0.1b

22:6n-3 1.8 ± 0.1a 12.4 ± 0.6b 22.2 ± 0.5c

n-6/n-3 19.2 ± 1.0a 1.0 ± 0.0b 0.7 ± 0.0b

Data are given as means ± SEM g/100 g

Statistical analysis by ANOVA and post hoc group comparisons, if

overall P \ 0.05: values in a row with different superscripts differ

significantly (P \ 0.0001)
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et al. [14] have shown that a high maternal n-3 PUFA

intake affected the induction of tolerance against orally

administered OVA in neonatal rats, thus also supporting a

critical need for n-3 PUFA in the perinatal period.

Although the results of these two studies are not

Table 4 Polyunsaturated fatty acid composition in PE and PC from pup spleen and brain in the dietary groups

n-3 PUFA-deficient (DEF) Linseed oil (LSO) Fish oil (FO)

PE PC PE PC PE PC

Brain

n 13 8 16

n-6 PUFA 34.0 ± 0.7a 8.3 ± 0.3a 19.5 ± 0.4b 6.1 ± 0.2b 16.1 ± 0.2c 5.8 ± 0.1b

20:4n-6 15.2 ± 0.3a 5.3 ± 0.1a 12.8 ± 0.2b 4.3 ± 0.2b 10.8 ± 0.2c 4.0 ± 0.1b

22:4n-6 6.7 ± 0.1a 0.5 ± 0.0a 4.3 ± 0.1b 0.3 ± 0.0b 2.9 ± 0.0c 0.2 ± 0.0b

22:5n-6 10.5 ± 0.4a 1.5 ± 0.1a 0.3 ± 0.0b 0.0 ± 0.0b 0.3 ± 0.0b 0.0 ± 0.0b

n-3 PUFA 14.8 ± 0.3a 1.7 ± 0.1a 26.8 ± 0.3b 3.0 ± 0.2b 31.1 ± 0.4c 3.7 ± 0.2b

20:5n-3 0.0 ± 0.0a 0.0 ± 0.0a 0.2 ± 0.0b 0.0 ± 0.0a 0.3 ± 0.0c 0.1 ± 0.0b

22:5n-3 0.1 ± 0.0a 0.1 ± 0.0 1.2 ± 0.0b 0.1 ± 0.0 1.1 ± 0.0b 0.1 ± 0.0

22:6n-3 14.6 ± 0.3a 1.6 ± 0.1a 25.5 ± 0.3b 2.9 ± 0.2b 29.7 ± 0.4c 3.5 ± 0.2b

n-6/n-3 2.3 ± 0.1a 4.9 ± 0.2a 0.7 ± 0.0b 2.0 ± 0.1b 0.5 ± 0.0c 1.6 ± 0.1b

Spleen

n 6 5 7

n-6 PUFA 53.4 ± 1.0a 25.8 ± 1.0a 19.4 ± 1.5b 14.3 ± 1.6b 17.2 ± 0.6b 15.6 ± 0.8b

20:4n-6 31.9 ± 0.5a 16.5 ± 0.8a 13.7 ± 1.4b 6.3 ± 0.7b 11.9 ± 0.4b 5.9 ± 0.3b

22:4n-6 10.1 ± 0.6a 2.0 ± 0.1a 1.3 ± 0.2b 0.4 ± 0.003b 0.8 ± 0.003b 0.3 ± 0.001b

22:5n-6 8.4 ± 0.3a 1.4 ± 0.0a 0.2 ± 0.0b 0.3 ± 0.1b 0.3 ± 0.0b 0.1 ± 0.0b

n-3 PUFA 3.9 ± 0.2a 0.8 ± 0.004a 24.7 ± 2.1b 7.6 ± 0.5b 36.2 ± 1.4c 10.9 ± 0.6c

20:5n-3 0.1 ± 0.04a 0.02 ± 0.001a 5.1 ± 0.2b 2.5 ± 0.1b 5.7 ± 0.3c 3.3 ± 0.2c

22:5n-3 0.7 ± 0.05a 0.2 ± 0.003a 10.1 ± 1.0b 2.7 ± 0.2b 8.0 ± 0.3b 2.6 ± 0.1b

22:6n-3 3.0 ± 0.2a 0.6 ± 0.003a 9.3 ± 1.0b 1.8 ± 0.2b 22.5 ± 0.8c 4.9 ± 0.3c

Data are given as means ± SEM in g/100 g

Statistical analysis by ANOVA and post hoc group comparisons, if the overall P \ 0.05: groups with different superscripts in equivalent columns

and rows differ significantly (P \ 0.05)
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Fig. 1 Levels of OVA-specific antibodies in plasma of 3 weeks old

mouse pups of mothers fed either fish oil (white bars, n = 29), linseed

oil (gray bars, n = 21) or the n-3 PUFA-deficient diet (black bars,

n = 24) during gestation and lactation. Results are shown as titer

values (means ± SEM). Mice were immunized within 24 h after birth

with OVA solubilized in PBS

Table 5 OVA-specific cytokine production in spleen cell cultures

from pups in the different diet groups

n-3 PUFA-deficient

(DEF)

Linseed

oil (LSO)

Fish oil

(FO)

n 5 5 8

IFNc (pg/mL) 100 ± 54 149 ± 79 175 ± 67

TNFa (pg/mL) 77 ± 8 80 ± 7 125 ± 17

IL-6 (pg/mL) 1,369 ± 456 1,136 ± 143 766 ± 106

IL-10 (pg/mL) 602 ± 130 688 ± 98 553 ± 67

IL-5 (pg/mL) 151 ± 87 153 ± 84 159 ± 44

Data are given as means ± SEM in n pools of spleen cells each

obtained from 2 to 3 pups from 4 (DEF), 2 (LSO), and 3 (FO) dams,

respectively. Statistical analysis by ANOVA showed no significant

differences between the groups
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comparable, they both point toward a role of n-3 PUFA in

directing the immature immune system towards responses

which are considered to be beneficial. Furthermore, our

results also support our earlier findings in humans, where

intake of fish oil in infancy or milk from fish oil-supple-

mented mother were associated with an increase in IFNc-

production in ex vivo stimulated blood cells also indicative

of a Th1-polarization [9, 10]. As regards the effect of fish

oil on allergy development in infancy, some studies suggest

a protective role of n-3 LCPUFA [21, 22]. Whether a

higher ex vivo IFNc and a reduction in antigen-specific

IgG1 antibodies directly can be compared to human studies

on infant allergy is, however, purely speculative.

Not surprisingly we found that the milk gland TAG fatty

acid composition was reflecting that of the diet, the PUFA-

composition in the pup liver lipid in turn reflected that of the

milk and that the tissue phospholipid PUFA-composition

reflected that in the liver. Furthermore, the present study

showed that the source of dietary n-3 PUFA, plant oil

18:3n-3 or marine n-3 LCPUFA, had only limited influence

on the accretion of n-3 LCPUFA in the peripheral tissue, but

with more pronounced differences in spleen than in brain.

Intake of both fish oil and linseed oil gave rise to an

increased incorporation of 22:6n-3 compared to that in the

DEF-group, but the 22:6n-3 incorporation was more specific

in the FO-group as intake of linseed oil also gave rise to

pronounced increases in both 20:5n-3 and 22:5n-3. The

accumulation of these intermediate n-3 LCPUFA is in

agreement with many previous results and a key issue in the

debate on whether intake of 18:3n-3 is an optimal way to

fulfill requirements [23]. The difference in brain phospho-

lipid 22-6n-3 content was however only minor, where as that

in spleens was more pronounced. Brain phospholipid has

been shown to saturate with 22:6n-3 at lower levels of intake

than other tissues [24, 25]. The present study did not

examine the dose response relationship but only compared

the two sources of n-3 PUFA at levels well over levels of

deficiency (2.5E% from n-3 PUFA) with that from a DEF

(0.01E%, 2E% from n-6 PUFA). The level of 18:3n-3 and

22:5n-3 has been shown to increase in the brains of suckling

rat pups when the mothers were fed diets with high com-

pared to low levels of 18:3n-3 [26, 27]. A previous four-

generation study in rats that compared incorporation of n-3

PUFA from marine oils with that from plant oils at an overall

fat intake of 20 g/100 g (39 E% from fat, hereof around �
from n-3 PUFA) also found better n-3 LCPUFA-incorpo-

ration in brain PE and PS [28]. One of the strengths of this

study is that we used intake levels that are similar to that in

ordinary mouse chow (11E% from fat). We were unfortu-

nately not able to get milk samples from the mice and used

the fatty acid composition of mammary gland TAG as a

proxy to the milk fatty acid composition. Several studies

have determined the fatty acid composition of mouse milk

after oxytocin injection and milking [25, 29, 30]. Although

different dietary regimes were used in these studies the

overall reported fatty acid composition of mice milk,

including the relative content of the MCFA that are char-

acteristic for milk, was comparable to the milk gland TAG

composition in the present study. Most of the milk lipids are

TAG, but there is however some phospholipid in milk and

we expect these to be enriched in LCPUFA. It is therefore,

possible that our results may be an exact estimate of the

differences in milk-LCPUFA between the FO- and LSO-

group. The levels of 22:6n-3 that we found in the milk glands

of these mice and the range that we induce by the dietary

changes are comparable to the variation in human milk. The

average 22:6n-3 content in human milk in populations with a

low fish intake such as the Australian or American is typi-

cally around 0.1–0.2% of the fatty acids [1] and has in some

Chinese milk been found to be as high as 3.6% [31].

This study showed that maternal fish oil intake was

associated with a decrease in plasma concentrations of

OVA-induced IgG1in the pups and tended to show a Th1-

polarization also in the ex vivo cytokine response to OVA

in spleen cells, whereas no immuno-modulating effects

were observed after intake of 18:3n-3 from linseed oil.

Both types of n-3 PUFA were associated with an increase

in milk and tissue n-3 LCPUFA-incorporation, although a

slightly lower incorporation of 22:6n-3 was seen after

18:3n-3. Early growth is associated with a high n-3

LCPUFA accretion in the central nervous system and

therefore a high requirement of n-3 PUFA. Other tissues

may therefore be more susceptible to differences in the n-3

LCPUFA intake during the perinatal period than there are

later in life. Since early processes play an important role in

the long-term shaping of the immune system, the immune

system may be especially vulnerable towards suboptimal

intakes during the perinatal period. The acute and potential

programming effects of an increased intake of n-3

LCPUFA early in life is not well characterized and this

study indicate a need for more thorough investigation

especially with respect to their potential effects on the

immunological development.
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Abstract The effects of docosahexaenoic, eicosaenoic

and arachidonic acids (DHA, EPA and ARA, respectively)

on sex-steroid and prostaglandin (PG) production were

investigated in Eurasian perch (Perca fluviatilis) follicles

using an in- vitro incubation technique. Only ARA was

able to induce the production of 17,20b-dihydroxy-4-

pregnen-3-one (DHP), the hormone produced by vitello-

genic follicles undergoing final meiotic maturation, as well

as the production of PGE2 and PGF2a by the follicles. This

work also investigated, using a preliminary pharmacolog-

ical approach, the presence of a functional PGE2-like

receptor in fish follicles. Exogenous PGE2 and butaprost

(specific agonist of the EP2 receptor) stimulated DHP

production. A second experiment assayed the cyclic

adenosine monophosphate (cAMP) production by the fol-

licles after 24 h of incubation with the agonist and antag-

onist of the EP2 receptor. As observed in mammals, we

concluded that the cAMP produced in response to PGE2

was probably mediated by an intracellular mechanism via a

PGE2-like receptor. This is the first pharmacological

indication of this type of receptors in fish follicles. This

study also indicates that ARA, and its derivatives, PGE2

and PGF2a, may act on final follicle maturation in Eurasian

perch.

Keywords Eurasian perch � Follicle �
17,20b-Dihydroxy-4-pregnen-3-one �
Prostaglandin receptor � Arachidonic acid

Abbreviations

ARA Arachidonic acid

cAMP Cyclic adenosine monophosphate

DHA Docosahexaenoic acid

DHP 17,20b-Dihydroxy-4-pregnen-3-one

ELISA Enzyme-linked immunosorbent assay

EPA Eicosapentaenoic acid

FELASA Federation of Laboratory Animal Science

Associations

GVBD Germinal vesicle break down

hCG Human chorionic gonadotropin

MR Mineralocorticoid receptor

PG Prostaglandin

PUFA Polyunsaturated fatty acid(s)

RIA Radio-immuno assay

Introduction

Currently, difficulties in the supply of high quality eggs and

fry are amongst the main constraints in the development of

new species in aquaculture [1]. In an effort to improve egg

quality and larval survival, attention should be given to

establish the best dietary levels of docosahexaenoic acid

(DHA), eicosapentaenoic acid (EPA) and arachidonic acid

(ARA) for breeders [2]. DHA is particularly important

during fish early ontogeny for normal development of

neural and visual functions. Henrotte et al. [3] have shown

that a high dietary EPA/ARA ratio could induce lower

reproductive performances, especially regarding the larval

survival and resistance to an osmotic stress in Eurasian

perch, Perca fluviatilis. ARA is the chief precursor of the

eicosanoids, including two-series prostaglandins (PGs).
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However, EPA competitively interferes with eicosanoid

production from ARA catalyzed by cyclooxygenase and

lipoxygenase. In fish as in mammals, eicosanoid production

is thus influenced by the cellular ratio of EPA/ARA [4].

Although several studies describe the action of ARA and

its derivatives, on follicle ovulation and/or steroidogenesis

in vitro in teleosts [5–10], nothing is known about the

effects of those molecules on final follicle maturation and

ovulation in the Eurasian perch, one of the most promising

species for diversification in European inland aquaculture

[11]. ARA alone stimulated sex-steroid production via its

conversion into PGE2 and by increasing cAMP production

in ovary and testis of goldfish Carassius auratus [7, 10],

while EPA and DHA inhibited gonadotropin-stimulated

testosterone production in goldfish and rainbow trout,

Oncorhynchus mykiss [7]. In the European sea bass,

Dicentrarchus labrax, ARA induced maturation in a dose-

and time-dependent manner, while EPA and DHA were

ineffective [9].

In mammals, pharmacological approaches have been

used to demonstrate the existence of a variety of prostanoid

receptors, which comprise five major subtypes: DP, FP, IP,

TP and EP receptors named in accordance with their

selectivity for the prostanoids PGD2, PGF2a, PGI2, TXA2

and PGE2, respectively. The actions of PGE2 are mediated

by EP receptors comprising four subtypes: EP1, EP2, EP3

and EP4 [12]. Only few studies focused on those receptors

in fish. Busby et al. [13] first demonstrated, by a pharma-

cological approach, the existence of the EP2 receptor in the

liver of rockfish, Sebastes caurinus, involved in the regu-

lation of glucose metabolism. PGE2, via EP1 and EP2, also

interact with the NaCl transport across the opercular epi-

thelium of killifish, Fundulus heteroclitus [14]. But there is

no information yet on the presence of EP2 or FP receptors

in ovarian follicles of fish linked to reproductive processes.

In mammals, the effects associated with EP2 and EP4

receptors are considered relaxant and are believed to be

associated with a stimulation of adenylate cyclase and an

increase in the levels of intracellular cAMP [15, 16]. The

role of cAMP in the stimulation of steroid hormone bio-

synthesis is well-recognized [17] and eicosanoid signal

transduction pathways are highly conserved across verte-

brate species [18]. Hizaki et al. [19] showed that ovulation

was impaired and fertilization dramatically reduced in

EP2-deficient mice, leading to the hypothesis that the

reproductive failure during early pregnancy in COX-2

deficient mice was due to lack of PGE2 ligands available

to bind to the EP2-receptor. Moreover, Narumiya and

Fitzgerald [20] concluded thanks to knockout studies in

mice that EP2, but not EP1, EP3 or EP4 was associated

with reproductive failures. Given the reproductive stimu-

latory effects of PGs in fish and of PGs/EPs in mammals,

one can suppose that such receptor exist in the gonad of

fish and exert some positive actions in the final stages of

oogenesis including sex-steroid synthesis in relation to

cAMP production.

Our objective was to study the impact of polyunsatu-

rated fatty acids (PUFA), and the derivatives of ARA, on

sex-steroid and PG production by the Eurasian perch fol-

licle, during the final stages of oogenesis, in order to

understand their role on the follicle physiology. The second

objective was to evaluate the presence of PGE2-like

receptors in this fish species thanks to a pharmacological

approach (use of the mammalian EP2 agonist butaprost and

EP2 antagonist AH6809). This work was the first to

investigate the presence of a PGE2-like receptor in fish

ovary linked to the reproductive processes.

Materials and Methods

Research involving animal experimentation were con-

formed to the principles for the use and care of laboratory

animals, in agreement with the Belgian and European

regulations on animal welfare (FELASA).

Chemicals

All chemicals and fatty acids were purchased from Sigma–

Aldrich (Belgium). Cortland medium was first selected to

observe follicle maturational processes in response to a

stimulation with hCG 100 UI mL-1. Successful gonado-

tropin responsiveness of cultured follicles was observed by

adapting the media composition, pH and duration of

incubation (data not shown). Cortland medium chosen for

follicle incubation consisted of the following (g/L): 7.25

NaCl, 0.38 KCl, 0.23 CaCl2 2H2O, 1.00 NaHCO3, 0.41

NaH2PO4 H2O, 0.23 MgCl2 6H2O, 0.23 MgSO4 7H2O,

5.20 Hepes, 1.00 BSA, 0.03 Penicillin and 0.05 Strepto-

mycin, at pH 7.4. ARA, EPA, DHA, butaprost, AH6809

and PGE2 were first dissolved in ethanol and subsequently

diluted with Cortland medium to the desired concentration.

The final concentrations of ethanol in follicle incubation

did not exceed 0.1%. Control incubations contained 0.1%

ethanol.

Effect of PUFA and Derivatives on DHP and PG

Production during the Final Follicle Maturation

Fish

Three sexually mature Eurasian perch fed with live food

were collected in early March 2007 from a cage placed in

a culture pond at the University of Namur (Belgium),

maintained under natural conditions of temperature and

photoperiod. Perch were killed by decapitation on the day
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of sampling, and the ovaries were removed and dissected in

Cortland medium adjusted to pH 7.4 at 15 �C.

Ovarian Follicle Incubations

The ovaries were dissected into small pieces containing

10–15 prematurational follicles attached to the surrounding

extrafollicular tissue. Prematurational stage was defined as

post-vitellogenic follicle, with no signs of yolk clarification

or lipid droplet coalescence. Eight ovarian pieces per

females were placed in triplicates in a 6-well plastic dish

(Cellstar, Greiner Bio-One, Belgium) with 3 mL of Cort-

land medium per well. Follicles were allowed to stabilize at

15 �C for 30 min prior to treatment. All plates were then

incubated at 15 �C under intermittent agitation for 48 h.

Every 12 h, all from a group of 10–15 follicles of each

replicate were treated with an follicle-clearing solution of

ethanol:formalin:acetic acid (6:3:1) and examined imme-

diately using an optical microscope to determine the sur-

vival of the follicles. A follicle was considered alive when

the ooplasm was clear, tainted in light pink and in the

center of the follicle, while dead cells were characterized

by a grey color, with the outline of the ooplasm being

heterogeneous. Survival was 96% after 48 h of follicle

incubation, whatever the tested treatment. The media were

replaced every 12 h with new experimental media and

were placed in test tubes to be stored at -20 �C for a

subsequent radioimmunoassay (RIA). Media tested were:

ARA, EPA and DHA (100 lM); PGE2 (1, 100 and

1,000 ng mL-1); butaprost (0.1, 1 and 10 lM) for hormone

assays.

Hormone Assays

Sex-steroid hormone in culture media was assayed using

RIA according to Fostier and Jalabert [21], following two

extractions with cyclohexane/ethyl acetate (v/v). Goetz

et al. [22] reported that yellow perch (Perca flavescens)

follicles show first signs of ovulation predictably by

approximate 34 h. We decided therefore to assay RIAs in

the media after 36 h of incubation. Only 17,20b-dihy-

droxy-4-pregnen-3-one (DHP) was assayed, due to its

important roles in final follicle maturation. The DHP

antiserum and tracer were provided by Dr A. Fostier

(INRA, Rennes, France). The intra-assay coefficients of

variation was 9.60% (n = 15 replicates) and the detection

limit was at 4–5 pg mL-1.

Follicles were incubated with ARA, EPA or DHA

100 lM in order to assay PGs in the culture media after

36 h. PGE2 and PGF2a from the culture media were first

purified on specific minicolumns (RPN 1903, Amersham,

Biosciences) following the procedure of the manufacturer.

RIA kits for PGE2 and PGF2a were purchased from Izotop

(RK-25 M and RK-15 M, Hungary), the intra-assay coef-

ficients of variation were 4.58 and 9.30% for PGE2 and

PGF2a, respectively (n = 15).

Preliminary Pharmacological Study on the PGE2-Like

Receptor

The study of PGE2-receptor was initiated in 2009 and

completed in 2010.

Fish

Three sexually mature Eurasian perch were caught from a

pond located in the north of France in early March 2009

and in total 12 females from the river Meuse in 2010. Perch

were killed by decapitation few days before expected

ovulation, and the ovaries were removed and dissected in

Cortland medium adjusted to pH 7.4 at 15 �C.

Ovarian Follicle Incubations

Dissection and incubation conditions were performed as

described in point 2. In a first set of experiments conducted

in 2009, the media tested were: PGE2 (1,100 and 1,000 ng

mL-1); EP2 agonist, butaprost (0.1, 1 and 10 lM); EP2

antagonist, AH6809 (0.01, 1 and 10 lM) and the combi-

nation of AH6809 (0.01, 1 and 10 lM) with butaprost

(1 lM). The incubation duration was 24 h in this set of

experiments and the antagonist AH6809 was added 30 min

prior to the addition of the agonist butaprost.

In a second set of experiments conducted in 2010, the

treatments tested were: (1) PGE2 (1,000 ng mL-1) in

combination with AH6809 (1 lM). The antagonist

AH6809 was added 30 min or 12 h prior to the addition of

the agonist PGE2; (2) only butaprost (1 lM) testing three

incubation periods (30 min, 3, 24 h) and the combination

of AH6809 (1 lM) with butaprost (1 lM) when the

antagonist AH6809 was added 30 min, 3 or 18 h prior to

the addition of the agonist butaprost. The final concentra-

tions of ethanol in follicle incubation did not exceed 0.1%.

cAMP Assay

After the incubation, the culture media were frozen to

-80 �C and were diluted to 1:20 in 0.1 M HCl the day of

the assay. cAMP concentration was quantified in the cul-

ture media by ELISA using a cAMP kit (Biovision, Gen-

taur, Belgium) according to the manufacturer’s protocol.

This method included an acetylation step which makes the

cAMP assay much more sensitive and avoid the interfer-

ences of many components in unpurified samples.
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Statistical Analysis

From three to eight females were used in these experi-

ments. Measures in the follicle incubations were realized in

triplicates for each females. The data were compared

between treatments and over the time of incubation by

analysis of variance (one-way ANOVA) followed by a

Sheffé’s test. A Hartley’s test was used for homogeneity

verification, and parameters that did not fulfill the

assumptions of ANOVA were log-transformed before cal-

culations by statistical software (STATISTICA 5.5). The

effects of treatments on cAMP production were sometimes

tested by a Wilcoxon non-parametric test because the

assumption of normality and/of homogeneity of variance

were not always obtained despite adequate transformations.

Differences were considered significant at P \ 0.05.

Results are given as means ± standard error.

Results

Physiological Effects of PUFA

Ovarian fragments from sexually mature Eurasian perch

were incubated with 100 lM ARA, EPA or DHA. ARA

was the only FA able to stimulate DHP synthesis (Fig. 1),

with DHP levels up to 25-fold higher to values found for

DHA and EPA incubations (P \ 0.05). As observed with

DHP, PGE2 and PGF2a production were significantly

higher than in controls only with incubation with ARA

(P \ 0.05) (Fig. 2).

Physiological Effects of Prostaglandin

Follicles were incubated with different doses of PGE2

(1,100 and 1,000 ng mL-1) during 36 h. PGE2 at a con-

centration of 1,000 ng mL-1 provided results comparable

to ARA 100 lM in terms of DHP synthesis (P [ 0.05)

(Fig. 3). Nevertheless, due to a high variability, no sig-

nificant differences were observed in terms of DHP pro-

duction between the control and the different PGE2

concentrations.

Preliminary Results on the PGE2-Like Receptor

Firstly, one specific EP2 agonist was tested: butaprost

(tested at 0.1, 1 and 10 lM). The results showed that DHP
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synthesis (Fig. 4) was significantly induced by 10 lM

butaprost. Thereafter, cAMP production was measured in

the media after incubation with PGE2, butaprost and

AH6809. Increasing PGE2 or butaprost concentrations in

the media increased the cAMP level in a dose-dependent

way (P \ 0.05) (Figs. 5 and 6). Unexpectedly, AH6809

enhanced cAMP production when added alone in the cul-

ture media (Fig. 6). But it significantly reduced the cAMP

production when added together with butaprost (1 lM),

after 30 min of incubation, whatever the antagonist con-

centration in the first set of experiment, and after 18 h of

incubation in the second one (Fig. 8) (P \ 0.05). During

this latter, AH6809 decreased the cAMP production

observed with an incubation of follicles with PGE2

1,000 ng mL-1, when it was added 12 h before PGE2

(P \ 0.05) (Fig. 7). The agonist effect of butaprost was

verified by incubating the follicles with this molecule

during 30 min, 3 or 24 h (Fig. 8), and the cAMP produc-

tion was equally stimulated whatever the duration of the

incubation period (P \ 0.05).

Discussion

Follicle development in fish is divided into the phases of

follicle growth and maturation. Vitellogenesis plays an

important role in follicle growth and is estradiol-dependent,

while the process of follicle maturation is characterized by

the initiation of meiosis, migration, and breakdown of the

germinal vesicle (GVBD), coalescence of lipid droplets

and yolk globules in the cytoplasm, a rapid size increase of

the follicle caused by hydration which is accompanied by

an overall increase in follicle translucency [1]. In Eurasian

perch, DHP seems to be the main steroid involved in the

control of this final follicle maturation [23, 24]. Among the

tested fatty acids tested in the present study, only ARA

seemed to be able to participate in DHP production in vitro

in Eurasian perch. Our results are consistent with previous

studies on ARA and its metabolites, PGE2 and PGF2a,

concerning their effects on steroidogenesis in goldfish

[7, 8], European sea bass [9], and Atlantic croaker, Micro-

pogonias undulates [6]. Studies on in vitro effects of EPA

and DHA on follicle maturation and steroidogenesis are

scarce. In the present study, both EPA and DHA were

unable to induce the synthesis of DHP by the follicle,

indicating that EPA and DHA were probably less active

than ARA in participating to the triggering of final follicle

maturation in perch. In agreement with this hypothesis, an

in vitro study showed that EPA and DHA were ineffective

to induce final follicle maturation at all doses tested in a

marine teleost, the European sea bass [9]. Moreover, these

FAs inhibited gonadotropin-stimulated testosterone pro-

duction in the goldfish [7]. Thus, EPA and DHA does not

appear to be strong regulators of fish follicle maturation

and their respective roles in oogenesis are still confused. As

EPA and DHA mainly constitute the PUFA composition in

Eurasian perch eggs [25], they control the fluidity of

membranes and consequently enzymatic activities, linkage

between molecules and receptors, cellular interactions and

nutrients transports [26]. In consequence, EPA and DHA

could play a more energetic and structural role than ARA

in fish membranes. Further studies are needed in order to

understand the role of those two PUFA in the physiological

process of oogenesis in teleosts. In vivo studies consisting

in giving different dietary DHA/EPA/ARA ratios to perch

breeders showed that fertilization and hatching rates were

not influenced by the diets, but larval resistance to an

osmotic stress was clearly lower for diets with a high EPA/

ARA ratio [3] than in those with low dietary EPA/ARA

ratio. High levels of EPA seem to have less impact on

follicle maturation in Eurasian perch, but may interfere

rather on larval survival.

ARA was the only FA able to stimulate PGE2 and

PGF2a production by the follicles via the cyclooxygenase,

as already demonstrated in vitro in goldfish by Mercure and

0

5

10

15

20

25

30

0 buta 0.1 µM buta 1 µM buta 10 µM

D
H

P
 (

n
g

/m
l)

c
b

b

a

Fig. 4 17,20b-Dihydroxy-4-pregnen-3-one (DHP) levels in the media

culture after 36 h of follicle incubation with butaprost (buta) at different

concentrations. Values are means ? SEM (n = 3). Significant differ-

ences (P \ 0.05) are indicated with different letters

0

20

40

60

80

100

120

140

160

180

0 1 ng/ml 
PGE2 

100 ng/ml 
PGE2 

1000 ng/ml 
PGE2 

cA
M

P
 (

p
m

o
l/m

l) b b

a

c

Fig. 5 cAMP levels in the media culture after 24 h of follicle

incubation with PGE2 (1,100 and 1,000 ng mL-1). Values are means ?

SEM (n = 3). Significant differences (P \ 0.05) are indicated with

different letters

Lipids (2011) 46:179–187 183

123



Van Der Kraak [8]. This was not surprising since ARA is

the chief precursor of PGs from the two-series, not EPA

and DHA. In agreement with this, in the present study, it

appeared that ARA, but neither EPA and nor DHA, could

enhance the follicle final maturation and ovulation, directly

or indirectly (via PGE2), by stimulating the synthesis of

DHP. PGE2 may also induce DHP production since PGE2

at a concentration of 1,000 ng mL-1 provided results com-

parable to ARA 100 lM. Studies using goldfish testicular

tissue treated with PGs of the E-series indicated that they

were the most potent stimulators of steroid production when

compared to other cyclooxygenase-derived eicosanoids
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[10], while lipooxygenase products of ARA metabolism

had no effect on this production.

In mammals, ARA may be liberated from phospholipids

by a Ca??-dependent process involving phospholipase A2.

PGE2 is a major metabolite of ARA synthesized by the

cyclooxygenase pathway and regulates uterine functions

such as contraction and relaxation of the uterine smooth

muscles and the induction of labor [15, 27]. These actions

of PGE2 are exerted through its binding to specific recep-

tors on cellular membranes [28]. For example, the EP2

receptor plays critical roles in these processes, especially in

ovulation and fertilization, in mice [29, 30]. The effects

associated with EP2 and EP4 receptors are believed to be

associated with a stimulation of adenylate cyclase and an

increase in the levels of intracellular cAMP [31, 32]. In

goldfish, ARA and PGE2 stimulated testosterone produc-

tion in ovarian follicles by increasing cAMP production

[7, 10]. From this, we can hypothesize that such type of

receptors may exist in fish. Busby et al. (2002) [13] first

demonstrated, by a pharmacological approach, the exis-

tence of the EP2 receptor in the liver of rockfish, Sebastes

caurinus, involved in the regulation of glucose metabolism,

but there is no information yet on the presence of EP2

receptor in ovarian follicles of fish linked to reproductive

processes. In the present study, PGE2 and butaprost, the

specific agonist of EP2 receptor in mammals, stimulated

DHP synthesis in follicles. Moreover, PGE2 and butaprost

both enhanced cAMP production. This is a first indication

of PGE2-like receptors involvement in this process. The

agonist effect of butaprost on cAMP induction was coun-

teracted in presence of AH6809 when added after 30 min

or 18 h of incubation. By contrast, our findings with this

antagonist alone are unexpected because AH6809 appeared

to be full agonist of the PGE2-like receptor in the absence

of butaprost. The reason for this is unclear because AH6809

has been proven to be a specific antagonist of EP2 receptor

in ovary of mammals [33, 34]. The agonist comportment of

a molecule in fish which is normally considered in mam-

mals as a specific antagonist is not new. For example,

Sturm et al. (2005) [35] tested in rainbow trout the specific

antagonist of mineralocorticoid receptor (MR), spirono-

lactone, and observed that when the antagonist was tested

alone, the transcription activity of MR was enhanced, and

the transcription decreased if the antagonist was tested

together with the agonist of the receptor (aldosterone). In

the present study, as butaprost and PGE2 are less able to

further induce cAMP rise in presence of AH6809, we also

deduce that the regulation of cAMP by PGE2 implies, at

least in part, the PGE2-like receptor transduction pathway

in follicles, as observed in mammals. To support this

conclusion, both cAMP and DHP production could be

stimulated in a concentration-dependent manner by the

EP2-selective agonist butaprost, as observed by Harris et al.

[36], at least for the cAMP production, in human granulosa-

lutein cells. All together, our data thus indicate the presence

of PGE2-like receptors (probably including EP2 receptors)

in perch ovary. It is the first pharmacological approach of

this type of receptor in fish follicles, and further investi-

gations are needed to confirm its existence, for example by

using labeled antibodies or by studying the expression of

those receptors by PCR analysis. Nevertheless, the failure

of the EP2 antagonist AH6809 to completely abolish the

cAMP response to butaprost indicates that this agonist may

be acting through other receptor subtypes in fish follicles.

EP4 is another receptor that could also be implied in those

mechanisms, since this receptor is coupled to adenylate

cyclase and generate cAMP that activates the protein kinase

A signaling pathway [32]. In chicken, EP2 and EP4 were

shown to be potently activated by PGE2 in vitro [37].

Otherwise, we can speculate that the level of butaprost used

in the present work was in excess and mobilized a part of

the available PGE2-like receptors, despite the fact that the

antagonist was added more than 30 min before the agonist

in the culture media. In mammals, it has been shown also

that the affinity of AH6809 for the EP2 receptor was lower

than affinity of butaprost [34]. This could explain why there

was a remainder of cAMP in the medium when butaprost

and AH6809 were added simultaneously. In that way, we

observed that the duration of antagonist exposure influ-

ences the antagonist effect of AH6809. By contrast, the

duration of agonist exposure does not seem to modify the

stimulation of cAMP production by butaprost. In rockfish

hepatocytes, cAMP production reached a maximum 2 min

after PGE2 incubation and then remained high and steady

during the 15 first minutes [13]. We can thus suspect sig-

nificant changes in cAMP production within the first

30 min of agonist exposure of incubation, including a

sudden and linear elevation in the first minutes. Finally,

follicle incubations with butaprost together with the

antagonist, AH6809, were done once in 2009, and another

test with time points was done in 2010. Both experiments

showed that AH6809 partly counteracted the stimulation of

cAMP by PGE2 or butaprost. But the incubation time

needed with the antagonist alone before the addition of

butaprost, in order to observe such effect, differed in both

experiments (30 min in 2009 vs. 18 h in 2010). The fact

that the experimental conditions were not exactly the same

(meteorology, fish origin,…) certainly explains this dif-

ference. The set of time points used in the present study, in

order to evaluate the impact of our treatment on the cAMP

production, allowed us to study these effects in a short time

(30 min) or in a longer time.

In conclusion, the results of the present study confirm

that PUFA act on the physiology of the follicle. Especially,

ARA, via its conversion to PGE2 and PGF2a, may have

a stimulating role in the final follicle maturation, by
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enhancing the production of DHP. Moreover, this study

allowed the observation of the stimulating and inhibiting

effect of the EP2 receptor agonist and antagonist on DHP

and cAMP production processes, which indicates the

putative presence of PGE2-like receptor in the follicle

membrane of Eurasian perch, as observed in mammals.

This interaction has to be further studied in the future, and

it remains to be determined whether fish follicles have

different functional PGE2 receptor subtypes.
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Abstract As lipid deposition tissue in fish, the white adi-

pose tissue (WAT) has important functions related to

reproduction and the challenges of long-term fasting. In the

study reported here, we infused fish fed a high-carbohydrate

diet with two doses of insulin for 5 days in order to explore

the effects of this hormone on lipogenesis and beta-oxida-

tion-related enzymes. We demonstrated the presence of

some of the main lipogenic enzymes at molecular, protein

and activity levels (ATP-citrate lyase and fatty acid syn-

thase). However, while ATP-citrate lyase was unexpectedly

down-regulated, fatty acid synthase was up-regulated (at

protein and activity levels) in an insulin dose-dependent

manner. The main enzymes acting as NADPH donors for

lipogenesis were also characterized at biochemical and

molecular levels, although there was no evidence of their

regulation by insulin. On the other hand, lipid oxidation

potential was found in this tissue through the measurement

of gene expression of enzymes involved in b-oxidation,

highlighting two carnitine palmitoyltransferase isoforms,

both down-regulated by insulin infusion. We found that

insulin acts as an important regulator of trout WAT lipid

metabolism, inducing the final stage of lipogenesis at

molecular, protein and enzyme activity levels and

suppressing b-oxidation at least at a molecular level. These

results suggest that WAT in fish may have a role that is

important not only as a lipid deposition tissue but also as a

lipogenic organ (with possible involvement in glucose

homeostasis) that could also be able to utilize the lipids

stored as a local energy source.

Keywords Insulin � Fish � Dietary carbohydrates �
White adipose tissue � Lipogenesis � Lipid oxidation

Abbreviations

6PGDH 6-Phosphogluconate dehydrogenase

ACLY ATP citrate lyase

CPT Carnitine palmitoyltransferase

EF1a Elongation factor 1 alpha

FFA Free fatty acids

G6PDH Glucose 6-phosphate dehydrogenase

HOAD 3-Hydroxyacyl-CoA dehydrogenase

HSL Hormone-sensitive lipase

ICDH Isocitrate dehydrogenase

LPL Lipoprotein lipase
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and in mobilizing them via breakdown into free fatty acids

(FFA) and glycerol [1]. In mammals, several studies have

been able to document the presence of lipogenic enzymes

and the conversion of glucose into fat in insulin-stimulated

adipocytes [2], although very little is known about WAT

lipid oxidation capacities [3]. FFA originating from dietary

intake or de novo synthesis are stored as TAG. With its

storage capacity and its ability to hydrolyze TAG, WAT

provides a FFA buffering system for other organs [4].

WAT is one of the most important lipid stores in several

teleosts, although the liver and muscle also constitute lipid

storage organs in some species [5]. In salmonids, WAT is

distributed primarily in the abdominal cavity, in associa-

tion with the mesenteric and pyloric caeca [6]. In fish, as in

mammals, the development of WAT and accumulation of

lipids is a continuous process that depends on nutritional

[7, 8] and reproductive status [9]. The WAT provides

capital for fish reproduction [10] as well as for the chal-

lenges of long-term fasting [7].

As the enzymatic machinery responsible for lipid

mobilization and deposition in fish, WAT is similar to

that found in mammals [6], and both lipoprotein lipase

(LPL) [11, 12] and hormone-sensitive lipase (HSL) [13, 14]

have been characterized. However, other aspects of lipid

metabolism such as the lipogenic and lipid oxidation

potential have not been fully explored in fish WAT. Early

studies have shown the presence of lipogenic enzyme

activities in visceral fat in the eel [15], channel catfish

[16] and coho salmon [17]. More recent studies have also

investigated the presence of NADPH-donor enzymes

involved in lipogenesis in gilthead seabream [18]. How-

ever, on the basis of findings in the rainbow trout, in

which the liver accounts for more TAG synthesis than the

adipose tissue [19], and the lower levels of lipogenic

enzyme activity in WAT present in coho salmon [17],

Henderson and Sargent [20] proposed a minor role for

WAT in the whole fish lipogenic potential. The lipid

oxidation capacities of fish WAT are poorly understood,

although b-oxidation was recently reported to be regu-

lated by different fatty acids in vivo [21] and in vitro [22]

in Atlantic salmon. Functional data are scarce, and only

gene expression of carnitine palmitoyltransferase (CPT)

has been described in the WAT of rainbow trout [23] and

salmon [24], while no expression was found in gilthead

seabream [25]. Other enzymes involved in lipid oxidation

are also expressed in salmon WAT, including acyl-CoA

oxidase and acyl-CoA dehydrogenase, although they are

not regulated by the nature of the oil present in the feed

[24].

Lipid metabolism in fish WAT is regulated by several

endocrine factors, such as insulin, GH and somatolactin,

[26], glucagon [27] and norepinephrine [28], and also by

other factors such as TNF-a [13, 29]. Clearly, most of the

studies on endocrine control of lipid metabolism in fish

WAT have been focused on the insulin action [12, 27, 30,

31]. Unfortunately, all these studies were carried out in

order to understand the regulation of key enzymes involved

in lipid storage and mobilization such as LPL and HSL (see

above), and no information about hormone control of

lipogenesis or lipid oxidation is available for fish WAT. On

the other hand, insulin action on other tissues such as the

liver and white skeletal muscle has been widely studied,

with the predominant lipogenic and anti-lipolytic action of

this hormone [30, 32]. We recently reported similar results

at the molecular level in fasted rainbow trout infused with

bovine insulin for 4 days [33], although details regarding

the WAT were not available in that study. Insulin receptors

have also been studied in rainbow trout WAT, showing the

first evidence of insulin regulation of lipid metabolism in

this tissue [34].

In order to characterize the lipogenic potential and its

regulation by insulin in fish WAT, rainbow trout were

infused with two different doses of bovine insulin for

5 days. We assessed two of the main enzymes involved in

lipogenesis at enzymatic, protein and molecular levels

(ACLY (ATP citrate lyase) and FAS (fatty acid synthase))

as well as the main enzymes acting as NADPH donors,

including 6PGDH (6-phosphogluconate dehydrogenase),

G6PDH (glucose 6-phosphate dehydrogenase), ICDH

(isocitrate dehydrogenase) and ME (malic enzyme). RNA

levels of two enzymes involved in lipid oxidation were also

assessed, including HOAD (hydroxyacyl-CoA dehydroge-

nase) and CPT-1 isoforms. WAT insulin sensitivity was

studied on the basis of the phosphorylation status of Akt,

and fish were fed a high carbohydrate diet in order to

counteract the insulin-induced hypoglycemia caused by the

pump infusion [35] and to induce lipogenesis, as in other

fish tissues [16, 36–38].

Materials and Methods

Fish

Rainbow trout (Oncorhynchus mykiss Walbaum) were

obtained from the INRA experimental fish farm facilities of

Donzacq (Landes, France). Fish were maintained in tanks

with well-aerated water at 17 �C and a controlled photo-

period (LD12:12), and fed a standard trout commercial diet

during the acclimatization period (T-3P classic, Trouw,

France). Fish weight was 200 ± 10 g. The experiments

were conducted in accordance with the Guidelines of the

National Legislation on Animal Care of the French Min-

istry of Research (Decret N8 2001-464, May 29, 2001) and

were approved by the Ethics Committee of INRA

(according to INRA 2002-36, April 14, 2002).
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Experimental Protocols

For sustained hormone infusions, fish were food-deprived

for 48 h and then implanted with 1003D Alzet� mini-

osmotic pumps (Alza, USA) containing either saline

(control, n = 6) or bovine insulin solution at two different

concentrations (n = 6) (*27 units/mg; Sigma Chemical

Co.). Fish were first anesthetized and weighed, and pumps

were then inserted into the peritoneal cavity through a

1.0-cm incision made in the ventral midline at ca. 2.0 cm

rostral of the pelvic fins. The incision was closed with one

stitch and an antibiotic gel was applied topically to the

incision area. Pumps were implanted in the morning and

fish were allowed to recover. The next morning (24 h

later), fish were fed a diet containing a high-level of car-

bohydrate (30% dextrin, 57% fish meal and 10% fish oil)

for 5 days and sampled 6 h after their last meal. Pump flow

rate was established at 0.39 ll h-1, which at 17 �C should

provide sustained release of 0.35 (Ins1x) or 0.7 (Ins2x) IU

kg-1 day-1 insulin for 11 days. The doses chosen were

based on previous studies carried out in fasted rainbow

trout [35, 39].

Tissue and Blood Sampling

Trout were sacrificed by a sharp blow on the head. Blood

was removed from the caudal vessels and centrifuged

(3,000g, 5 min); the plasma recovered was immediately

frozen and kept at -20 �C pending analyses. Gut content of

each fish was systematically checked to confirm that the fish

sampled had in fact consumed the diet. The perivisceral

WAT was collected and frozen in liquid nitrogen and kept at

-80 �C pending analyses.

Molecular and Biochemical Analyses

Plasma glucose (Biomérieux, France), triglycerides (Bio-

mérieux, France) and FFA (Wako Chemicals GmbH,

Germany) levels were determined using commercial kits

adapted to a microplate format. Bovine insulin levels were

measured using a bovine-specific commercial ELISA kit

(Mercodia, Sweden) as in [35].

Tissue mRNA levels of proteins involved in lipid

metabolism were determined by real-time quantitative RT-

PCR (q-PCR) [33]. The transcripts assessed FAS, G6PDH,

ACLY, HOAD, CPTIA, CPTIB, CPTIC, CPTID, ME,

6PGDH and ICDH. Primers (Table 1) were designed to

overlap an intron where possible (Primer3 software) using

known sequences found in trout nucleotide databases

(Genbank and INRA-Sigenae) as previously described [33].

Quantification of the target gene transcript level was per-

formed using ef1a gene expression as reference [40], which

was found to be stable in this study. Quantification of the

target gene transcript in relation to the ef1a reference gene

transcript was performed following the Pfaffl method [40].

Protein extraction (20 lg) and Western blotting were

undertaken using anti-phospho-Akt Ser473 (Cell Signaling

Technology), anti-FAS (Santa Cruz Biotechnology), anti-

b-tubulin (Cell Signaling Technology) and anti-ACLY

(Cell Signaling Technology) against human proteins.

Tissue used to assess enzyme activities was homogenized

with 10 vol of ice-cold buffer consisting of 20 mmol l-1 Tris

Table 1 Sequences of the primer pairs used for real-time quantitative PCR determination of the transcript levels of several rainbow trout genes

involved in lipid metabolism

Gene 50–30 forward primer 50–30 reverse primer Annealing

temperature (�C)

ACLY CTGAAGCCCAGACAAGGAAG CAGATTGGAGGCCAAGATGT 60

FAS GAGACCTAGTGGAGGCTGTC TCTTGTTGATGGTGAGCTGT 59

G6PDH CTCATGGTCCTCAGGTTTG AGAGAGCATCTGGAGCAAGT 59

6PGDH ATGCCAGGGGGACACAAAGA CAAAAGCCTGTGCCATCACG 60

ICDH GACAGCACCAACAGGGCAA AAGCCAGCCTCGATGGTCTC 59

ME TACGTGCGGTGTGTGTGACG GTGCCCACATCCAGCATGAC 60

CPT1A TCGATTTTCAAGGGTCTTCG CACAACGATCAGCAAACTGG 55

CPT1B CCCTAAGCAAAAAGGGTCTTCA CATGATGTCACTCCCGACAG 55

CPT1C CGCTTCAAGAATGGGGTGAT CAACCACCTGCTGTTTCTCA 59

CPT1D CCGTTCCTAACAGAGGTGCT ACACTCCGTAGCCATCGTCT 59

HOAD GGACAAAGTGGCACCAGCAC GGGACGGGGTTGAAGAAGTG 59

EF1a TCCTCTTGGTCGTTTCGCTG ACCCGAGGGACATCCTGTG 59

ACLY ATP citrate lyase, FAS fatty acid synthase, G6PDH glucose 6-phosphate dehydrogenase, 6PGDH 6-phosphogluconate dehydrogenase,

ICDH isocitrate dehydrogenase, ME malic enzyme, CPT carnitine palmitoyltransferase, HOAD 3-hydroxyacyl-CoA dehydrogenase, EF1-a
elongation factor-alpha
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(pH 7.4), 250 mM sucrose, 2 mmol l-1 EDTA, 10 mmol l-1

b-mercaptoethanol, 100 mM NaF and 0.5 mM EDTA. The

homogenate was centrifuged for 20 min at 17,000g and the

supernatant was used immediately for enzyme assays at

37 �C in pre-established conditions. HOAD was assessed as

in [41], while G6PDH (final substrate concentration 0.5 mM

glucose-6-phosphate) and FAS (final substrate concentration

50 lM malonyl-CoA) were assessed following the method

described by Figueiredo-Silva et al. [42] adapted to trout

tissues. ME, ICDH and 6PGDH were assessed as in [43],

adapting the conditions to the WAT. ACLY activity was

determined as in [44]. Levels of enzyme activity are

expressed in terms of mg protein. Protein concentration was

determined using a Bradford protein assay kit (Bio-Rad,

Germany) with BSA as standard.

Statistical Analysis

The results are expressed as means ± SEM (n = 6). Data

were analyzed by one-way ANOVA. When necessary, data

were log-transformed to fulfill the conditions of the anal-

ysis of variance. Post-hoc comparisons were made using a

Student–Newman–Keuls test, and differences were con-

sidered statistically significant at P \ 0.05.

Results

Plasma triglyceride levels (Fig. 1a) were unaffected by the

insulin infusion. In contrast, FFA levels in plasma (Fig. 1b)

were reduced after the insulin infusion regardless of the

dose. Bovine insulin levels were constant in all trout with

insulin pumps, averaging 3.11 ± 0.34 and 6.36 ± 0.65 ng

ml-1 for 1x and 2x, respectively. Plasma glucose levels

were lower than in the controls in the Ins1x group

(7.67 ± 0.42 mM), while glycemia was similar in the

Ins2x group (9.02 ± 0.44 mM) to the saline-infused group

(9.08 ± 0.42 mM).

The phosphorylation status of Akt (at Ser473) is shown in

Fig. 2. A twofold increase in phosphorylation of the kinase

was observed when fish were infused with the higher

insulin dose when compared with the saline-treated fish.

ACLY and FAS enzyme activity and protein and mRNA

transcript levels are shown in Fig. 3. ACLY in particular was

affected by insulin at the protein level, with lower levels in

fish infused with either insulin dose than in the control group.

In contrast, mRNA levels were only reduced with the Ins1x

dose, while activity was down-regulated by the higher

insulin dose. The main differences were found at the protein

level, since insulin was able to reduce ACLY levels by more

than 50%. In this study FAS was positively affected by

insulin infusion at activity, protein and gene expression

levels. The effect on activity was dose dependent, while

mRNA levels were less affected. Protein FAS levels were

increased up to fourfold when insulin was infused (regard-

less of the dose infused). On the other hand, WAT FAS

activity (0.32–0.97 mU mg-1 protein = 4–11 mU g-1 tis-

sue) was higher than in other studies involving fish liver

[38, 41], although lower than in liver samples from the

present study, ranging from 0.25 to 1 mU mg-1 pro-

tein = 29–86 mU g-1 tissue.

Changes in enzyme activity and mRNA levels of pro-

teins acting as NADPH donors are shown in Fig. 4. The

four enzymes studied were affected by insulin in different

ways: no changes in 6PGDH or ICDH were found at either

biochemical or molecular levels. G6PDH mRNA levels

were reduced only with the Ins1x dose, with no impact on

activity, which remained unchanged by the treatments.

Finally, ME mRNA levels increased 2-fold when the Ins2x

dose was infused in comparison with the control group.
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Fig. 1 Plasma triglyceride (a) and free fatty acid (b) levels in

rainbow trout fed a carbohydrate-enriched diet and sacrificed 6 h after

the last meal. Fish were implanted with pumps containing saline

(control) or two insulin doses: Ins1x (0.35 IU kg-1 day-1) and Ins2x

(0.7 IU kg-1 day-1) and then fed for 5 days. Results are expressed as

means ± SEM (n = 6) and were analyzed by one-way ANOVA

followed by Student–Newman–Keuls multiple comparison test.

Different letters indicate significant differences among groups

(P \ 0.05)
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These changes were not followed by enzyme activity, that

showed higher levels than the control group only when fish

were infused with the Ins1x dose.

mRNA levels of the main enzymes involved in b-oxi-

dation are presented in Fig. 5. No changes were observed

in mRNA levels of HOAD. However, the different iso-

forms of CPT were regulated by insulin. No significant

expression was found for CPT1A or CPT1B (data not

shown). In contrast, the mRNA levels for CPT1C and D

were affected by the treatment, an effect that was partic-

ularly clear in the latter isoform, responding to both insulin

doses, while in the former reduced mRNA levels were

found only with the Ins1x dose.

Discussion

The effects of insulin on fish WAT lipid metabolism are

little known and, although the storage of TAG has been

demonstrated, the lipogenic role of this tissue has been

traditionally considered as minor compared with that of the

liver [30]. In the present study we confirmed the presence

of the main enzymes responsible for de novo lipid syn-

thesis at a biochemical level in fish, and demonstrated

important findings at both protein and molecular levels. We

also present original findings showing the molecular

expression of key enzymes involved in the b-oxidation of

lipids in the WAT.

Insulin Effects on Plasma Parameters and Sensitivity

of White Adipose Tissue

The main and well known effect of insulin in fish lipid

metabolism is to decrease FFA levels in plasma (reviewed

by [32]). The reduced levels of plasma FFA in our study

confirm this insulin action as well as the physiological

effects of insulin dose as applied in this experiment. Fur-

ther confirmation of insulin action can be demonstrated by

plasma glycemia and the phosphorylation status of a key

protein in the insulin signalling pathway, such as Akt. In

our study, Akt phosphorylation in the WAT was increased

with the higher insulin dose, providing supporting evidence

of insulin sensitivity of this tissue in the trout, as previously

demonstrated by other authors [34, 45]. Bouraoui et al.

(2010) [45] demonstrated the involvement of insulin in the

development of adipocytes and also in glucose metabolism.

The fact that Akt phosphorylation status can be signifi-

cantly affected by insulin in vivo, as in the present study,

confirms that insulin can activate its own signalling path-

way in this tissue, suggesting an important role in WAT

metabolism. It was recently demonstrated in rat adipocytes

that Akt activity is required for the effects of insulin on

lipid metabolism [46]. In this model, Akt was essential in

the antilipolytic action of insulin and, when inhibited, the

lipogenic role of insulin was counteracted. We can there-

fore hypothesize that the insulin-induced Akt phosphory-

lation in this fish model could be related to both increased

lipogenic and decreased lipid oxidation potential in the

WAT of rainbow trout, as discussed below.

Lipogenesis in White Adipose Tissue

Carbohydrates consumed in excess of energy requirements

and of hepatic glycogen storage capacity must be converted

into lipids for subsequent storage. De novo lipogenesis is

the metabolic pathway that synthesizes fatty acids from

excess carbohydrates to be incorporated into TAG for

energy storage. In mammals the WAT is the main lipid-

storing tissue [47], while in fish the liver has been tradi-

tionally considered as the main tissue responsible for lipo-

genesis [17, 20]. Due to this minor role in lipogenesis, this

pathway has been little studied in fish WAT and therefore

very little information is available in the literature.

Enzymes central to the process of lipogenesis are those

that catalyze fatty acid biosynthesis, i.e. ACC, FAS and

ACLY, which is involved in the transfer of acetyl-coenzyme

A (acetyl-CoA) from the mitochondrion to the cytosol,
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Fig. 2 Effects of insulin infusion (5 days) on WAT Akt phosphor-

ylation status (Western blot analysis) in trout fed a high carbohydrate

diet. Gels were loaded with 20 lg total protein per lane. Protein and

phosphorylation levels were normalized to total tissue Akt levels and

are indicated as fold-change compared with the saline-treated group.

Results are expressed as means ± SEM (n = 6) and were analyzed

by one-way ANOVA followed by Student–Newman–Keuls compar-

ison test. Different letters indicate significant differences among

groups (P \ 0.05)
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where fatty acid synthesis occurs [48]. ACLY has only been

described previously in coho salmon WAT, although its

activity was unaffected by different diets [17]. In the present

study ACLY was inhibited by insulin, especially at the

protein level. This is the first time that this enzyme has been

fully characterized in fish WAT. Insulin regulation of ACLY

in mammals is not fully understood, and although this hor-

mone is able to stimulate lipogenesis in rat adipocytes,

ACLY activity and mRNA levels are often unaffected [49,

50]. Although intriguing, our results are not surprising in

view of the fact that in other lipogenic tissue in the trout (the

liver) ACLY is not regulated at the molecular level by either

nutritional status [51] or insulin [33]. In fact, the inhibition

of ACLY by insulin in the trout shows that this step of

lipogenesis in fish WAT is regulated in a different way from

that described in mammals. In mammals ACLY is phos-

phorylated by Akt into serine 455, abolishing the homo-

tropic allosteric regulation by citrate and enhancing the

catalytic activity of the enzyme [52]. This differential level

of regulation compared to the mammalian model is further

supported by the increased Akt phosphorylation with the

higher insulin dose in the present study. We also analyzed

FAS mRNA, protein and activity levels. Although FAS has

been widely studied in the fish liver, information regarding

the WAT is scarce [16, 17]. In the study presented here we

showed similar levels of activity to those previously repor-

ted in salmon WAT [17] and higher levels than those

reported in the trout liver, the traditional lipogenic organ in

fish [38, 41]. Moreover, in accordance with the findings

reported in mammals [47], FAS mRNA levels and protein

and activity levels were stimulated by insulin, in line with

the increased Akt phosphorylation status, which in mam-

mals is considered to be essential to the insulin-stimulated

lipogenesis in adipocytes [46]. This is the first time that

insulin-induced lipogenic potential has been described in

fish WAT, in agreement with the stimulating effects of

dietary carbohydrates shown in catfish [16].

This study demonstrated that some of the main lipogenic

enzymes are significantly expressed at both mRNA and

protein levels in WAT and that the levels of activity are

consistent with a biologically significant lipogenic pathway.

Insulin-stimulated FAS regulation thus seems to be as
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Fig. 3 Effects of insulin infusion (5 days) on ATP-citrate lyase

(ACLY) and fatty acid synthase (FAS) mRNA levels, protein levels

and levels of enzyme activity in WAT of trout fed a high-

carbohydrate diet. mRNA levels were estimated using real-time

RT-PCR. Expression levels were normalized to elongation factor 1a
(EF1a)-expressed transcripts which did not change under the

experimental conditions and are presented as fold-change against

the saline solution-treated group set at 1. Enzyme activity units (mIU)

are defined as nmol of substrate converted to product, per min, at

37 �C, were expressed/mg protein. Protein (20 lg per lane) and

phosphorylation levels were normalized to tissue b-tubulin levels and

are indicated as fold-change compared with the saline-treated group.

Results are presented as means ± SEM (n = 6) and were analyzed by

one-way ANOVA followed by Student–Newman–Keuls comparison

test. Different letters indicate significant differences among groups

(P \ 0.05). More details in Fig. 1
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expected, in view of the anabolic action of insulin in fish

[30] and the insulin-induced lipogenesis in hyperinsuline-

mic rats [53, 54]. However, the global inhibition of ACLY

by insulin is surprising although consistent, since it was

found at all the levels studied. More studies are needed to

clarify whether this pathway is fully functional in fish

WAT. On the other hand, the fact that lipogenesis can be

up-regulated in trout WAT when fish are fed an excess of

dietary carbohydrates also suggests a possible role in glu-

cose metabolism and homeostasis. Lipogenesis in the liver

in rainbow trout also fed with carbohydrates [38] was

shown to be induced by the anti-diabetic drug metformin,
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infusion (5 days) on glucose

6-phosphate dehydrogenase

(G6PDH), 6-phosphogluconate

dehydrogenase (6PGDH),

isocitrate dehydrogenase

(ICDH) and malic enzyme (ME)

mRNA and levels of enzyme

activity in WAT of trout fed a

high-carbohydrate diet. mRNA

levels were estimated using

real-time RT-PCR. Expression

levels were normalized to

elongation factor 1a (EF1a)-

expressed transcripts which did

not change under the

experimental conditions and are

presented as fold-changes

against the saline solution-

treated group set at 1. Enzyme

activity units (mIU) are defined

as nmol of substrate converted

to product, per min, at 37 �C,

were expressed/mg protein.

Results are presented as

means ± SEM (n = 6) and

were analyzed by one-way

ANOVA followed by Student–

Newman–Keuls comparison

test. Different letters indicate

significant differences among

groups (P \ 0.05). More details

in Fig. 1
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improving the glycemic profile and glucose homeostasis.

The induction of WAT lipogenesis by the lower insulin

dose in the present study may also be involved in the

hypoglycemic effect of this hormone, thus improving con-

trol of glycemia in this ‘‘glucose intolerant’’ species [55].

NADPH Donors in White Adipose Tissue are Poorly

Regulated by Insulin

The de novo synthesis of lipids in the cytoplasm of ver-

tebrate tissues requires a carbon source (acetyl CoA),

reducing equivalents (NADPH) produced by one or more

of four cytoplasmic dehydrogenases (G6PDH, 6PGDH,

ME and ICDH). We present here for the first time in fish

the molecular and biochemical regulation by insulin of the

four enzymes in the trout WAT. When compared with

other fish species the reducing power generated in trout

WAT (5.3 nmol NADPH min-1 g-1 = 347 nmol NADPH

min-1 mg protein-1) lipogenesis is variable and related to

the species and the assay temperature. Trout WAT gener-

ates up to 4.5-fold more NADPH than the eel (assessed at

20 �C) [15] and catfish (assessed at 25 �C) [16] visceral

adipose tissue. When compared with the salmon (assessed

at 18 �C) [17], the difference is tenfold higher. Taking into

account the assay temperatures and species-dependence of

the findings described above, we can suggest that the WAT

in trout has a similar lipogenic potential to other fish spe-

cies such as the catfish and eel, but higher than that of other

salmonids. Overall, it seems that the generation of reduc-

tion potential for lipogenesis in trout WAT is high enough

to sustain lipogenic activity, although its potential is lower

than in the liver. In view of the relative contributions of the

different enzymes assessed as NAPDH donors, it should be

noted that the ME activity was about 9.5-fold lower than

that of the others, and thus its relative contribution to the

total NADPH is probably low, as in the liver. These results

are similar to those described in the fish species cited

above, in which ME also presents low levels of activity.

The activity levels of other enzymes involved in the gen-

eration of NADPH are relatively high, similar to levels

found in the liver [41] and about tenfold higher than in

other species studied [15–17]. However, despite this high

potential NADPH production capacity, only minor changes

in ME were found in trout WAT. The fact that the enzymes

exhibiting higher levels of activity were unaffected by

insulin suggests that the NADPH production pathway does

not constitute the limiting step for lipogenesis in trout

WAT.

Beta Oxidation Pathway in White Adipose Tissue:

Regulation by Insulin

In this study, we examined two key enzymes involved in

regulating FFA oxidation in trout WAT and the effects of

insulin infusion at the molecular level. CPT-I is considered

to be a key regulatory enzyme in FFA oxidation. It
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Fig. 5 Effects of insulin infusion (5 days) on 3-hydroxyacyl-CoA

dehydrogenase (HOAD),carnitine palmitoyltransferase 1B (CPT1B),

CPT1C and CPT1D and mRNA levels in WAT of trout fed a high-

carbohydrate diet. mRNA levels were estimated using real-time

RT-PCR. mRNA levels were normalized to elongation factor 1a
(EF1a)-expressed transcripts which did not change under the experi-

mental conditions and are presented as fold-changes against the saline

solution-treated group set at 1. Results are presented as means ± SEM

(n = 6) and were analyzed by one-way ANOVA followed by Student–

Newman–Keuls comparison test. Different letters indicate significant

differences among groups (P \ 0.05). More details in Fig. 1
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catalyzes the formation of long-chain acyl-carnitine, the

transportable form of activated FFAs, thus committing

FFAs to oxidation in the mitochondria [56]. In fish, FFA

oxidation takes place mainly in the liver and cardiac and

skeletal muscle, where CPT-I is present [23, 25] and reg-

ulated by insulin [33]. However, information about CPT-I

in fish WAT is limited: CPT-I gene expression has been

described in the rainbow trout [23, 57], although no tran-

scripts were found in seabream [25]. As far as we are

aware, this is the first study in which WAT CPT-I regu-

lation is explored in fish, especially in relation to insulin.

Very interestingly, we found that the two major CPT-I

isoforms expressed in the liver and muscle of rainbow trout

(CPT-IA and CPT-IB) [33] were not significantly expres-

sed in the WAT. Moreover, the main isoforms found in this

tissue were CPT-IC (brain type) and D (larval type) (per-

sonal observations). The expression patterns of trout CPT-I

compared to those of mammals, where the CPT-I-M (the

muscle type) is the predominant isoform in the adipose

tissue [58], were especially interesting. Overall, we found

that the two isoforms expressed in the WAT were down-

regulated by the insulin infusion, although no relationship

with insulin dose was found. This finding agrees with the

global anabolic role (anti-lipolytic effects) of insulin in fish

[27, 59] and the down-regulation of CPT-IA and CPT-IB

transcripts in muscle of fasted trout infused with insulin

[33]. This is in accordance with the findings reported in rat

adipocytes, in which the presence of insulin in the medium

down-regulates CPT-I mRNA levels [3]. However, the

relative contributions of the isoform transcripts studied to

the total pool of CPT-I activity in WAT remain unidenti-

fied and further studies must therefore be conducted to

clarify the regulation of this enzyme in fish WAT. Finally,

we present here the presence of transcripts for the HOAD

enzyme involved in the b-oxidation of lipids. Lipid oxi-

dation in the WAT has been little explored in fish to date

[21, 22] and, although the expression of HOAD does not

seem to be regulated by insulin, its presence suggests the

utilization of this substrate as a local energy source.

Conclusions and Perspective

Although the role of the WAT in fish as a lipid deposition

organ is well recognized [6], both the lipogenic capacity and

lipid energy metabolism have been traditionally considered

to be of minor importance, and its biological significance

and regulation have remained undemonstrated [20]. We

present here original findings regarding lipid metabolism in

the WAT of rainbow trout fed a high carbohydrate diet and

infused with insulin that emphasize the functions of this

tissue, mainly as energy storage for long-term periods of

fasting [7] and for reproduction purposes [10]. In these

conditions, we found the presence of some of the main

enzymes required for lipogenesis at molecular, protein and

activity levels, such as ACLY and FAS. The up-regulation of

FAS activity by insulin in a dose-dependent manner rein-

forces the lipogenic role of WAT in the trout. We may thus

hypothesize that this increased lipogenic potential can help

trout to control glycemia when fed high-carbohydrate diets,

as this pathway has been shown to be involved in control of

glucose homeostasis in this species [38, 39]. Moreover, the

presence of the major NADPH donors for lipogenesis with

relatively high rates of activity (equivalent to those found in

the liver in this species) supports this lipogenic role of WAT.

However, the lack of response to insulin infusion suggests

that NADPH production is not a lipogenesis limiting step in

this tissue. On the other hand, lipid oxidation potential was

found through the mRNA levels of enzymes involved in

b-oxidation, such as HOAD, the brain isoform of CPT-IC,

and an exclusive isoform of this tissue, CPT-ID. Although

no levels of activity were assessed for these enzymes, a

novel oxidation potential can be suggested in the WAT of

rainbow trout, probably for local use. We found that insulin

acts as an important regulator of trout WAT lipid metabo-

lism as a whole, as recently proposed by Bouraoui et al.

(2010) [45], inducing the final stage of lipogenesis and

suppressing b-oxidation at a molecular level. Although

preliminary, these results suggest that the WAT in fish may

have an important role not only as lipid deposition tissue, but

also as a lipogenic organ, that could also be able to utilize

lipids stored as a local energy source.
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Abstract Exposure of unsaturated fatty acids to singlet

oxygen results in the formation of hydroperoxides. In this

process, each double bond in the acyl chain produces two

regioisomeric hydroperoxides having an (E)-configured

double bond. Although such compounds are racemic, the

hydrogen removal associated with the oxygenation may,

a priori, take place antarafacially, suprafacially or stereo-

randomly. The present study describes the preparation of

[11(S)-2H]linoleic acid by two independent methods and

the use of this stereospecifically labeled fatty acid to reveal

the hidden stereospecificity in singlet oxygenations of

polyunsaturated fatty acids. It was found that linoleic acid

9(R)- and 13(S)-hydroperoxides formed from [11(S)-2H]

linoleic acid both retained the deuterium label whereas the

9(S)- and 13(R)-hydroperoxides were essentially devoid of

deuterium. It is concluded that polyunsaturated fatty acid

hydroperoxides produced in the presence of singlet oxygen

in e.g., plant leaves are formed by a reaction involving

addition of oxygen and removal of hydrogen taking place

with suprafacial stereochemistry. This result confirms and

extends previous mechanistic studies of singlet oxygen-

dependent oxygenations.

Keywords Singlet oxygen � Oxygenation �
Hydroperoxide � Linoleic acid � Oxylipins

Abbreviations

GC–MS Gas–liquid chromatography–mass

spectrometry

CP-HPLC Chiral phase high performance

chromatography

RP-HPLC Reversed-phase high performance

chromatography

SP-HPLC Straight-phase high performance

chromatography

Me3Si Trimethylsilyl

HPODE Hydroperoxyoctadecadienoic acid

HODE Hydroxyoctadecadienoic acid

Introduction

Lipoxygenases are non-heme dioxygenases which catalyze

the incorporation of molecular oxygen at a 1(Z),4(Z)-

pentadienyl moiety of polyunsaturated fatty acids forming

optically active hydroperoxy fatty acids having a pair of

(E),(Z)-configured conjugated double bonds [1–3]. The

same type of fatty acid hydroperoxides is formed by

autoxidation of polyunsaturated fatty acids by ground state

(radical) dioxygen (3O2). In this case oxygenation takes

place without control of regiochemistry and the hydroper-

oxides are racemic. A third possibility of generating

hydroperoxides from unsaturated fatty acids is to expose

them to singlet oxygen (1O2). This unstable, non-radical

form of dioxygen can be generated from ground state

oxygen by light irradiation in the presence of a photosen-

sitizer. 1O2 is also produced in certain oxygen-evolving

reactions such as the oxidation of hydrogen peroxide by

hypochlorite and during the thermal decomposition of

phosphite ozonides and other oxygenated compounds (see

Ref. [4] and references cited therein). In the process, each

double bond in the acyl chain will produce two regioiso-

meric, racemic hydroperoxides.
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Mechanistically, the vast majority of lipoxygenase-

catalyzed oxygenations proceed with antarafacial stereo-

chemistry, i.e. the initial hydrogen removal and the

subsequent attack by 3O2 take place from opposite sides of

the plane of the 1,4-pentadiene moiety [2]. Autoxidation,

on the other hand, is a stereorandom process where the

carbon-centered radical formed following hydrogen

removal can be attacked from both sides with equal prob-

ability [5]. Mechanistic studies of 1O2 oxygenations of

simple model alkenes have indicated a suprafacial process

[6, 7], however, it was of interest to extend such studies to

a biologically relevant substrate. The present report is

concerned with singlet oxygenation of a polyunsaturated

fatty acid having the characteristic methylene group-

interrupted (Z),(Z)-diene partial structure. [11(S)-2H]Lino-

leic acid prepared by two different methods was used for

this purpose, and the regio- and stereoisomeric hydroper-

oxides formed during its exposure to 1O2 were analyzed for

isotope content using GC–MS.

Experimental Procedures

[11(R,S)-2H]Linoleic Acid

The deuterated linoleic acid was synthesized by acetylene

coupling followed by partial hydrogenation of the resulting

deuterated octadecadiynoic acid. Briefly, 2-octynal (2.5 g;

Sigma-Aldrich, Stockholm, Sweden) was reduced to

[1-2H]2-octyn-1-ol using sodium borodeuteride in metha-

nol. The bromide (2.73 g) prepared by refluxing with PBr3

was coupled to methyl 9-decynoate in the presence of CuI

and Cs2CO3 [8]. Following purification on a silica gel col-

umn, 90% pure methyl [11(R,S)-2H]9,12-octadecadiynoate

(4.4 g; yield from 2-octynal, 75%) was obtained. An aliquot

was subjected to partial hydrogenation using P-2 nickel as

the catalyst [9]. The resulting deuterated methyl linoleate

was purified by RP-HPLC, saponified, and further purified

by a second RP-HPLC run to provide [99% pure

[11(R,S)-2H]linoleic acid.

[11(S)-2H]Linoleic acid (5): Method A

It is well known from previous studies that soybean

lipoxygenase-1 stereospecifically abstracts the pro-

S hydrogen from the x8 bisallylic methylene group of

linoleic acid and other polyunsaturated fatty acids [10], and

that substitution of this hydrogen for deuterium is accom-

panied by a large kinetic isotope effect (kH/kD about 40, see

[11]). Thus, if [11(R,S)-2H]linoleic acid is incubated with

soybean lipoxygenase, the 11(R)-2H-labeled enantiomer

will be rapidly consumed whereas the 11(S)-2H-labeled

acid will largely remain not converted. Method A was

based on these facts and involved stirring at 0 �C under

oxygen atmosphere of [11(R,S)-2H]linoleic acid (192 mg)

in 300 mL of 0.1 M sodium borate buffer pH 10.4 with

soybean lipoxygenase-1 (Sigma-Aldrich type IV, 60 lL

(250,000 units) [unit definition: as defined by the manu-

facturer, 1 U will cause an increase in A234 of 0.001/min at

pH 9.0 at 25 �C when linoleic acid is the substrate in

3.0 mL volume (1 cm light path)]. After 19 min, additional

enzyme was added [20 lL (83,000 U)]. The reaction was

followed spectrophotometrically by recording the absor-

bance at 234 nm and interrupted after 32 min (53% con-

version according to UV spectrometry). From the mixture,

[11(S)-2H]linoleic acid was obtained in [99% pure form

following preparative RP-HPLC. The isotope composition

was 98.1% deuterated and 1.9% undeuterated molecules. In

agreement with the labeling, re-incubation of an aliquot of

the [11(S)-2H]linoleic acid with soybean lipoxygenase-1

resulted in a very slow conversion and the formation of

13(S)-HPODE which was essentially devoid of deuterium.

The above method for enzymatic resolution of

[11(R,S)-2H]linoleic acid has been used in a previous

study [11].

[11(S)-2H]Linoleic acid (5): Method B

In Method B, a series of stereospecific transformations

were used to convert the readily obtainable epoxy alcohol

methyl 11(S),12(S)-epoxy-13(S)-hydroxy-9(Z)-octadece-

noate (1) into the desired labeled linoleate (Scheme 1).

Thus, 1 (250 mg [12]) in diethyl ether (10 mL) was stirred

with lithium aluminium deuteride (155 mg, Sigma-

Aldrich) at 23 �C for 5 h affording triol 2 as a white solid

[214 mg (92%)]; mass spectrum (Me3Si derivative)

showing m/z 429 (2%; M?–Me3SiOH), 346 (26; M?–

Me3SiO?=CH–C5H11), 275 (100; Me3SiO?=CH–CH

(OSiMe3)–C5H11), and 173 (Me3SiO?=CH–C5H11). Mono-

acetylation of 2 using acetyl chloride and 2,4,6-trimethyl-

pyridine [13] afforded diol acetate 3 in quantitative yield;

mass spectrum (Me3Si derivative) showing m/z 474 (1%;

M?–CH3), 316 (55; M?–Me3SiO?=CH–C5H11), 275

(92; Me3SiO?=CH–CH(OSiMe3)–C5H11), and 173 (100;

Me3SiO?=CH–C5H11). The erythro-12,13-diol function of

3 was deoxygenated via the cyclic thionocarbonate using

previously described methodology [14]. Following sapon-

ification and purification on a silica gel column

[1,1,11(S)-2H3]9(Z),12(Z)-octadecadienol 4 was obtained

as a colorless oil [65 mg (32% from epoxy alcohol 1)];

mass spectrum showing m/z 269 (7%; M?), 251 (1; M?–

H2O), 96 (59), 82 (87), and 68 (100). Oxidation using

pyridinium dichromate (273 mg) in dimethylformamide

(2.5 mL) containing water (26 mg) and butylated

hydroxytoluene antioxidant (2 mg) at 40 �C for 15 h

afforded the title compound 5 [23 mg (11% from 1)]. The

202 Lipids (2011) 46:201–206

123



pure compound was obtained following silica gel column

chromatography and RP-HPLC. The mass spectrum

(methyl ester) showed m/z 281 (20%; M?), 250 (11;

M?–OCH3), 96 (63), 82 (88), and 68 (100) and an

isotopic composition of 2.0% unlabeled and 98.0%

monodeuterated molecules. The purity of the sample was

in excess of 99% as judged by GLC analysis (Fig. 1).

Importantly, this analysis was carried out with the

9(E),12(Z)- and 9(Z),12(E)-octadecadienoate isomers as

standards and proved that the two double bonds of 5

were both ‘‘Z’’.

High-Performance Liquid Chromatography (HPLC)

Purification of 5 and its methyl ester was performed by

reversed-phase (RP) HPLC using a column of Nucleosil

C18 100-7 (250 9 10 mm; Macherey–Nagel, Düren, Ger-

many) and solvent systems of acetonitrile–water (85:15, by

vol) (5 methyl ester) or acetonitrile–water–acetic acid

(75:25:0.005, by vol) (5) at a flow rate of 4 mL/min.

Regioisomeric hydroxyoctadecadienoic acids were sepa-

rated by straight-phase (SP) HPLC using a column of

Nucleosil 50-7 (250 9 10 mm, Macherey–Nagel, Düren,

O

1

COOCH3 CD2OH

HO OHOH

i ii

iii

vi iv,v

D CD2OCOCH3

HO OH

D

CD2OCOCH3D

O O

S

CD2OHDCOOHD

32

45

Scheme 1 Synthesis of [11(S)-2H]linoleic acid 5 from epoxy alcohol

1. (i) LiALD4, diethyl ether; (ii) CH3COCl, 2,4,6-trimethylpyridine;

(iii) thiophosgene, 4-dimethylaminopyridine; (iv) 1,3-dimethyl-2-

phenyl-1,3,2-diazaphospholidine; (v) NaOH, aq. ethanol; (vi) pyrid-

inium dichromate, dimethylformamide, water

1715,61615,515

B

A

Time (min)

5-Me

9(Z ),12(Z )-18:2-Me

9(Z ),12(E )-18:2-Me 9(E ),12(Z )-18:2-Me

Fig. 1 GLC analysis of the

methyl ester of 5 (a). The

methyl esters of 9(Z),12(Z)-,

9(Z),12(E)- and 9(E),12(Z)-

octadecadienoates were used as

references (b). A methyl

silicone capillary column (25 m,

0.33 lm film thickness) was

used with helium as the carrier

gas. Column temperature,

180 �C
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Germany) and a solvent system of 2-propanol-hexane-

acetic acid (2:98:0.01, by vol) at a flow rate of 4 mL/min.

The column effluent was passed through serially connected

detectors for measurement of UV absorbance (210 or

234 nm) and refractive index. Methodology for separation

of enantiomers of the methyl esters of 9- and 13-HODE

by chiral phase (CP) HPLC has been described in detail

[15, 16].

Oxygenation Procedure and Isolation of Products

[11(S)-2H]Linoleic acid (4.7 mg) was dissolved in methanol

(6 mL) containing methylene blue (3 mg). The solution was

stirred at 5–8 �C under continuous bubbling of O2 and

irradiated by a 250 W halogen lamp giving a light intensity

of approximately 30,000 lx. After 100 min, the solution was

cooled on ice and treated with NaBH4 (15 mg). Water was

added, and the material extracted with diethyl ether

was subjected to SP-HPLC (refractive index detection).

Four peaks were observed due to 13-HODE (29%; 42.7 mL

effluent), 12-HODE (21%; 51.3 mL), 10-HODE (21%;

57.0 mL), and 9-HODE (29%; 73.1 mL). The 9- and

13-hydroxyoctadecadienoates were methyl-esterified and

individually resolved into enantiomers using CP-HPLC

(Fig. 2). Derivatization of the methyl esters into Me3Si

derivatives [16] was performed prior to analysis by GC–MS.

GC–MS

A Hewlett–Packard model 5970B mass selective detector

connected to a Hewlett–Packard model 5890 gas chro-

matograph was used. For determination of the isotope con-

tent of methyl ester–Me3Si derivatives, the instrument was

operated in the selected ion monitoring mode using the

following ions: m/z 382.3/383.3 (M?), 311.2/312.2

(Me3SiO?=CH–CH=CH–CH=CH–(CH2)7–COOCH3), and

225.1/226.1 (Me3SiO?=CH–CH=CH-CH=CH–(CH2)4–CH3).

Results and Discussion

Shown in Table 1 are results of GC–MS analyses of 9- and

13-hydroxyoctadecadienoates isolated following exposure

of [11(S)-2H]linoleic acid to singlet oxygen. It is clear that

most of the deuterium label was retained in the 9(R)-and

13(S)-hydroxy derivatives, and that the 9(S)- and 13(R)-

hydroxy compounds had lost most of the label. Thus, the

first-mentioned pair was formed by stereospecific elimi-

nation of the 11(R)-hydrogen, whereas the 11(S)-deuterium

was lost in the formation of the latter pair. This means that

the stereochemical relationship between oxygen addition

and hydrogen abstraction is suprafacial in the formation of

all four stereoisomers, a finding which confirms and

extends previous studies carried out using simple synthetic

0 10 20 30 40 50 60

Time (min)

9(R )-HODE-Me

9(S )-HODE-Me

13(R )-HODE-Me 13(S )-HODE-MeB

AFig. 2 Separation by CP-HPLC

of the methyl esters of 9-HODE

(a) and 13-HODE (b) obtained

by singlet oxygenation of 5.

A Chiralcel OB-H column

(250 9 4.6 mm) eluted with

2-propanol/hexane

(1.5:98.5, v/v) at 0.5 mL/min

was used. Detection by UV

(234 nm)

Table 1 Deuterium-content of 9- and 13-hydroxyoctadecadienoates

formed by 1O2 oxygenation of [11(S)-2H]linoleic acid (5)

Hydroxyoctadecadienoatea Monodeuterated molecules (%)

Exp 1b Exp 2c

9(R)-HODE 97.1 96.9

9(S)-HODE 3.5 2.3

13(R)-HODE 3.4 2.5

13(S)-HODE 97.2 97.1

a The deuterium label was fully retained in the 10- and 12-

hydroxyoctadecadienoates
b 5 prepared from [11(R,S)-2H]linoleic acid was used
c 5 prepared from epoxy alcohol 1 was used
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alkenes [6, 7]. Although the detailed mechanism of singlet

oxygenation is still being discussed [17–19], it appears that

the most plausible one consists of initial addition of 1O2 to

the C=C bond to form a doubly charged perepoxide, in

which the geometrical configuration of the two carbon

atoms is retained (e.g., a (Z) double bond gives rise to a

cis-configured epoxide group) [7]. As illustrated for the

linoleic acid ? 9(S)-HPODE conversion (Scheme 2),

suprafacial abstraction of a proton from the allylic methy-

lene by the negatively charged perepoxide oxygen, opening

of the epoxide ring and creation of an (E)-configured double

bond completes formation of the hydroperoxide.

Fatty acid peroxidation in biological systems can take

place by lipoxygenase-catalyzed oxygenation, autoxidation,

or oxygenation by singlet oxygen, and such oxygenations

frequently take place in parallel. This has been best studied

in plant leaves, which possess lipoxygenase activity, can

initiate 3O2-dependent autoxidation, and produce 1O2

during photosynthesis [20, 21]. Whereas the first- and sec-

ond-mentioned oxygenations take place antarafacially and

stereorandomly, respectively, the present report shows that

oxygenation of polyunsaturated fatty acids by singlet oxy-

gen proceeds suprafacially. The distribution of regio- and

stereoisomeric hydroperoxides formed by the three oxy-

genation pathways differ, and determination of specific

hydroxide isomers by GC–MS or HPLC has been used to

assess the relative importance of the different modes of fatty

acid peroxidation in leaves [20]. Conceivably, a further aid

in such studies could be provided by isotope analysis of the

various hydroxide isomers if a stereospecifically deuterated

fatty acid precursor is included as a probe.

Finally, singlet oxygenation has been reported to be

accompanied by a weak intramolecular deuterium isotope

effect (kH/kD 1.4 or less) [7]. An isotope effect would lead to a

preponderance of the 10- and 12-hydroxyoctadecadienoates

at the expense of the 9- and 13-hydroxy isomers, however,

this was not observed using SP-HPLC (refractive index-

based detection) or during analysis of the reaction product by

GC–MS. Also, as seen in Fig. 2, the ratio of the enantiomers

of 9- and 13-hydroxyoctadecadienoates observed on

CP-HPLC was close to 1.
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EDITORIAL

Are You a Good Citizen of Science?

Eric J. Murphy

� AOCS 2011

In the past I have pondered this important, but perhaps a bit

nebulous question: Am I a good citizen of science? So I ask

you: Are you a good citizen of science? This is an

intriguing and interesting question on which we should all

reflect and one that I would hope receives a resounding,

‘‘you bet I am!’’, from everyone. (For those unfamiliar with

the movie Fargo, in the upper Midwestern part of the

United States that would be a ‘‘you betcha!’’) But are you

and I really good science citizens? What exactly does a

good citizen of science do, or, on the contrary, not do?

Science citizenship can take on many different forms,

from citing papers from a competing scientist to agreeing

to review yet another paper on top of the many other

commitments one has on hand; from mentoring young

colleagues, to offering a colleague a helping hand, to

sharing reagents with a no-strings-attached policy, and

working to enhance one’s own field by doing the drudgery

of society work. In the end, good science citizenship is

offering our precious time in a selfless manner to help

others in our respective fields. Yet, are we good citizens?

This brings me to one of the fundamental cornerstones

of science, peer-review. I wish I had a quarter, whether it

be in Euros, US, or Canadian currency, every time some-

one uttered: ‘‘I have a grant due in 2 months, so I cannot

review that manuscript.’’ Or ‘‘I have a meeting in 2 weeks;

sorry I just cannot review that manuscript.’’ Amazingly,

many individuals who are too busy and too overcommitted

to review a manuscript, have no problem burdening the

peer-review system with their own manuscripts. They have

no problem if their equally busy peers who have meetings

to attend, grants to write, and a family with which they

might want to see, take time to review a manuscript of

theirs. Yet, isn’t this a profession in which being over-

committed, understaffed, and underfunded is the norm? So

why do many of our colleagues think they should forgo

participating in the peer-review process, yet subject others

to reviewing their own manuscripts? Perhaps it is selfish-

ness or just plain old-fashioned greed for more time

devoted to their own pursuits? Regardless, this is a growing

problem not just at Lipids, but at many other journals, and

something with which editorial board members have

repeatedly dealt and uttered complaints about dealing with

so many reluctant reviewers.

So, to each reader I offer a suggestion to actively par-

ticipate in the peer-review process. My ‘‘Golden Rule’’ for

peer review is quite simple: Review at least four times the

number of manuscripts that you submit in a year. When

you are truly pressed for time, discuss with a young col-

league, a student or a post-doctoral fellow in your lab the

possibility of taking on a peer-review assignment. I have

found that many early career scientists—including gradu-

ate students—make the best reviewers. Taking this

approach will actually expand the vista of your citizenship

as you help mentor a young scientist in the peer-review

process. This helps educate them on the process as well as

providing real experiential learning on how to write (or not

to write) a manuscript.

So are you a good science citizen? I hope you are and if

not, perhaps you’ll see the value of being a good citizen

and you’ll start down the path of recovery so that you, too,

can again feel that exhilaration of being a science citizen in

good standing.
E. J. Murphy (&)

Department of Pharmacology, Physiology, and Therapeutics,

University of North Dakota, Grand Forks, ND, USA

e-mail: eric.murphy@med.und.edu
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Abstract Over 50 years of research has sought to define

the role dietary fat plays in cardiovascular disease (CVD)

risk. Although optimal dietary fat quantity has been keenly

pursued over past decades, attention has recently centered

on the value of dietary fat quality. The purpose of the

present review is to provide a critical assessment of the

current body of evidence surrounding efficacy of dietary

monounsaturated fatty acids (MUFA) for reduction of

traditional risk factors defining metabolic syndrome (MetS)

and CVD. Due to existing and emerging research on health

attributes of MUFA rich diets, and to the low prevalence of

chronic disease in populations consuming MUFA rich

Mediterranean diets, national dietary guidelines are

increasingly recommending dietary MUFA, primarily at

the expense of saturated fatty acids (SFA). Consumption of

dietary MUFA promotes healthy blood lipid profiles,

mediates blood pressure, improves insulin sensitivity and

regulates glucose levels. Moreover, provocative newer data

suggest a role for preferential oxidation and metabolism of

dietary MUFA, influencing body composition and ame-

liorating the risk of obesity. Mounting epidemiological and

human clinical trial data continue to demonstrate the car-

dioprotective activity of the MUFA content of dietary fat.

As the debate on the optimal fatty acid composition of the

diet continues, the benefit of increasing MUFA intakes,

particularly as a substitute for dietary SFA, deserves con-

siderable attention.

Keywords Monounsaturated fatty acids � Metabolic

Syndrome � Cardiovascular disease � Fatty acids � Lipids �
Nutrition

Abbreviations

ALA Alpha-linolenic acid

BMI Body mass index

CHD Coronary heart disease

CHO Carbohydrate

CVD Cardiovascular disease

DM Diabetes mellitus

HDL-C High-density lipoprotein cholesterol

LF Lower fat

LNA Linoleic acid

LDL-C Low-density lipoprotein cholesterol

MetS Metabolic syndrome

MF Moderate fat

MUFA Monounsaturated fatty acids

OLA Oleic acid

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

STA Stearic acid

TAG Triglyceride

TC Total cholesterol

TFA Trans fatty acids

Introduction

Considerable scientific interest has focused on the impact

of dietary fat in the development of metabolic disorders,

leading to cardiovascular disease (CVD) [1, 2]. The

complications associated with metabolic syndrome (MetS)

are the primary foundation of CVD morbidity and
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mortality. Dyslipidemia, hypertension, hyperglycemia,

insulin resistance and obesity, namely abdominal obesity,

are critical factors contributing to MetS. As MetS is a

combination of modifiable risk factors, dietary interven-

tion is targeted in primary prevention and secondary

treatment therapies. Cumulative scientific evidence sug-

gests that dietary monounsaturated fatty acids (MUFA)

effect reductions in key risk factors for MetS [3–5].

Dietary MUFA promote a healthy blood lipid profile,

mediate blood pressure, and favorably modulate insulin

sensitivity and glycemic control. Conversely, the detri-

mental effects of diets rich in saturated fatty acids (SFA)

have been widely recognized [6, 7]. Thus, national dietary

guidelines with a primary focus on cardiovascular health

have emphasized the need to reduce consumption of SFA

as compared to a decrease in total dietary fat. With

emerging research on the health attributes of MUFA rich

diets, and the low prevalence of chronic disease in pop-

ulations consuming MUFA rich Mediterranean diets [8],

recommendations have been made to replace SFA intakes

with unsaturated fats [9]. However, questions still remain

as to the optimal dietary replacement for SFA, comparing

MUFA intakes to those of polyunsaturated fatty acids

(PUFA) and carbohydrates (CHO). Despite PUFA

numerous cardiovascular benefits, intakes have been lim-

ited to B10% of energy due to potential adverse effects,

including reduction of high-density lipoprotein cholesterol

(HDL-C) levels and increased susceptibility of low-den-

sity lipoprotein (LDL) to oxidation [4, 10]. Furthermore,

the replacement of dietary SFA with CHO may result in

challenges in glucose metabolism and insulin resistance,

as well as blood triglyceride (TAG) and HDL-C levels

[11, 12]. Thus, potential health attributes of increasing

MUFA intakes, particularly at the expense of dietary SFA,

deserve careful attention. In light of the recent attention

challenging the cardioprotective benefits of MUFA [13,

14], professional organizations continue to recommend

dietary MUFA for the prevention of CVD [15, 16]. The

purpose of the present review, therefore, is to critically

assess the current evidence from human clinical trials

surrounding the efficacy of dietary MUFA in the reduction

of risk factors for MetS, ultimately targeting a reduction in

CVD.

Metabolic Syndrome; Definition and Prevalence

The rising prevalence of chronic disease is related to

unhealthy lifestyle choices, including atherogenic diets

and lack of physical activity. Metabolic syndrome is

defined by a collection of metabolic disorders occurring in

an individual and associates with an increased risk of

developing type 2 diabetes mellitus (DM-II) and CVD

[17–19]. The primary clinical endpoint of MetS is CVD

morbidity and mortality. Since the term was first classified

by Reaven [20], the definition has evolved to include

specific diagnostic criteria by several professional orga-

nizations. Recently, the National Cholesterol Education

Program’s Adult Treatment Panel III (NCEP ATP III)

defines MetS as an individual possessing any three or

more of the following five risk factors; elevated TAG

[C150 mg/dL (1.7 mmol/L)], reduced HDL-C [\40 mg/dL

(1.03 mmol/L) in men or \50 mg/dL (1.29 mmol/L) in

women], elevated fasting glucose [C100 mg/dL (5.6

mmol/L)], hypertension (C130/85 mmHg or drug treat-

ment), or obesity [waist circumference C102 cm (40 in) in

men or C88 cm (35 in) in women] [20], with ethnicity

specific values for waist circumference outlined by the

International Diabetes Federation [21]. Furthermore,

emerging risk factors for MetS include a proinflammatory

and prothrombotic state [20]. Initially it was hypothesized

that insulin resistance was the main risk factor for MetS

[22], however, recent definitions propose abdominal

obesity to be the predominate risk factor underlying MetS

[20, 21, 23, 24]. The prevalence of MetS ranges world-

wide [25], impacted by cultural differences associated

with population dietary and lifestyle patterns. For exam-

ple, the prevalence of MetS in the United States (34.5%)

is approximately threefold that of Mediterranean countries

[25–27]; predominated by the epidemic growth of obesity

in the United States [28]. Currently, approximately 66% of

the United States population are classified as overweight

(BMI [ 25 kg/m2) and 33% obese (BMI [ 30 kg/m2)

[29]. The components of the Mediterranean diet are fun-

damental to the lower prevalence of MetS [30]. Although

the Mediterranean diet is complex in nature, rich in fruits,

vegetables, and whole-grains, the MUFA content of

Mediterranean diets accounts for 16–29% of energy [4],

with olive oil providing 15–30% of energy [8]. Therefore,

incorporating MUFA into Western dietary patterns, par-

ticularly at the expense of SFA, may target a reduction in

risk for MetS and CVD.

Monounsaturated Fat; Structure and Sources

Monounsaturated fatty acids are classified as fatty acid

chains containing one double bond. Monounsaturated fatty

acids possess higher melting points than PUFA, which

contain two or more double bonds. Both MUFA and PUFA

are liquid at room temperature, whereas MUFA exist as

semi-solids or solids when refrigerated. Conversely, SFA

contain no double bonds and are solid at room temperature.

Structurally, the common MUFA, palmitoleic acid (16:1n-

7) and oleic acid (OLA; 18:1n-9), are both cis isomers of

MUFA. The major dietary trans isomer of MUFA is elaidic
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acid (trans18:1n-9). Oleic acid is the predominate MUFA

in the diet, representing *92% of cisMUFA [4]. Table 1

outlines the fatty acid content of food rich in MUFA. Of

the MUFA rich dietary oils, the most commonly consumed

are olive and canola oil. Furthermore, over the last decade

an increase has occurred in commercial production of high

OLA modified dietary oils with increased stability for the

use in food processing, as a replacement to dietary oils rich

in SFA and trans fatty acids (TFA) [31].

Current and Recommended Intakes of Dietary Fatty

Acids

The total fat intake from Western diets is similar to that of

the Mediterranean diet (Table 2), however, the type of

dietary fat, specifically MUFA, differs vastly. In the United

States, MUFA intakes are 13–14% of energy, SFA intakes

are in excess at 11–12% of energy, and PUFA intakes are

B7% of energy, of which 85–89% of PUFA intakes are

Table 1 Fatty acid composition of oils, nuts, seeds and fruit high in monounsaturated fat

Calories

(kcal)

Total

fat (g)

SFA

(g)

MUFA

(g)

PUFA

(g)

n-6 PUFA

(g)

n-3 PUFA

(g)

Vegetable oil

Almond oil 884 100 8.2 69.9 17.4 17.4 0.0

Apricot oil 884 100 6.3 60.0 29.3 29.3 0.0

Avocado oil 884 100 11.6 70.6 13.5 12.5 1.0

Canola oil 884 100 7.4 63.3 28.1 19.0 9.1

Hazelnut oil 884 100 7.4 78.0 10.2 10.1 0.0

Olive oil 884 100 13.8 73.0 10.5 9.8 0.7

High-oleic canola oil 884 100 6.5 72.0 17.1 14.5 2.6

High-oleic safflower oil 884 100 6.2 74.6 14.4 14.4 0.0

High-oleic sunflower oil 884 100 9.7 83.6 3.8 3.6 0.2

Mid-oleic sunflower oil 884 100 9.0 57.3 29.0 29.0 0.0

Nuts and seedsa

Almonds 597 52.8 4.0 33.7 12.6 12.6 0.0

Cashews 574 46.4 9.2 27.3 7.8 7.7 0.2

Hazelnuts 646 62.4 4.5 46.6 8.4 8.4 0.1

Macadamia nuts 718 76.1 11.9 59.3 1.5 1.3 0.2

Mixed nuts 594 51.5 6.9 31.4 10.8 10.5 0.2

Peanuts 585 49.7 6.9 24.6 15.7 15.7 0.0

Peanut butter (smooth) 588 50.4 10.3 23.7 13.9 13.8 0.1

Pistachios 571 46.0 5.6 24.2 13.9 13.6 0.3

Pecans 710 74.3 6.3 44.0 20.6 19.6 1.0

Sesame seeds 565 48.0 6.7 18.1 21.0 20.7 0.4

Tahini (sesame butter) 595 53.8 7.5 20.3 23.6 23.1 0.4

Walnuts (black) 618 59.0 3.4 15.0 35.1 33.1 2.0

Walnuts (English) 654 65.2 6.1 8.9 47.2 38.1 9.1

Fruit

Avocado, raw 160 14.7 2.1 9.8 1.8 1.7 0.1

Olives, ripe 481 10.7 1.4 7.9 0.9 0.8 0.1

Selected animal products

Ground beef, regular 100 g 259 16.3 5.7 7.5 0.6 0.5 0.1

Chicken breast, boneless skinless 100 g 690 3.57 1.0 1.2 0.8 0.7 0.1

Egg, large whole 50 g 324 5.3 1.6 2.0 0.7 0.6 0.1

Fried bacon, 3 slices 529 9.6 3.2 4.3 1.1 1.0 0.1

Source: USDA National Nutrient Database for Standard Reference. United States Department of Agriculture Website (http://www.

nal.usda.gov/fnic/foodcomp/search/) Accessed 18 August 2009

MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, SFA saturated fatty acids
a All nuts and seeds are dry roasted, without salted added
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omega-6 PUFA, principally linoleic acid (LNA) [4, 32, 33].

Conversely, the majority of total fat intake (33–40% of

energy) in the Mediterranean diet is represented by MUFA,

ranging from 16 to 29% of energy, with olive oil as the

principal fat [4, 34, 35]. The high MUFA intake of the

Mediterranean diet is at the expense of SFA, with intakes

of SFA \8% of energy. Thus, an inverse relationship

between the Mediterranean diet and coronary heart disease

(CHD) risk has been substantiated in both epidemiological

studies and randomized clinical trails [1].

Cardiovascular disease, the clinical outcome of MetS,

remains the leading cause of mortality in the Western

population [29] and therefore, several professional health

organizations have outlined target fatty acid intakes to

reduce MetS, DM and CVD risk (Table 2) [9, 36–41].

Recently, the recommendations focus on dietary fat quality

versus fat quantity with less emphasis on high CHO diets.

The American Diabetes Association (ADA) have modified

their previous dietary recommendations for individuals

with diabetes, which consisted of high CHO intakes and

restricted total fat to B30% of energy, with SFA, MUFA,

and PUFA at B10% of energy [42]. The ADA currently

recommends that 60–70% of total calories in diets of those

affected with DM-I and -II should be obtained from MUFA

and CHO, emphasizing individualization of macronutrients

by healthcare professionals [43, 44]. Moreover, the most

recent position statement on dietary fatty acids from the

ADA and Dietitians of Canada allows for total fat between

20 and 35% of energy, enhancing MUFA intakes up to

25% of energy [36]. The upper limit of total fat at 35% of

energy is to minimize intakes of SFA, as well as an upper

limit of PUFA intake at 10% of energy due to inconclusive

scientific evidence supporting higher intakes of LNA for

individuals with DM. Furthermore, the NCEP ATP III,

endorsed by the American Heart Association (AHA), has

recommended dietary guidelines for primary and second-

ary prevention of CHD with emphasis on monitoring total

dietary fat and targeting a reduction in SFA. Similar to the

ADA, earlier recommendations by the AHA, NCEP Step I

and II diets, limited total fat intake to B30% and MUFA

intake to B15% of energy [45]. However, in 2001 the

NCEP released revisions to the ATP III guidelines [9]

increasing total fat to 25–35% of energy, allowing a spe-

cific increase in MUFA intakes of up to 20% of energy,

with a recommendation for replacing CHO with unsatu-

rated fats for individuals with DM or MetS. Of interest, the

current NCEP ATP III recommendations mirror the dietary

fat profile of the Mediterranean diet (Table 2) [4, 34, 35].

Recently, the Joint FAO/WHO Expert Consultation on Fats

and Fatty Acids in Human Nutrition recommended that

MUFA intakes be 15–20% of energy, according to total fat

intakes [46]. Unlike other fatty acids with a recommended

limit, MUFA intakes should be determined by calculating

the difference, i.e. MUFA (% energy) = Total Fat (% of

energy) - SFA (% of energy) - PUFA (% of energy) -

TFA (% of energy). Thus, MUFA intakes will range with

respect to the total fat and fatty acid composition of the

diet.

As mentioned, olive oil is the predominate fat in the

Mediterranean diet, and although olive oil use is not as

common in Western diets, MUFA rich canola oil use in the

United States has increased 5.5-fold from 1985 to 1994

[32]. Canola oil, originally naturally bred from rapeseed oil

and low in erucic acid, has grown to become the third

largest consumed vegetable oil in the world and, next to

soybean oil, canola oil is the second most consumed

Table 2 Current nutrient intakes in the Mediterranean and United States as compared to the recommended intakes outlined by health pro-

fessional organizations

Current Intakes Recommended intakes

Mediterranean

(%)a
United

States

(%)a,b

United

States

(g)c

Dietary

guidelines

(%)a

ADA and

DC (%)a
NCEP ATP

III (%)a
USDA’s

MyPyramid

(g)c

NHLBI’s dash

eating plan (g)c
Harvard health

eating pyramid

(g)c

Total fat 33–40 33 83–87 20–35 20–35 25–35 64.8 41.1 69.0

SFA \8 11–12 28–30 \10 \10 \7 17.3 10.0 12.8

MUFA 16–29 13–14 32–33 – B25 B20 23.5 15.0 24.8

PUFA \7 \7 17–18 – B10 B10 19.6 12.6 25.7

ADA American Dietetic Association, DASH Dietary Approaches to Stop Hypertension, DC Dietitians of Canada, MUFA monounsaturated fatty

acid, NCEP ATPIII National Cholesterol Education Program Adult Treatment Panel III, NHLBI National Heart, Lung, and Blood Institutes,

PUFA polyunsaturated fatty acids, SFA saturated fatty acids, USDA United States Department of Agriculture

– Not specified, however supports recommendations by other expert organizations
a Percent of daily energy
b Means of United States male and females (ages 20–59) from the NHANES, 1999–2000
c Based on a *2,000 kcal/day
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vegetable oil in the United States. Canola oil can be

regarded as one of the most healthy consumed vegetable

oils with an attractive fatty acid profile distinctively low in

SFA, and rich in MUFA and n-3 PUFA a-linolenic acid

(ALA) (Table 1). Consequently, in 2006 the United States

Food and Drug Administration (FDA) authorized a quali-

fied health claim stating that canola oil (*19 g daily) may

reduce the risk of CHD due its unsaturated fat content,

recommending direct caloric replacement of dietary SFA

with canola oil [47]. A recent dietary modeling study

revealed that replacing common dietary fats in the United

States with canola oil and canola-based spreads would

increase the percentage of Americans complying with

current dietary intake recommendations for fatty acids,

namely SFA, MUFA, and ALA, but not for LNA [48].

More specifically, a 50% substitution of fats with canola oil

would decrease SFA intakes by 4.7%, whereas a 100%

substitution would decrease SFA and LNA intakes by 9.4

and 44.9%, respectively, while increasing MUFA and ALA

intakes by 27.6 and 73.0%, respectively. Based on the

emphasis of increasing the intakes of MUFA in the diet,

particularly at the expense of SFA, it is timely and

appropriate to explore the efficacy of MUFA rich diets in

the prevention of MetS and CVD.

Monounsaturated Fat and Blood Lipids

Numerous randomized controlled trials have investigated

the impact of dietary intervention on changes in circulating

lipids [49–52]. The NCEP ATP III guidelines have outlined

risk factors that increase CHD risk over a 10 year period.

Traditionally, elevated LDL-C [[100 mg/dL (2.6 mmol/L)]

remains the strongest primary factor in predicting CHD and

therefore is a primary target of therapy [53]. However, as

circulating TAG and HDL-C concentrations are critical risk

factors in MetS, the TC:HDL-C ratio has been considered a

more valuable marker in determining CHD risk [52].

Although the hypolipidemic effect of reducing dietary SFA

is well-known and remains the primary target of dietary

intervention [7], the debate as to whether MUFA, PUFA or

CHO should replace SFA in the diet continues.

Effects of Monounsaturated Fat Compared

with Saturated Fat

Evidence from randomized controlled trials has substanti-

ated the deleterious effects of dietary SFA on circulating

lipids and lipoproteins [49–51]. When MUFA isocalori-

cally replace SFA in the diet there are improvements in the

TC:HDL-C ratio, namely associated with a decrease in

serum LDL-C levels and preservation of HDL-C levels.

Recently, attention has focused on the lipidemic effects of

individual SFA, as stearic acid (STA, 18:0) is considered to

have neutral or hypolipidemic effects on circulating lipids

compared with other SFA, namely lauric (12:0), myristic

(14:0) and palmitic (16:0) acids [52, 54]. Although only a

few studies have directly compared OLA to STA intakes,

Hunter et al. [54] collectively showed that when OLA

replaced STA, LDL-C levels decreased by 5–13% in 3 of 8

studies, however, had no effect in 5 other studies. HDL-C

levels increased in one study between 5 and 7%, with no

effect in 7 of 8 studies. Triglycerides decreased 20–37% in

2 studies; with no effect in 6 other studies. Finally, an

estimated directional decrease in TC:HDL-C ratio was

observed in 6 of the 8 studies when OLA replaced STA.

Overall compared to OLA, STA tended to increase LDL-C

and TAG levels, lower HDL-C levels, and resulted in an

increase in the TC:HDL-C ratio. Thus, novel modified

dietary oils with a high OLA content have been developed

by agricultural and food industries to replace partially

hydrogenated oils rich in TFA and SFA for use in food

preparation, including frying, baking, and blending with

other fats [31]. However, as there are specific food appli-

cations that require a solid fat (i.e. shortenings and baked

goods), a high STA fat may provide an alternative to fat-

containing TFA [54].

Dietary Monounsaturated Fat Versus Carbohydrate

for Replacement of Saturated Fat

The effects on CHD risk with substitution of SFA by other

macronutrients continue to be a primary focus of public

health agendas [14, 52, 55]. Diets rich in CHO, PUFA and

MUFA have been compared to those rich in SFA in

assessing the ability of each dietary strategy to favorably

alter plasma lipids. In studies conducted with healthy

subjects comparing high MUFA diets to high CHO diets,

those on high MUFA diets showed significant reductions in

TAG levels [56–58]. Likewise, overweight and obese

subjects [59], those with DM-II [5, 60, 61], and MetS [62]

also benefitted from the substitution of MUFA rich diets, as

compared to CHO rich diets, in improving plasma TAG

levels. One of the main cardioprotective activities of high

MUFA diets is the ability of MUFA to either preserve or

increase HDL-C levels when compared to CHO rich diets

which mostly produce decreases in HDL-C levels [5, 56,

60, 62, 63]. As compared to high CHO diets, high MUFA

diets more favorably affect the TC:HDL-C ratio, empha-

sized by a reduction in LDL-C and TAG levels, while

increasing HDL-C levels [52]. Recently, Cao et al. [64]

conducted a meta-analysis of 30 controlled-feeding studies

in subjects with and without diabetes, comparing moderate

fat (MF) (30.2–50% of energy; mean MUFA intake 23.6%
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of energy) versus lower fat (higher CHO) diets (LF)

(18.3–30.2% of energy; mean MUFA intake 11.4% of

energy). In all subjects, reductions in LDL-C levels were

similar between the MF and LF diets. However, the MF

diet increased HDL-C levels (2.28 mg/dL; 95% CI

1.66–2.90 mg/dL) and decreased TAG levels (-9.36 mg/

dL; 95% CI -12.16 to -6.08 mg/dL) versus the LF diet.

Moreover, in subjects with diabetes, a further decrease in

TAG levels (-24.79 mg/dL) was observed after the MF

diet, as well as a decrease in the TC: HDL-C ratio (-0.62)

and non-HDL-C (-5.39%) versus the LF diet. The authors

concluded that MF diets reduced predicted CHD risk by

6.37% in men and 9.34% in women, including subjects

with diabetes, compared with the LF diet. Therefore,

MUFA versus CHO replacement for SFA may be more

beneficial for individuals predisposed to MetS or with DM-

II [5, 53].

Dietary Monounsaturated Fat Versus Polyunsaturated

Fat for Replacement of Saturated Fat

Comparison studies and reviews have also examined the

action of PUFA rich versus MUFA rich diets on plasma

lipid modulation [4, 52, 65–67]. Evidence supports the

notion that MUFA rich diets have slightly less or compa-

rable TC and LDL-C lowering effects to those of PUFA

rich diets. Whereas n-3 PUFA rich diets may additionally

reduce serum TAG [68], MUFA rich diets have more

favorable effects on HDL-C concentrations. The ability to

effectively target an increase in plasma HDL-C is critical

in patients with MetS, DM-II and the prevention of CVD

[69, 70]. When PUFA and MUFA rich diets were com-

pared for replacement of dietary SFA in healthy adult

subjects, those consuming MUFA rich diets demonstrated a

preservation of HDL-C levels to a greater extent with only

a 4% decrease in HDL-C levels compared to those con-

suming PUFA rich diets, which decreased HDL-C levels

by 14% [71]. Thus, due to the preservation of HDL-C with

MUFA versus PUFA rich diets, effects on the TC:HDL-C

ratio where comparable when either MUFA or PUFA

replaced dietary SFA [52, 71].

Dietary Monounsaturated Fat and Blood Pressure

Evidence from human clinical studies have shown that

dietary MUFA either have neutral or hypotensive effects

when compared to diets rich in CHO, n-6 or n-3 PUFA,

notably reporting consistent reductions in blood pressure

when MUFA are compared to SFA rich diets (Table 3). A

study comparing hypertensive subjects consuming MUFA

and PUFA rich diets revealed that virgin olive oil high in

OLA resulted in significant decreases in total blood pres-

sure [72]. The hypotensive effect of MUFA also alleviated

the need of anti-hypertensive drug therapy by 48%,

whereas all subjects on a PUFA rich diet required further

drug therapy. In contrast, a study conducted by Mutanen

et al. [73] failed to observe hypotensive effects of either

MUFA or PUFA rich diets in normotensive subjects.

Among the studies comparing MUFA and PUFA rich diets,

hypotensive benefits of MUFA rich diets are observed in

individuals predisposed to MetS in 2 clinical trials, whereas

4 of 5 clinical trials observed no difference between MUFA

and PUFA diets in healthy individuals (Table 3).

The effects of MUFA versus CHO rich diets on blood

pressure were compared in a meta-analysis by Shah et al.

[74]. Of the 10 intervention trials assessed, MUFA rich

diets were associated with a slight reduction in blood

pressure, specifically systolic blood pressure, compared to

the CHO rich diets. Similarly, in this review, 3 of 6 clinical

trials observed hypotensive benefits with MUFA rich diets

compared to CHO rich diets in individuals predisposed to

MetS (Table 3). Muzio et al. [75] compared consumption

of high MUFA diets to high CHO diets in 100 obese

subjects with MetS over 5 months. At study cessation,

while both groups showed significant reductions in all

components of MetS, only the diet high in MUFA pro-

duced a significantly lower systolic blood pressure, as well

as lowered heart rate. In the large randomized, crossover

Omni Heart Trial, 164 subjects with prehypertension or

stage-1 hypertension consumed diets varying in dietary fats

for 6 weeks to determine their subsequent risk of hyper-

tension [76]. Compared to a high CHO diet, consumption

of high protein and MUFA diets produced significant

reductions in systolic blood pressure and additional benefits

in TAG and HDL-C levels.

Considering prospective cohort studies, the SUN

(Seguimiento Universidad de Navarra) study of nearly

seven thousand subjects reported that high intake of olive

oil for an average of 28.5 months was associated with a

decrease in the incidence of hypertension in men, but not

women [77]. Similarly, in the Greek EPIC (European

Prospective Investigation into Cancer and Nutrition) study,

olive oil consumption was a primary dietary factor in the

Mediterranean diet preventing hypertension [78]. More

specifically, a reduction in both systolic and diastolic blood

pressure was noted with olive oil consumption, even after

controlling for vegetable intake. Alongside, there was an

inverse relationship between blood MUFA:SFA ratio and

arterial blood pressure. Indeed, olive oil in Mediterranean

diets has potent hypotensive effects [79]. However, the

OLA content of olive oil, independent of its other com-

ponents, has been shown to be directly associated with a

reduction in blood pressure [80]. As such, strong support

can be obtained from clinical trials of the blood pressure
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Table 3 Human clinical trials investigating the effects of monounsaturated fat and hypertension

Reference Subject characteristics Study design/

duration

Diets Outcome

Individuals predisposed to metabolic syndrome

Gulseth et al. [125] MetS subjects

(n = 486)

Randomized,

parallel 12 weeks

MUFA

39% fat; 10% SFA, 19%

MUFA, 7% PUFA

No difference in systolic BP

or diastolic BP between

diets

SFA

40% fat; 18% SFA, 13%

MUFA, 6% PUFA

; Pulse pressure with

MUFA vs. SFA in men

H-CHO

30% fat; 9% SFA, 12%

MUFA, 6% PUFA

H-CHO ? n-3 PUFA

29% fat; 9% SFA, 11%

MUFA, 6% PUFA, 1.6 g/

d EPA ? DHA

Brehm et al. [94] Overweight or

obese with

DM-II subjects

(n = 124)

Randomized,

parallel 12 months

MUFA

38% fat; 14% MUFA

No difference in diastolic

BP between diets

H-CHO

28% fat; 8% MUFA

Muzio et al. [75] Hyperchole-

sterolemic

obese subjects

with MetS

(n = 100)

Randomized

5 months

H-CHO

22% fat; 5% SFA, 14%

MUFA, 3% PUFA

; Systolic BP and HR with

MUFA vs. H-CHO

MUFA

33% fat; 9% SFA, 21%

MUFA, 4% PUFA

Appel et al. [76] Pre-HT or HT

(stage 1)

subjects

(n = 164)

Randomized,

crossover 6 weeks

H-CHO

27% fat; 6% SFA, 13%

MUFA, 8% PUFA

; Systolic and diastolic BP

with MUFA and protein

vs. CHO in all subjects

Protein

27% fat; 6% SFA, 13%

MUFA, 8% PUFA

MUFA

37% fat; 6% SFA, 21%

MUFA, 10% PUFA

Shah et al. [126] DM-II subjects

(n = 41)

Randomized,

crossover 6 weeks,

then 14 weeks

H-CHO No difference in BP

between diets at 6 weeks30% fat; 10% SFA, 10%

MUFA, 10% PUFA

MUFA : Diastolic BP and heart

rate at 14 weeks with

H-CHO vs MUFA
45% fat; 10% SFA, 25%

MUFA, 10% PUFA

Piers et al. [106] Overweight or

obese men

(n = 8)

Randomized,

crossover 4 weeks

SFA

40% fat; 24% SFA, 13%

MUFA, 3% PUFA

; Mean arterial pressure

and diastolic BP with

MUFA vs. SFA

MUFA

40% fat; 11% SFA, 22%

MUFA, 7% PUFA

Ferrara et al. [72] HT subjects

(n = 23)

Randomized,

crossover

6 months

MUFA

27% fat; 6% SFA, 17%

MUFA, 4% PUFA

; Systolic and diastolic BP

with MUFA vs. PUFA

; HT drug treatment with

MUFA but not PUFAPUFA

27% fat; 6% SFA, 11%

MUFA, 11% PUFA
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Table 3 continued

Reference Subject characteristics Study design/

duration

Diets Outcome

Thomsen et al. [127] DM-II subjects

(n = 16)

Randomized,

crossover 3 weeks

MUFA

49% fat; 10% SFA, 30%

MUFA, 7% PUFA

; Arterial BP with MUFA

vs. PUFA

PUFA

49% fat; 9% SFA, 10%

MUFA, 27% PUFA

Walker et al. [128] DM-II subjects

(n = 24)

Randomized,

crossover

12 weeks

H-CHO

23% fat; 9% SFA, 10%

MUFA, 4% PUFA

No differences in BP

between diets

MUFA

36% fat; 11% SFA, 20%

MUFA, 5% PUFA

Healthy individuals

Rasmussen et al. [129] Healthy subjects

(n = 162)

Randomized,

parallel 3 months

SFA

37% fat; 17% SFA, 14%

MUFA, 6% PUFA

; Systolic and diastolic BP

with MUFA from

baseline

MUFA

37% fat; 8% SFA, 23%

MUFA, 6% PUFA

$ BP with SFA from

baseline

Further randomization with

n-3 PUFA (fish oil):

3.6 g/d

; Diastolic BP with MUFA

vs. SFA

$ BP with addition of fish

oil supplementation

Aro et al. [130] Healthy subjects

(n = 87)

Randomized,

parallel 8 weeks

Control

20% fat; 8% SFA, 8%

MUFA, 3% PUFA

No differences in BP

between diets

MUFA

26% fat; 7% SFA, 14%

MUFA, 3% PUFA

PUFA

26% fat; 8% SFA, 8%

MUFA, 8% PUFA

Lahoz et al. [131] Healthy subjects

(n = 42)

4 Consecutive diet

phases 5 weeks

SFA

35% fat; 17% SFA, 14%

MUFA, 4% PUFA

; Systolic BP with MUFA

vs. SFA and n-6 PUFA

MUFA

35% fat; 9% SFA, 21%

MUFA, 4% PUFA

n-6 PUFA

35% fat; 10% SFA, 12%

MUFA, 13% PUFA

n-3 PUFA

35% fat; 9%SFA, 12%

MUFA, 13% PUFA

(1.6% n-3 PUFA)
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lowering effects of MUFA rich diets in both normotensive

and hypertensive individuals.

Monounsaturated Fats, Insulin Resistance and Diabetes

Mellitus-II

With the rising prevalence of DM worldwide [81], MUFA

have gained attention for their ability to regulate glycemic

response and improve insulin sensitivity. Similar to the

detrimental effects on circulating lipids, SFA have been

shown to impair glycemic control and insulin sensitivity

[12], specifically in skeletal muscle cells [82]. Therefore,

clinical trials replacing dietary SFA with MUFA have noted

improvements in insulin sensitivity and glycemic response in

individuals predisposed to insulin resistance [83–86], as well

as healthy people [87–91] (Table 4). The KANWU (Kuopio,

Aarhus, Naples, Wollongong and Uppsala) Study of 162

healthy subjects reported a reduction in insulin sensitivity

following consumption of a SFA rich diet for 3 months, and

that replacement of SFA with a MUFA rich diet improved

insulin sensitivity [89]. More specifically, when total daily

fat intake was\37% of energy, an 8.8% increase in insulin

sensitivity was observed with the MUFA rich diet, whereas

the SFA rich diet decreased insulin sensitivity by 12.5%.

However, these effects were not observed when total daily

fat intakes exceeded 37% of energy. In the development of

DM-II, pancreatic b-cells that secrete insulin to counteract

postprandial rises in blood glucose become overwhelmed

and as a result, fail to effectively provide the necessary

insulin to regulate glucose levels [92]. Recently, MUFA was

shown to have a direct action on b-cell function and lower

Table 3 continued

Reference Subject characteristics Study design/

duration

Diets Outcome

Uusitupa et al. [132] Healthy subjects

(n = 159)

Randomized,

parallel 6 months

SFA

35% fat; 14:19:4

SFA:MUFA:PUFA

; Systolic BP with AHA

only

: BP with SFA in men only

AHA diet

32% fat; 10:8:8

SFA:MUFA:PUFA

MUFA

34% fat; 11:11:5

SFA:MUFA:PUFA

Low-fat

30% fat; 12:8:3

SFA:MUFA:PUFA

Mutanen et al. [73] Healthy subjects

(n = 59)

Randomized,

crossover

3.5 weeks

MUFA

38% fat; 13% PUFA

No differences in BP

between diets

PUFA

38% fat; 16% MUFA

Mensink et al. [133] Healthy subjects

(n = 58)

Randomized,

parallel 5 weeks

MUFA

36% fat; 13% SFA, 15%

MUFA, 8% PUFA

No differences in BP

between diets

PUFA

36% fat; 13% SFA, 11%

MUFA, 13% PUFA

Mensink et al. [134] Healthy subjects

(n = 47)

Randomized,

parallel 5 weeks

H-CHO

22% fat; 7% SFA, 9%

MUFA, 5% PUFA

No differences in BP

between diets

MUFA

41% fat; 10% SFA, 24%

MUFA, 5% PUFA

Direction of effect on biomarkers of hypertension (: increased; ; decreased; $ no effect)

AHA American Heart Association, BP blood pressure, CHO carbohydrate, DM-II Diabetes Mellitus-II, H-CHO high-carbohydrate, HT hyper-

tensive, HR heart rate, MetS metabolic syndrome, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, SFA saturated fatty

acids, vs versus
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Table 4 Human clinical trials investigating the effects of monounsaturated fat on glucose and insulin responses

Reference Subject

characteristics

Study design/

duration

Diets Outcome

Individuals predisposed to metabolic syndrome

Brehm et al. [94] Obese and

overweight

subjects with DM-

II (n = 124)

Randomized 1 year H-CHO

28% fat; 7–9% MUFA

No differences in

glucose and insulin

sensitivity between

groups
MUFA

38% fat; 14–15% MUFA

Due et al. [83] Nondiabetic obese

subjects (n = 46)

Randomized,

parallel 6 months

SFA

32% fat; 15% SFA, 10%

MUFA, 4% PUFA

; Fasting glucose,

insulin, and insulin

resistance score

with MUFA vs.

other diets

; HOMA-IR with

MUFA vs. other

diets

MUFA

39% fat; 7% SFA, 20%

MUFA, 8% PUFA

Low-fat

23% fat; 8% SFA, 8%

MUFA, 5% PUFA

Paniagua et al. [84] Obese DM-II

subjects (n = 11)

Randomized,

crossover 28 days

SFA

38% fat; 23% SFA, 9%

MUFA, 6% PUFA

; Fasting glucose

with MUFA and

H-CHO vs. SFA

MUFA

38% fat; 9% SFA, 23%

MUFA, 6%

PUFA

: Insulin sensitivity

(; HOMA-IR)

with MUFA vs.

other diets

H-CHO

20% fat; 6% SFA, 8%

MUFA, 6% PUFA

: Postprandial GLP-

1 with MUFA vs.

H-CHO

Shah et al. [85] DM-II subjects

(n = 11)

Randomized,

crossover 15 days

SFA

50% fat;

26% SFA,

20% MUFA,

5% PUFA

; Postprandial

insulin response

with MUFA and

n-3 PUFA vs. SFA

and n-6 PUFA

MUFA

50% fat; 7% SFA, 39%

MUFA, 5% PUFA

$ Postprandial

glucose response

between diets

n-6 PUFA

50% fat; 4% SFA, 8%

MUFA, 39% PUFA

n-3 PUFA

50% fat; 9% SFA, 15%

MUFA, 44% PUFA

Vega-Lopez et al. [135] Hyperlipidemic

subjects (n = 15)

Randomized,

crossover 5 weeks

TFA

30% fat; 9% SFA, 10%

MUFA, 8% PUFA, 4%

TFA

No difference in

fasting insulin,

fasting glucose, or

HOMA between

diets
SFA

30% fat; 15% SFA,

11%MUFA, 4% PUFA

MUFA

32% fat; 6% SFA, 15%

MUFA, 9% PUFA

PUFA

28% fat; 7% SFA, 8%

MUFA, 12% PUFA
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Table 4 continued

Reference Subject

characteristics

Study design/

duration

Diets Outcome

Gerhard et al. [136] DM-II subjects

(n = 11)

Randomized,

crossover 6 weeks

Low-fat

20% fat; 4% SFA, 8%

MUFA, 6% PUFA

No difference in

fasting glucose,

glycemic control

or insulin

sensitivity between

diets

MUFA

40% fat; 6% SFA, 25%

MUFA, 6% PUFA

Thomsen et al. [137] Overweight subjects

with DM-II

(n = 12)

Randomized,

crossover

C1 week

SFA $ Glucose or

insulin responses

between diets
MUFA

: GLP-1 responses

with MUFA vs.

SFA

Lovejoy et al. [138] Healthy, normal and

overweight

subjects (n = 25)

Randomized,

crossover 4 weeks

SFA

28% fat; 9% SFA

$ Insulin sensitivity

between diets

MUFA

28% fat; 9% MUFA

; Insulin sensitivity

with SFA vs.

MUFA for

overweight

subjects

TFA

28% fat; 9% TFA

Lauszus et al. [139] Pregnant women

with gestational

DM-II (n = 27)

Randomized From

33rd gestational

week for 5 weeks

H-CHO

30% fat; 13% SFA, 11%

MUFA, 6% PUFA

No difference in

fasting insulin and

glucose, insulin

sensitivity between

diets
MUFA

37% fat; 10% SFA, 22%

MUFA, 5% PUFA

Rodriguez-Villar et al. [140] DM-II subjects

(n = 12)

Randomized,

crossover

12 weeks

CHO

29% fat; 6% SFA, 12%

MUFA, 5% PUFA

No differences in

fasting or

postprandial

glucose and insulin

between diets
MUFA

40% fat; 8% MUFA, 25%

MUFA, 5% PUFA

Luscombe et al. [141] DM-II subjects

(n = 21)

Randomized,

crossover 4 weeks

CHO (high GI diet)

21% fat; 8% SFA, 7%

MUFA, 4% PUFA

No difference in

fasting insulin and

glucose between

diets
CHO (low GI diet)

23% fat; 8% SFA, 7%

MUFA, 4% PUFA

MUFA (high GI diet)

35% fat; 8% SFA, 18%

MUFA, 7% PUFA

Christiansen et al. [86] DM-II and obese

subjects (n = 16)

Randomized,

crossover 6 weeks

SFA

30% fat; 20% SFA, 5%

MUFA, 5%

PUFA

$ Glycemic control

or postprandial

glycemic response

between diets

MUFA

30% fat; 5% SFA, 20%

MUFA, 5% PUFA

; Postprandial

insulinemia with

MUFA vs. SFA

and TFA
TFA

30% fat; 5% SFA, 20%

TFA, 5% PUFA
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Table 4 continued

Reference Subject

characteristics

Study design/

duration

Diets Outcome

Sarkkinen et al. [142] IGM subjects

(n = 22)

Randomized

8 weeks

SFA

37% fat; 18%SFA, 11%

MUFA, 5% PUFA

; Fasting glucose

with MUFA vs.

SFA

MUFA

40% fat; 11% SFA, 19%

MUFA, 8% PUFA

$ Fasting glucose

with PUFA vs.

SFA

PUFA

34% fat; 11% SFA, 10%

MUFA, 10% PUFA

: Glucose

effectiveness with

MUFA vs. PUFA

Parillo et al. [143] DM-II subjects

(n = 10)

Randomized

15 days

H-CHO

20% fat

; Fasting glucose

and insulin with

MUFA vs. H-CHO
MUFA

40% fat

Bonanome et al. [144] DM-II subjects

(n = 19)

Consecutive diets

2 months

H-CHO

25% fat; 10% SFA, 10%

MUFA, 5% PUFA

$ Fasting glucose

or insulin response

between diets

MUFA

40% fat; 10% SFA, 25%

MUFA, 5% PUFA

Garg et al. [60] DM-II subjects

(n = 10)

Randomized

28 days

H-CHO

25% fat

; Plasma glucose

and insulin

requirements with

MUFA vs. H-CHO
MUFA

50% fat; 33% MUFA

Healthy individuals

Lopez et al. [87] Healthy men

(n = 14)

Randomized,

crossover Single

meal 8 h

NCEP Step-I diet

29% fat

: Postprandial b-cell

function and

insulin sensitivity

with an increase in

the MUFA to SFA

ratio of dietary fats

Butter diet

38% fat; 0.48 MUFA:SFA

High-palmitic sunflower oil

diet

38% fat; 2.42 MUFA:SFA

Refined olive oil diet

38% fat; 5.43 MUFA:SFA

Vegetables/fish oil diet

38% fat; 7.08 MUFA:SFA

Perez-Jimenez et al. [88] Healthy subjects

(n = 59)

Randomized,

crossover 28 days

SFA

20% SFA,

12% MUFA,

6%

PUFA

: Fasting insulin and

mean glucose for

the SFA vs.

MUFA

and H-CHO

H-CHO

28% fat; 10% SFA, 12%

MUFA, 6% PUFA

Improvement in

insulin sensitivity

with MUFA and

H-CHO vs. SFA
MUFA

38% fat; 10% SFA, 22%

MUFA, 6% PUFA
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insulin resistance in a study of 14 healthy men using a ran-

domized, crossover design [87]. Data revealed that MUFA

improved insulin sensitivity and b-cell function when

compared with SFA. With the incremental substitution of

MUFA for SFA, direct linear decreases in insulin resistance

were observed.

Table 4 continued

Reference Subject

characteristics

Study design/

duration

Diets Outcome

Vessby et al. [89] Healthy subjects

(n = 162)

Randomized

3 months

SFA

37% fat; 18% SFA, 13%

MUFA, 5% PUFA

; Insulin sensitivity

with SFA vs.

MUFA

MUFA

37% fat; 10% SFA, 21%

MUFA, 5% PUFA

$ Insulin secretion

between diets

Salas et al. [90] Healthy men

(n = 41)

Consecutive diets

4 weeks

SFA

38% fat; 20% SFA

: Insulin on SFA

diet

MUFA

38% fat; 22% MUFA

; Fasting glucose

and insulin with

MUFA vs. NCEP

Step-I diet
NCEP Step-I

47% CHO, 28% fat

Thomsen et al. [95] Healthy subjects

(n = 16)

Randomized,

crossover 4 weeks

H-CHO

28% fat; 9% SFA, 8%

MUFA, 7% PUFA

$ Insulin sensitivity

between diets

MUFA

42% fat; 9% SFA, 24%

MUFA, 6% PUFA

$ Fasting blood

glucose between

diets

Thomsen et al. [145] Healthy subjects

(n = 10)

Randomized Single

meal 8 h

CHO

SFA

MUFA

$ Postprandial

glucose or insulin

response between

diets

: GLP-1 and GIP

responses with

MUFA vs. SFA

Louheranta et al. [146] Healthy women

(n = 15)

Randomized,

crossover 4 weeks

SFA

39%fat; 19% SFA, 12%

MUFA, 6% PUFA

$ Glucose or

insulin responses

between diets

MUFA

41% fat; 13% SFA, 19%

MUFA, 6% PUFA

$ Insulin sensitivity

between diets

Joannic et al. [147] Healthy men

(n = 8)

Randomized,

crossover Single

meal 3 h

MUFA

47% fat; 4.3 MUFA:PUFA

; Postprandial

glucose and insulin

responses with

PUFA vs. MUFA
PUFA

47% fat; 0.4 MUFA:PUFA

Uusitupa et al. [91] Healthy subjects

(n = 10)

Randomized,

crossover 3 weeks

SFA

39% fat; 20% SFA, 12%

MUFA, 4% PUFA

; Glucose AUC with

MUFA vs. SFA

MUFA

40% fat; 9% SFA, 19%

MUFA, 10% PUFA

: Glucose

disappearance rate

with MUFA vs.

SFA

Direction of effect on biomarkers of glucose and insulin responses (: increased; ; decreased; $ no effect)

AUC area under curve, CHO carbohydrate, DM-II diabetes mellitus-II, GI glycemic index, GIP gastric inhibitory polypeptide, GLP-1 glucagon-

like peptide-1, H-CHO high-carbohydrate, HOMA-IR homeostasis model assessment of insulin resistance, IGM irregular glucose metabolism,

MUFA monounsaturated fatty acid, NCEP National Cholesterol Education Program, PUFA polyunsaturated fatty acids, SFA saturated fatty acids,

TFA trans fatty acids, vs versus
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As a replacement for dietary SFA, high MUFA diets

have been compared to high CHO diets for preventing

insulin resistance and DM-II risk [3, 5]. An earlier meta-

analysis of 10 randomized controlled trials by Garg [5],

assessing the effects of high MUFA diets in patients with

either DM-I or DM-II, reported improvements in glycemic

control, as well as lipoprotein profiles, as compared to high

CHO diets. Ros [3] reviewed the evidence on dietary

MUFA and metabolic control in DM-II following the

comprehensive meta-analysis by Garg [5] and observed

similar beneficial metabolic effects of MUFA rich diets.

Following these analyses, Paniagua et al. [84, 93] demon-

strated that compared to SFA or CHO rich diets, insulin

resistant subjects consuming a MUFA rich diet exhibited

improvements in insulin sensitivity, as well as other hor-

monal and metabolic parameters. Similarly, when com-

pared to high CHO and high SFA diets, diets high in

MUFA have been shown to significantly decrease fasting

glucose by 3% and insulin by 9.4%, and improve insulin

sensitivity by 12.1% [83]. In contrast, clinical trials with

healthy subjects have observed no difference between

MUFA and CHO rich diets in markers of glucose–insulin

homeostasis [88, 94, 95]. However, due to other metabolic

abnormalities associated with high CHO diets, such as the

deleterious effects on plasma TAG and HDL-C levels [11]

high MUFA diets may be more beneficial for ameliorating

the risk of DM-II. Taken together, evidence from pro-

spective cohort studies have reported that dietary MUFA

are not associated with increased risk of DM-II in men [96]

or women [97] after adjustment for other dietary fats, age

and BMI.

Monounsaturated Fat in Weight Maintenance

and Obesity

There is a perception that fat, rich in calories as compared

to CHO or protein, is associated with body weight gain

leading to obesity [98]. However, a strong argument also

exists that dietary fat is not the primary cause of the high

prevalence of obesity [99, 100]. Moreover, fat quality may

have a stronger correlation to weight gain than fat quantity

[101]. Considering fat quality and specific effects of dietary

fatty acids for risk of obesity, evidence from prospective

cohort studies have reported that MUFA intake is not

associated with increases in waist circumference or body

weight gain [101, 102]. In the Health Professionals Study

of 16,587 men over a 9 year period, replacement of 2%

energy of PUFA or CHO with MUFA was not associated

with any change in waist circumference, whereas replace-

ment with TFA or SFA led to an increase [102]. Similarly,

in the Nurses’ Health Study, consumption of MUFA, as

well as PUFA, was not associated with an increase in body

weight, while TFA and SFA positively correlated with

weight gain after 8 years [101]. Large prospective cohort

studies in the Mediterranean region have revealed that high

intakes of olive oil [103] or nuts [104], both rich sources of

MUFA, or adherence to a Mediterranean diet [105] were

not associated with an increase in weight or risk of obesity

over the longer term [103, 104].

With respect to human clinical trials, Paniagua et al.

[93] have demonstrated that compared to CHO rich diets,

insulin resistant subjects consuming a MUFA rich diet

showed significantly increased fat oxidation rates and

decreased abdomen-to-leg adipose ratios, thus preventing

central body fat distribution [93]. This finding has impor-

tant implications for those at risk for MetS since the

increase in central adiposity was associated with a reduc-

tion in adiponectin expression and insulin sensitivity fol-

lowing the CHO rich diet as compared to the MUFA rich

diet. An inverse relationship has been shown between cir-

culating adiponectin levels and body fat percentage as well

as central body fat accumulation, specifically visceral

adiposity. Similarly, Piers et al. [106] substituted a SFA

rich diet with MUFA for 4 weeks in eight overweight and

obese men using a randomized crossover design to deter-

mine the effects on body weight and composition.

Assessment of body composition by dual energy X-ray

absorptiometry (DEXA) revealed a significant decrease in

body mass (-2.1 ± 0.4 kg; p = 0.0015) and fat mass (-

2.6 ± 0.6 kg; p = 0.0034) following the MUFA compared

to the SFA rich diet, albeit no differences in total energy or

fat intake were noted between diets. Furthermore, the

changes in body mass and fat mass were accompanied with

a decrease in waist-to-hip ratio after the MUFA rich versus

the SFA rich diets. The favorable modifications in body

composition and amelioration of weight gain after con-

sumption of MUFA compared to SFA have also been

observed in healthy subjects [107].

Of interest and as extensively reviewed by Bergouignan

et al. [82], MUFA is the primary fat composing adipose

tissue, however, there appears to be no direct relation

between MUFA intake and MUFA levels in adipose.

Rather SFA intake seems to be more closely associated

with endogenous MUFA levels [108, 109]. Bergouignan

et al. [82] hypothesized that in vivo desaturation of SFA

may be related to an increase in MUFA versus SFA in

adipose tissue. Furthermore, OLA preferentially accumu-

lates in subcutaneous fat versus visceral fat, whereas the

reverse exists with palmitate [110, 111]. Thus, since a

direct correlation exists between visceral fat and risk fac-

tors for metabolic syndrome [112], OLA concentrating in

subcutaneous fat versus visceral fat may be less athero-

genic. Moreover, dietary MUFA may be preferentially

oxidized as compared to other dietary fatty acids, as the

degree of fatty acid chain length and unsaturation may
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contribute to the partitioning of dietary fat to energy

expenditure versus energy storage [107, 113–116]. Fur-

thermore, the metabolism of dietary fat stimulates behav-

ioral changes in food intake preference [117]. Indeed,

evidence suggests that different dietary fats may elicit

varying effects on satiety and total energy intake [118].

Taken together, dietary MUFA consumption is associated

with maintenance of body weight and favorable shifts in

reducing central body fat adiposity, potentially ameliorat-

ing obesity risk.

Monounsaturated Fats and Cardiovascular Risk;

Epidemiological Evidence

As effects on risk markers may not directly translate into

effects on clinical outcomes of disease, it is thus critical to

assess effects of dietary MUFA on the primary clinical

endpoint of MetS, that is CVD morbidity and mortality.

Randomized controlled trials are considered the gold

standard for evaluating the causal relationship between

dietary intervention and chronic disease endpoints in

humans; however, to date no randomized controlled trials

have investigated dietary MUFA on CVD morbidity and/or

mortality as the clinical endpoint [1]. Consequently, Rudel

et al. [119] have challenged the cardioprotective effects of

MUFA, observing equal coronary artery atherosclerotic

effects between dietary MUFA and SFA in nonhuman

primates. However, it is acknowledged that results from

experimental animal models may not always extrapolate to

humans. Considering the substantial evidence presently

reviewed supporting the beneficial effects of dietary

MUFA on risk factors for MetS and CVD, additional evi-

dence is needed to uncover the discrepancy between human

epidemiological evidence and experimental animal models.

The following literature discusses the evidence from eco-

logical and prospective cohort studies on effects of MUFA

and CVD risk.

Ecological Studies

In a landmark epidemiological trial of 11,579 men aged

40–59 in the Seven Countries study, Keys et al. [8] pre-

sented important data revealing that areas consuming a

Mediterranean diet rich in OLA from olive oil, even

though higher in total fat (33–40% of energy), exhibited

lower incidence of CHD mortality. Indeed, in this 15 year

follow-up trial, data continued to emphasize the strong

inverse relationship between dietary MUFA, as well as the

ratio of dietary MUFA to SFA, and incidence of CHD

mortality. Conversely, Hegsted and Ausman [120] repor-

ted a positive correlation between dietary MUFA and

CHD mortality in men aged 35–74 from 18 countries. It is

important, however, to note the authors emphasized a

rather high correlation between MUFA and SFA intakes

and stated that SFA as a confounding variable compro-

mised conclusions linking dietary MUFA with increase

risk of CHD.

Prospective Cohort Studies

Large prospective cohort studies are considered to be the

strongest source of evidence of the observational studies.

Recently, a systematic review of 507 prospective cohort

studies confirmed the relationship between a Mediterra-

nean diet and decreased risk of CHD (RR = 0.66; 95% CI

0.57–0.75), evidence that was further confirmed as effec-

tive through pooled analysis of 94 randomized control

trials [1]. Of interest, analysis of the prospective cohort

studies revealed strong evidence of an inverse relationship

between dietary MUFA and CHD risk (RR = 0.81; 95%

CI 0.68–0.93). Conversely, Mente et al. also identified that

consumption of foods high in TFA and glycemic load

were attributed to increased CHD risk (RR = 1.32; 95%

CI 1.16–1.48; and RR = 1.33; 95% CI 1.13–1.52,

respectively). In a 14 year follow-up of 80,082 women in

the Nurses’ Health Study, a 5% increase in energy intake

from MUFA was associated with a relative risk of CHD of

0.81 (95% CI 0.65–1.00) [121]. Furthermore, it was esti-

mated that a 5 or 2% energy replacement of SFA or TFA

with MUFA decreased risk of CHD by approximately 30

and 50%, respectively, whereas a 5% energy replacement

of MUFA with CHO increased risk of CHD by approxi-

mately 25%. Results of the Finnish ATBC (Alpha-

Tocopherol, Beta-Carotene) Cancer Prevention Study

revealed that after adjustment for vitamin E, C, and

b-carotene intakes, an inverse association existed between

MUFA intakes and CHD mortality (RR between the

extreme quintiles = 0.73; 95% CI 0.56–0.95) [122].

Conversely, a pooled analysis of 11 American and Euro-

pean cohort studies conducted by Jakobsen et al. [14]

failed to identify a causal link between MUFA intake and

decreased CHD risk. These authors reported that a 5%

energy substitution of MUFA for SFA resulted in a hazard

ratio of 1.19 (95% CI 1.00–1.42) for CHD events and 1.01

(95% CI 0.73–1.41) for CHD deaths. The authors, how-

ever, discussed that the association of MUFA intakes with

CHD risk may be confounded by incomplete adjustments

for TFA intakes, as MUFA intakes in Westernized diets

are primarily from meat, dairy and hydrogenated oils

[123]. Moreover, data from the Nurses’ Health Study

reported a strong correlation between MUFA intakes and

SFA (r = 0.81) and TFA (r = 0.55) [121]. Taken toge-

ther, observational evidence supports dietary MUFA for
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reduction of CVD risk, however, results from large ran-

domized controlled trials are crucial to substantiate the

cardioprotective effects of dietary MUFA.

Conclusion

As dietary intervention remains the primary strategy for the

prevention of CVD risk, professional organizations con-

tinue to ascertain the optimal fatty acid profile for popu-

lation intake recommendations. This critical assessment of

randomized controlled trials demonstrates that dietary

MUFA prevent or ameliorate MetS and CVD risk by

favorably modulating blood lipids, blood pressure and

insulin sensitivity. Moreover, MUFA preferential oxidation

and metabolism influence body composition and poten-

tially ameliorate the risk of obesity (Fig. 1). Considering

dietary replacement of SFA, as compared to CHO, MUFA

are effective at preserving HDL-C levels, lowering TAG

levels, and improving insulin sensitivity; benefits which are

especially important in individuals with MetS and DM. As

compared to PUFA, MUFA have slightly less or compa-

rable plasma LDL-C and TC lowering effects, however,

ameliorate reductions in HDL-C levels, and potentially

provide hypotensive effects. The majority of epidemio-

logical data favor the cardioprotective activity of dietary

MUFA. More specifically, strong evidence from prospec-

tive cohort studies suggests that dietary MUFA are asso-

ciated with a 20% reduced risk in CHD events [1]. It has

also been well established that the intake of a Mediterra-

nean diet rich in MUFA contributes to reducing CHD in

both healthy adults and those with established chronic

disease.

In North America, where consumption of SFA and TFA

are in excess, a dietary movement is occurring to reduce

the content of these deleterious fats from commercial

production of foods. With the escalating use of MUFA rich

canola oil, replacing common dietary fats with canola oil

and canola-based spreads would increase the percentage of

North Americans complying with current dietary intake

recommendations for fatty acids [48]. Consumer awareness

of the health implication of dietary fats is increasing [124]

and there is a demand for modified dietary oils with a high

OLA content for the use in cooking and food preparation in

replace of partially hydrogenated oils rich in TFA and SFA

[31]. Novel dietary oils rich in OLA with enhanced oxi-

dative stability, such as high-oleic canola oil, provide an

attractive healthful alternative to increase dietary MUFA

and reduce SFA in commercial food use. With epidemio-

logical and human clinical research substantiating the

cardioprotective value of dietary MUFA, increasing pop-

ulation consumption of MUFA, specifically as a substitute

for SFA, will embark beneficial implication for MetS, CVD

and overall health.
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cardiovascular disease risk
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Abstract Sphingolipids are important components of cell

membranes that may also serve as cell signaling molecules;

ceramide plays a central role in sphingolipid metabolism.

The aim of this study was to examine the effect of 5 weeks

of aerobic training on key enzymes and intermediates of

ceramide metabolism in skeletal muscles. The experiments

were carried out on rats divided into two groups: (1) sed-

entary and (2) trained for 5 weeks (on a treadmill). The

activity of serine palmitoyltransferase (SPT), neutral and

acid sphingomyelinase (nSMase and aSMase), neutral and

alkaline ceramidases (nCDase and alCDase) and the con-

tent of sphingolipids was determined in three types of

skeletal muscle. We also measured the fasting plasma

insulin and glucose concentration for calculating HOMA-

IR (homeostasis model assessment) for estimating insulin

resistance. We found that the activities of aSMase and SPT

increase in muscle in the trained group. These changes

were followed by elevation in the content of sphinganine.

The activities of both isoforms of ceramidase were reduced

in muscle in the trained group. Although the activities of

SPT and SMases increased and the activity of CDases

decreased, the ceramide content did not change in any of

the studied muscle. Although ceramide level did not

change, we noticed increased insulin sensitivity in trained

animals. It is concluded that training affects the activity of

key enzymes of ceramide metabolism but also activates

other metabolic pathways which affect ceramide metabo-

lism in skeletal muscles.

Keywords Serine palmitoyltransferase �
Sphingomyelinase � Ceramidase � Sphingolipid

intermediates � Skeletal muscle � Training

Abbreviations

Cer Ceramide

dhCer Dihydroceramide

Sph Sphingosine

SPA Sphinganine

S1P Sphingosine-1-phosphate

SPA1P Sphinganine-1-phosphate

SPT Serine palmitoyltransferase

nCDase Neutral ceramidase

alCDase Alkaline ceramidase

nSMase Neutral sphingomyelinase

aSMase Acidic sphingomyelinase

Introduction

Sphingolipids are an important lipid class that is present in

all higher organisms. Ceramide (Cer) is the key compound

on the crossroads of sphingolipid metabolism. Ceramide

mediates a number of biological processes, including

apoptosis, proliferation, differentiation, growth arrest,

inflammation and heat stress response [1–4]. The variety of

cellular effects of ceramide can be attributed to its ability to

alter the activity of kinases, phosphatases and transcription

factors [5–7]. Other sphingolipid intermediates, such as

sphingosine (Sph), sphingosine-1-phosphate (S1P), cera-

mide-1-phosphate are also important second messengers

[8–12]. The cellular content of ceramide is determined by a

balance between the rate of its formation and degradation.
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There are two major types of ceramides production. One of

them is hydrolysis of sphingomyelin and the other one is de

novo biosynthesis. Sphingomyelin is located in the plasma

membrane, in lysosomes, and in endosomes. Its hydrolysis

is catalyzed by the neutral and acid sphingomyelinase

(n- and aSMase). De novo synthesis is initiated by

condensation of serine with palmitoyl-CoA to generate

3-ketosphinganine [13]. This, the rate-limiting step in de

novo sphingolipid biosynthesis is catalyzed by the enzyme

serine-palmitoyltransferase (SPT). 3-Ketosphingosine is

rapidly reduced to sphinganine (SPA) by the action of the

enzyme 3-ketosphinganine reductase. Next, SPA is acylated

to form dihydroceramide by the action of dihydroceramide

synthase. The last step of ceramide synthesis is conversion

of dihydroceramide to ceramide by insertion of a 4,5-trans-

double bond into dihydroceramide. This reaction is cata-

lyzed by the enzyme dihydroceramide desaturase [13].

Ceramide is hydrolyzed by the enzyme ceramidase (CDase)

to yield a free fatty acid and sphingosine. There are three

isoforms of ceramidase: acid (aCDase), neutral (nCDase)

and alkaline (alCDase). By the use of enzymatic assay and

Northern blot analysis almost no activity or mRNA of

aCDase was found in skeletal muscle [14].

Ceramide has been shown to be present in skeletal

muscle [15–17]. Its content in the muscles depends on the

muscle type. The higher content of ceramide was observed

in muscle composed mostly of oxidative fibers than in

muscle composed mostly of glycolytic fibers [16]. Skeletal

muscles are responsible for 70–80% of whole body insulin-

stimulated glucose uptake [18, 19]. Recent evidence sug-

gests that the accumulation of intramuscular lipids is

involved in the induction of insulin-resistance [20, 21].

One candidate for this action is ceramide [17]. The intra-

cellular level of ceramide is increased in the muscles of

obese, insulin-resistant Zucker rats [22] and obese insulin-

resistant humans [17]. Adams et al. reported that ceramide

content increased nearly twofold in skeletal muscles of

obese humans. It is also well known that trained subjects

are more insulin sensitive than sedentary subjects [23, 24].

A previous study showed that endurance training

decreases the total content of sphingomyelin and cera-

mides, increases the content of sphinganine, does not affect

the sphingosine content, and increases nSMase activity

[25]. Moreover, sphingolipid content and the activity of

enzymes of ceramide metabolism both depend on the

duration of exercise and muscle type [26]. In the mentioned

study, the ceramide level decreased after 30 min of running

but increased after exhaustive exercise [26]. Data obtained

from human skeletal muscle showed that training did not

change either ceramide content or nSMase activity [27].

There was no data on the effect of training on the activity

of SPT, acid sphingomyelinase and ceramidases in rat

skeletal muscles. Therefore the aim of the present study

was to examine the effect of training on the activity of key

enzymes of ceramide metabolism and selected sphingolipid

intermediates in skeletal muscle.

Materials and Methods

Animals and Study Design

The investigation was approved by the Ethical Committee

for Animal Experiments at the Medical University of

Bialystok. The experiments were carried out on male

Wistar rats (200–250 g) fed ad libitum on commercial food

pellets for rodents. Animals were housed in standard con-

ditions (21 ± 2 �C, 12 h light/12 h dark cycle) with free

access to tap water and food pellets. The animals were

randomly divided into two groups (N = 8 in each group):

(1) sedentary (control) (2) trained for 5 weeks on an

electrically driven treadmill according to the following

protocol [28]: 1st week 1 h daily at a speed of 960 m/h.

The same running time was applied during successive

weeks but the running speed was increased as follows: 2nd

week 1,200 m/h, 3rd week 1,440 m/h, 4th–6th week

1,680 m/h. This type of training was previously found to

affect ceramide metabolism in both cardiac and skeletal

muscle of the rat [25, 29]. Twenty four hours after the last

exercise bout in the training program, the rats were

anaesthetized along with the controls with pentobarbital

sodium administered intraperitoneally at a dose of 80 mg/kg.

The soleus and the red and white sections of the gas-

trocnemius were excised, cleaned of any visible adipose

tissue, nerves, and fascias and frozen in liquid nitrogen.

These muscles are composed predominantly of slow-twitch

oxidative, fast-twitch oxidative-glycolytic, and fast-twitch

glycolytic fibers, respectively [30, 31]. We used a homeo-

stasis model assessment for calculating insulin resistance

(HOMA-IR) in both groups.

The Content of Sphingosine, Sphinganine

and Sphingosine-1-phosphate

The content of Sph, SPA and S1P was measured using the

method previously described by Min et al. [32]. Internal

standards (C17-sphingosine and C17-S1P, Avanti Polar

Lipids) were added to the samples before homogenization

and ultrasonication. The dried lipid residues were redis-

solved in ethanol and sphingoid bases were converted to

their o-phthalaldehyde derivatives and analyzed on an

HPLC system (ProStar, Varian Inc.) equipped with a fluo-

rescence detector and C18 reversed-phase column (Varian

Inc. OmniSpher 5, 4.6 9 150 mm). The isocratic eluent

composition of acetonitrile (Merck): water (9:1 v/v) and a

flow rate of 1 ml/min were used. The column temperature

230 Lipids (2011) 46:229–238

123



was maintained at 33 �C. Figure 1 presents a chromatogram

showing the separation of sphingolipids. Figure 2 shows the

standard curve of SPA, Cer, Sph and S1P.

The Content of Ceramide and Dihydroceramide

A small volume of the chloroform phase containing lipids

extracted as described above was transferred to a fresh tube

containing 31 pmol of C17-sphingosine as an internal

standard. The samples were evaporated under a nitrogen

stream, redissolved in 1 M KOH in 90% methanol and

heated at 90 �C for 60 min to convert ceramide into

sphingosine. This digestion procedure does not convert

complex sphingolipids, such as sphingomyelin, galacto-

sylceramide or glucosylceramide, into free sphingoid bases

[33]. Samples were then partitioned by the addition of

chloroform and water. The upper phase was discarded and

the lower phase was evaporated under nitrogen. The con-

tent of free sphingosine liberated from ceramide was then

analyzed by means of HPLC as described above. The

calibration curves were prepared using N-palmitoylsp-

hingosine and N-palmitoylsphinganine (Avanti Polar Lip-

ids, Alabaster, AL, USA) as standards. The chloroform

extract used for the analysis of Cer and dhCer levels also

contains small amounts of free sphingoid bases. Therefore,

the content of ceramide and dihydroceramide was cor-

rected for the level of free sphingosine and sphinganine,

respectively, as determined in the same sample.

The Activity of Sphingomyelinases

The activity of n- and aSMase was determined according to

Liu and Hannun [34]. The activity of both sphingomy-

elinases was measured with the use of radiolabeled sub-

strate [N-methyl-14C]-sphingomyelin (Perkin-Elmer Life

Sciences). The product of reaction—14C-choline phos-

phate—was extracted with CHCl3:methanol (2:1, v/v),

transferred to scintillation vials and counted using a

Packard TRI-CARB 1900 TR scintillation counter.

The Activity of Ceramidases

The activity of alCDase and nCDase was measured by the

method of Nikolova-Karakashian and Merrill [35]. The

activity of the enzymes was determined with the use of

radiolabeled [N-palmitoyl-1-14C]-sphingosine (Moravek

Biochemicals) as a substrate. Unreacted ceramide and

liberated 14C-palmitate were separated with basic Dole

solution (isopropanol:heptane:1 N NaOH, 40:10:1, v/v/v).

Radioactivity of the 14C-palmitate was measured by scin-

tillation counting.

The Activity of Serine Palmitoyltransferase

The activity of SPT was examined as described by Merrill

[36] with the use of a radiolabeled substrate, [3H]-L-serine

(Moravek Biochemicals). Briefly, rat skeletal muscle

microsomal fraction was obtained by ultracentrifugation at

150,000g for 40 min. Microsomes were incubated for 10 min

at 37 �C in the reaction buffer (100 mM HEPES (pH 8.3),

5 mM DTT (dithiothreitol), 2.5 mM EDTA (pH 7.0), 50 lM

pyridoxal phosphate, 200 lM palmitoyl-CoA and 2 mM

L-serine, 44,000 dpm/nmol). The labeled lipid product 3-ke-

tosphinganine was extracted with CHCl3:methanol (1:2, v/v)

and the radioactivity was measured by scintillation counting.

Plasma Insulin and Glucose Concentration

The plasma insulin concentration was determined using an

ELISA kit (Mercodia Insulin ELISA kit). The plasma

glucose concentration was measured using the Glucose Ox

Liquid Kit (Pointe Scientific).

Plasma Free Fatty Acids (FFA) Concentration

The FFA concentration was determined using the Wako

NEFA C kit (Wako Chemicals).

Statistical Analysis

All data are presented as means ± SD. Data were analyzed

by one-way analysis of variance (ANOVA), followed by

the Newman–Keuls post hoc test. p values \0.05 were

taken to indicate statistical significance.

Results

Plasma FFA, Glucose and Insulin Concentration

and HOMA-IR

The cellular ceramide level depends on the availability of

plasma FFA. Circulating FFA must be converted to their

Fig. 1 HPLC chromatography separation of sphingolipids
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active form—fatty acyl coenzyme A—after entering the

cell in order to participate in further metabolic processes.

Acyl-CoA is used as a substrate in the de novo sphingo-

lipids biosynthesis. In our study the plasma FFA concen-

tration decreased from 260 ± 17 nmol 9 ml-1 (control

group) to 111.06 nmol 9 ml-1 (p \ 0.01) (training group)

(Table 1). To estimate the insulin sensitivity we measured

fasting plasma insulin and glucose concentration for

HOMA-IR calculation. The equation for calculating

HOMA-IR was as follows: HOMA-IR = (fasting plasma

glucose 9 fasting plasma insulin)/2,430, where fasting

plasma glucose was in mg/dl and fasting plasma insulin in

lU/ml [37]. Both plasma glucose and insulin concentration

were significantly lower in the trained group compared to

the sedentary group (Table 1). We found that HOMA-IR

values were lower in the trained group (HOMA-IRtrained =

0.54) than in the sedentary group (HOMA-IRsedentary =

1.13) which means that exercised animals were more

insulin sensitive than sedentary rats.

The Content of Skeletal Muscle Sphingolipids

(Table 2)

Sphingolipids, especially ceramides, are very active bio-

logically and mediate a number of biological processes. It

seems that ceramides play an important role in the induc-

tion of different diseases states such as insulin resistance

[38, 39]. Data from our previous study showed that

ceramide metabolism changes with the duration of single-

bout exercise [26]. In the present study we wanted to

examine how training affects sphingolipids content and

enzymes activities implicated in ceramide metabolism in

skeletal muscle. Therefore we measured the content of the

following sphingolipids: sphingosine, sphingosine-1-phos-

phate, sphinganine, sphinganine-1-phosphate (SPA1P),

ceramides and dihydroceramide (dhCer). The content of

Sph (Fig. 3a) and S1P (Fig. 3b) did not change in any

Fig. 2 Standard curve of

sphinganine (a), ceramides (b),

sphingosine (c), sphingosine-1-

phosphate (d)

Table 1 Effect of training on plasma free fatty acid, glucose and

insulin concentration

Control Training

Plasma FFA concentration

(nmol 9 ml-1)

260 ± 17 111.06 ± 15b

Plasma glucose concentration

(mg/dl)

140.76 ± 16.6 90.18 ± 11.8a

Plasma insulin concentration

(lU/ml)

19.6 ± 2.4 14.6 ± 2.1a

HOMA-IR 1.13 ± 0.10 0.54 ± 0.04b

Values are means ± SD (n = 8 in each group). The rats were either

sedentary (control) or trained on the electrically driven treadmill as

described in the methods

HOMA-IR = [fasting glucose (mg/dl) 9 fasting insulin (lU/ml)]/

2,430

FFA free fatty acids
a p \ 0.01, b p \ 0.001 versus the control group
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studied muscle after endurance training. SPA level

increased by 52% (p \ 0.01) and 41% (p \ 0.01) in the

soleus and red section of the gastrocnemius, respectively,

compared to the control group. There was no difference in

the SPA content in the white section of the gastrocnemius

between trained and sedentary groups (Fig. 3c). The con-

tent of sphinganine-1-phosphate increased in both sections

of the gastrocnemius in trained animals. In the red section

of the gastrocnemius the SPA1P level was 50% (p \ 0.01)

higher than in the same muscle in the control group. In the

white section of the gastrocnemius the SPA1P level was

almost four times higher (p \ 0.001) then in the same

muscle from the sedentary group (Fig. 3d). The content of

ceramide and dhCer did not change in any studied muscle

from the trained group (Fig. 3e, f).

The Enzymes of Ceramide Metabolism (Table 3)

The activities of the key enzymes implicated in ceramides

metabolism: SPT, nSMase, aSMase (enzymes responsible

for ceramides generation) and nCDase and alCDase

(enzymes responsible for ceramides degradation) were

measured. There are limited data about the activity of the

above-mentioned enzymes in skeletal muscle. The only

available data on the activity of all the enzymes in muscle

refer to the enzymes’ activity at rest, after a single-bout of

exercise [26], from diabetic and healthy animals with

increased plasma FFA concentration [40] and from animals

fed high fat diets [41]. In the present study the activity of

SPT increased in each studied muscle in the trained group.

The enzyme activity was almost two times (p \ 0.001),

three times (p \ 0.001) and almost four times (p \ 0.001)

higher in the soleus, red, and white section of the gas-

trocnemius, respectively, compared to the control group

(Fig. 4a).

In the soleus, there was no difference in nSMase activity

between the control and trained groups. In the red and

white sections of the gastrocnemius, the activity of nSMase

increased by 30% (p \ 0.01) and by 41% (p \ 0.001),

respectively, compared to the control group (Fig. 4b).

The activity of the aSMase increased in each studied

muscle in the trained group. The enzyme activity was 1.5

(p \ 0.001), 2.5 (p \ 0.001) and 2.3 times (p \ 0.001)

higher in the soleus, red and white sections of the gas-

trocnemius respectively, compared to the control group

(Fig. 4c).

The activity of nCDase decreased by 19% (p \ 0.05)

and by 30% (p \ 0.05) in the soleus and white section of

the gastrocnemius respectively, compared to the control

group. The enzyme activity did not change in red section of

the gastrocnemius (Fig. 5a).

The activity of alkaline ceramidase (alCDase) decreased

by 21% (p \ 0.05), 24% (p \ 0.05) and 34% (p \ 0.01) inT
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the soleus, red and white sections of the gastrocnemius

respectively, compared to the control group (Fig. 5b).

Discussion

Endurance training induces several changes in lipid

metabolism in skeletal muscles. The major change is an

increased capacity of the muscles to utilize free fatty acids

as a source of energy. Certain changes in phospholipid

content and composition and the content of triacylglycerols

have been also described [42, 43]. Recent research has

provided information on the role of sphingolipids in

induction of insulin resistance. Therefore, knowledge of

how the ceramide metabolism can be changed seems to be

very important for the invention of new treatments to

prevent ceramide accumulation. Ceramide metabolism is

changed in muscle in rats fed a high fat diet [41], diabetic

and healthy animals with increased plasma FFA concen-

tration [40], and also after a single-bout of exercise [26].

There are very few data in the literature concerning the

effect of training on the activity of the key enzymes of

ceramide metabolism in skeletal muscle. Our results sug-

gest that the regulation of ceramide metabolism depends on

Fig. 3 Effect of training on the content of sphingosine (a), sphingo-

sine-1-phosphate (b), sphinganine (c), sphinganine-1-phosphate (d),

ceramide (e) and dihydroceramide (f) in three types of rat skeletal

muscles. Values are means ± SD (n = 8 in each group). The rats

were either sedentary (control) or trained on an electrically driven

treadmill as described in the methods. bp \ 0.01, cp \ 0.001 versus

the control group. RG, red section of the gastrocnemius; WG, white
section of the gastrocnemius

234 Lipids (2011) 46:229–238

123



the type of exercise. We found that the short-time exercise

caused a reduction in ceramide content but exhaustive

exercise led to an elevated ceramide content in muscle

[26]. Data from the current study show that training affects

the ceramide metabolism in a different way to single-bout

exercise. The ceramide level does not change in the trained

group although the activities of the key enzymes of cera-

mide metabolism changed. The data regarding the content

of ceramide are in agreement with the results reported

previously, where 8 week training did not affect the cera-

mide content in rat gastrocnemius muscle [44]. In human

skeletal muscle, training did not change the total ceramideT
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Fig. 4 Effect of training on the activity of a serine palmitoyltrans-

ferase, b neutral sphingomyelinase, c acid sphingomyelinase in three

types of rat skeletal muscles. Values are means ± SD (n = 8 in each

group). The rats were either sedentary (control) or trained on an

electrically driven treadmill as described in the methods. bp \ 0.01,
cp \ 0.001 versus the control group. RG, red section of the

gastrocnemius; WG, white section of the gastrocnemius
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content [27]. However, there are also conflicting data on

the ceramide content in trained muscle. Experiments per-

formed on obese subjects showed that endurance training

reduces ceramide content and improves glucose tolerance

[45, 46]. It must be mentioned that in these cases, obese

people were examined and the ceramide metabolism in

obesity can be different than in lean subjects. However, in

the literature, there are also data showing that ceramide

content decreases in muscle from trained rats [25]. The

possible explanation of this discrepancy could be different

analytical techniques used for measurement of the cera-

mide level in these two studies. In the mentioned work,

ceramide content was measured by means of gas–liquid

chromatography (GLC) after transmethylation of the cer-

amide fatty acids. Ceramide was purified by means of thin

layer chromatography (TLC). The total content of different

ceramides was measured including species containing:

sphingosine, sphinganine, phytosphingosine, and homologs

as a sphingoid base.

In our work, we have demonstrated that ceramide gen-

eration increased (increased activity of SPT, nSMase and

aSMase) and decreased ceramides degradation (decreased

activity of both CDases isoforms). Because of increased

activity of enzymes responsible for ceramide production

and decreased activity of enzymes responsible for cera-

mides degradation, we would expect to have an elevated

ceramide content in the muscle, but we did not notice any

changes in the ceramides level. We also did not observed

any changes in muscle dihydroceramide content between

trained and sedentary groups. This suggests that in the

trained muscle other enzymes responsible for ceramides

degradation/conversion are activated. We suspect that

ceramide kinase, sphingomyelin synthase or glucosylcera-

mide synthase are activated. Contribution of these path-

ways to regulation of ceramide content has not been

recognized, so far.

Presently, we reported increased activity of SPT

(enzyme catalyzing the reaction of condensation of serine

and palmitoyl-CoA) and elevated content of sphinganine

(main intermediate in sphingolipids de novo biosynthesis)

in trained muscle. The elevation in the activity of SPT and

the SPA content during exercise strongly indicates that

physical exercise augments de novo sphingolipids synthe-

sis in the muscles. The accumulation of SPA in the skeletal

muscles of trained rats was observed also in the former

study [25]. In our work we have observed an increased

content of sphinganine-1-phosphate. It seems that sphin-

ganine is directed to SPA1P instead of dhCer in the de

novo synthesis pathway. Unfortunately, we have been

unable to compare results from SPT activity and SPA1P

content with any others because there is no information

about SPT activity and SPA1P content in trained muscle.

Moreover, we also noticed increased activity of both

isoforms of sphingomyelinases. We assume that increased

nSMase activity is the effect of an increased content of

TNF-a. During exercise TNF-a concentration increases and

this agent is well known as an SMase activator [47].

Increased activity of nSMase was also previously observed

in trained rat muscles [25]. In the literature there are also

conflicting results related to nSMase activity. Data from

trained muscle in human subjects showed that training does

not affect nSMase activity [27].

Besides increased activities of enzymes responsible for

ceramide production (SPT, n- and aSMase), we have

simultaneously observed decreased activity of both iso-

forms of CDases. We cannot compare this result with any

others studies because this is the only study when the

enzymes activities were measured in trained muscles. In

our work we did not observe any changes in Sph content

and this result is in line with the results obtained previously

[25].

It is well known that accumulation of ceramides, dia-

cylglycerols and LCACoA in skeletal muscle is responsible

for induction of insulin resistance. In our work, although

ceramide content did not change in trained muscle,

increased insulin sensitivity was observed—HOMA-IR

Fig. 5 Effect of training on the activity of neutral (a) and alkaline

(b) ceramidase in rat skeletal muscle. Values are means ± SD (n = 8

in each group). The rats were either sedentary (control) or trained on

the electrically driven treadmill as described in the methods.
ap \ 0.05, bp \ 0.01, cp \ 0.001 versus the control group. RG, red
section of the gastrocnemius; WG, white section of the gastrocnemius
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values were significantly lower in trained animals com-

pared to sedentary rats (Table 1).

In summary, ceramide content does not change in the

trained group although the animals were more insulin

sensitive, Moreover, the activity of enzymes responsible

for ceramide production (SPT, nSMase, aSMase) increased

and the activity of enzymes responsible for ceramide

degradation (nCDase, alCDase) decreased. These results

suggest that in trained muscle other metabolic pathways are

activated and have an effect on the ceramide content.
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Abstract This study was conducted to examine dietary

tea catechins (TC) supplementation on the fatty acid

composition of muscle and ruminal bacteria in goats fed a

maize stover-based diet. Forty goats, 8 months old

(16.2 ± 1.2 kg), were randomly divided into four equal

groups (10 animals in each group) and assigned to four

experiment diets with TC supplementation at four levels

(0, 2,000, 3,000 and 4,000 mg TC/kg feed, namely TC0,

TC2000, TC3000 and TC4000, respectively). After a

60-day feeding period, all the goats were slaughtered and

sampled. The results showed that dietary TC inclusion

increased the average daily gain (ADG), protein content

in the semimembranosus muscle and dry matter in the

longissimus dorsi muscle (LD). Dietary TC supplementa-

tion increased the ratio of n-6 to n-3 fatty acid, the ratio of

polyunsaturated fatty acids to saturated fatty acids was

higher in TC3000 and TC4000 than in TC0 and TC2000 for

LD. The current results implied that dietary inclusion of a

suitable TC dose could improve the growth performance and

increase the proportions of unsaturated fatty acids in muscle,

and the biohydrogenation of ruminal microorganisms

might change the profiles of fatty acids in the muscle of

growing goats.

Keywords Goats � Tea catechins � Fatty acids �
Biohydrogenation

Abbreviations

ADF Acid detergent fiber

CLA Conjugated linoleic acid

CP Crude protein

DM Dry matter

GM Gluteus medius muscle

IMF Intramuscular fat

LD Longissimus dorsi muscle

MUFA Monounsaturated fatty acid(s)

ME Metabolizable energy

NDF Neutral detergent fiber

OM Organic matter

PUFA Polyunsaturated fatty acid(s)

SFA Saturated fatty acid(s)

SM Semimembranosus muscle

TC Tea catechins

UFA Unsaturated fatty acid(s)

Introduction

Ruminants have a relatively high ratio of saturated to

unsaturated fat acids in their body lipids. A low intake of

saturated fat and an increased polyunsaturated to saturated

fatty acid ratio (PUFA:SFA) in the diets are associated with

a low risk of human coronary heart disease [1]. However,

the level of PUFA consumed by the general population is
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currently considered to be inadequate [2]. Hence, many

animal scientists have been focusing on how to produce

PUFA fortified animal products (meat, eggs and milk) for

human beings.

In the past decades, the interest has been focused on the

effects of antioxidants on nutrient digestibility, microbial

nitrogen synthesis, and fatty acid profiles of meat in

ruminants [3]. Dietary supplementation of antioxidants

could improve total carbohydrate, neutral and acid deter-

gent fiber (ADF and NDF) digestibility, and the amount of

digested feed nitrogen converted to microbial nitrogen in

dairy cows [4]. Furthermore, antioxidant supplementation

could result in ruminal microbial metabolic changes, which

were beneficial to cellulolytic activity [4] and growth of

rumen microbes [5]. Researchers have demonstrated that

dietary antioxidants might increase the PUFA content of

meat in ruminants. Vázquez-Añón et al. [4] suggested that

inclusion of dietary antioxidants could protect fatty acids

from further peroxidation with a reduction in the toxic

effect of unsaturated fatty acids on rumen microbes.

Meanwhile, antioxidants might act as electron donors to

provide the electrons for the reduction of some UFA, and

be metabolized to these donors by microorganisms in the

rumen [6].

Tea catechins (TC), a predominant group of polyphenols

in green tea leaves (Camellia sinensis L.), comprise mainly

four compounds namely (-)-epicatechin (EC), (-)-epi-

catechin gallate (ECG), (-)-epigallocatechin (EGC), and

(-)-epigallocatechin gallate (EGCG) [7]. The TC have

many biological functions, especially the anti-oxidative

function. Its anti-oxidative properties as the dietary sup-

plement have already been studied in dairy [5], chicken [8]

and pig [9] using in vivo or vitro experiments. However,

few trials have been conducted to study the effect of dietary

TC supplementation on enhancing PUFA content of goat

meat in a practical feeding system. The objective of this

study was to investigate the effect of dietary TC supple-

mentation on fatty acids profiles of ruminal bacteria and

relevant tissues in goat kids.

Materials and Methods

The experiment was conducted according to the animal

care and the use guidelines of the Animal Care Committee,

Institute of Subtropical Agriculture, The Chinese Academy

of Sciences, Changsha, China.

Reagent and Materials

All commercial kits used were obtained from Jiancheng

Biology Co., Nanjing, China. All other general laboratory

chemicals used for analysis were ‘‘AnalaR’’ grade. Tea

catechins (TC) (purity of 80.86%) were extracted from green

tea leaves (Camellia sinensis L.) by using high pressure

liquid chromatography (HPLC) (Model Waters600, Waters

Corp., Milford, USA) analysis according to the procedure

reported previously [10] at Hunan Agriculture University,

Changsha, Hunan, China. The TC were mainly composed

of, by weight, caffeine (CAF) (0.75%), (?)-catechin and

(-)-catechin (DL-C) (1.61%), EC (5.77%), EGC (0.47%),

ECG (13.03%), (-)-gallocatechin gallate (GCG) (1.56%),

and EGCG (57.67%).

Animal Management and Diet Preparation

Forty castrated Liuyang black male goats (a local breed)

with an average age of 8 months ± 10 days, an average

initial body weight of 16.2 ± 1.2 kg and the same genetic

background were randomly divided into four equal groups

(10 animals in each group) and assigned to four experiment

diets for 60 days of the feeding trial, respectively. The

control group (TC0) was fed the basal diet without TC

supplementation. The other three groups were fed the basal

diet with dietary TC supplementation at the levels of 2,000

(TC2000), 3,000 (TC3000) and 4,000 (TC4000) mg

TC kg-1 feed (on DM basis). The ingredients and chemical

composition of the basal diet, formulated according to

NRC (1981) [11], are given in Table 1. Before the com-

mencement of the trial, each group was allowed a 2-week

adaptation period to the diets, respectively, and the average

voluntary feed intake was measured. During the formal

feeding period, each kid was fed twice daily (08:00 and

Table 1 The ingredients and chemical composition of the basal diet

Ingredient (% of DM) Chemical composition

Maize stover 45 DM (%) 89.8

Ground corn 25 OM (% of DM) 92.7

Soybean meal 15 ME (Mcal/kg DM)b 2.75

Wheat bran 11.2 CP (% of DM) 12.3

Urea 0.2 NDF (% of DM) 36.7

Calcium carbonate 0.9 ADF (% of DM) 24.2

Calcium bicarbonate 0.6 Calcium (% of DM) 0.92

Sodium chloride 0.6 Total phosphorus

(% of DM)

0.74

Minerals and

vitamins salta
1.5

DM dry matter, OM organic matter, ME metabolizable energy, CP
crude protein, NDF neutral detergent fiber, ADF acid detergent fiber
a Contained per kg: 227 g MgSO4�H2O, 12.5 g FeSO4�7H2O, 2.8 g

CuSO4�5H2O, 12.2 g MnSO4�H2O, 13.4 g ZnSO4�H2O, 20 mg

Na2SeO3, 50 mg KI, 35 mg CoCl2�6H2O, 90,000 IU vitamin A,

17,000 IU vitamin D, and 17,500 IU vitamin E.
b Metabolic energy (ME) was calculated according to NRC (1981) [11]
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20:00 hour) with the amount of 578 g DM diets (determined

by the average voluntary feed intake) and recorded the orts

daily. Each goat was assigned to a single finishing barn as an

experiment unit with an average room temperature of

24 ±1 �C with free access to fresh water. After 60 days of

the feeding period, all goats were humanely slaughtered and

samples were collected.

Slaughtering Procedure and Samples Preparation

After 60 days of feeding period, all kids were weighed

(average weight was 17.5 ± 1.4 kg) and slaughtered

under the commercial procedures, which was maintained

according to the animal ethic committee of the Institute of

Subtropical Agriculture. After slaughter, the goat carcasses

were hung to remove the skin, head (at the occipito-atlantal

joint), fore feet (at the carpal-metacarpal joint), hind feet

(at the tarsal-metatarsal joint), gastrointestinal tract and

visceral organs such as lung, liver, heart and kidney. About

1,000 g rumen fluid contents (mixed well) were collected

from the rumen of the freshly slaughtered goat. Then,

carcasses were cooled at 4 �C for 1 h in total darkness, and

the left half-carcass was used for meat quality measure-

ment. Muscles were separated from the carcass, and all

external fat and connective tissue were removed within

24 h postmortem. About 200 g of left LD (from the 6th to

10th rib), 200 g gluteus medius muscle (GM) and 200 g

semimembranosus muscle (SM) were sampled, respec-

tively. Then, 100 g LD, GM and SM were, respectively,

freeze-dried for analysis of intramuscular fat (IMF), crude

protein (CP), ash and DM, and 50 g LD was taken and cut

into slices and stored at -20 �C for determination of the

fatty acid composition.

Analytical Procedure

At the beginning and end of the feeding trial, the weight of

the goats was measured, which was used to measure the

average daily gain of goats. The DM, CP, IMF and ash

contents of LD, GM and SM were determined according to

the method of the Association of Official Analytical

Chemists [12]. Samples of LD were analyzed for fatty acid

composition according to the following procedure. Tissue

samples were homogenized and lipids were extracted from

LD with chloroform/methanol (2:1). About 2 g of a muscle

sample was combined with 10 ml of extraction solution

(chloroform/methanol, 2:1, by vol) and 3 ml distilled

water, and then extracted for 2 h at room temperature.

After vacuum filtration, residues were rinsed with 10 ml of

chloroform and then again filtered. The filtered solution

was centrifuged at 5,000 rpm for 10 min. The upper layer

(methanol and water layer) was removed and the bottom

layer was sucked into the test tubes. These tubes were

placed in a water bath at 37 �C for evaporating the chlo-

roform using dry nitrogen. Then the extracts were stored at

-40 �C until required for analysis. After extraction of the

fat, fatty acid methyl esters were prepared for gas chro-

matography analysis. Briefly, 2 mg of extracted lipids were

placed in a glass vial, and then 1.5 ml hexane, 100 ll

methyl acetate and 100 ll sodium methoxide were added

to the vial and thoroughly mixed. The mixture was kept for

20 min at 20 �C, and then 10 min at -20 �C in a refrig-

erator. Afterward, the vial was taken out of the refrigerator,

and 60 ll of oxalic acid was added quickly. After centri-

fuging at 5,000 rpm for 10 min and discarding the deposit,

the supernatant solution was dried over Na2SO4 and stored

for future injection.

According to Kramer et al. [13], gas chromatography

analyses of methyl esters were performed with the Agilent

Technologies 6890N gas chromatograph (Agilent Tech-

nologies Inc., Palo Alto, CA, USA), fitted with a flame

ionization detector. Separation was carried out on a

CP-Sil88 fused silica open tubular capillary column

(100 m 9 0.25 nm) (Chrompack, Bridgewater, NJ, USA).

The oven temperature started at 45 �C for 4 min, it was

raised 13 �C/min to 175 �C; held for 27 min at 175 �C;

increased 4 �C/min to 215 �C and held for 35 min at

215 �C. Injector and detector temperatures were 250 �C.

The carrier gas was hydrogen at a flow rate of 30 ml/min.

Identification of fatty acid methyl esters was accomplished

by comparing their retention time with a GC reference

standard (GLC 463, Nu-Chek Prer Inc, Elysian, MN).

Four specific isomers of conjugated linoleic acid (CLA)

(18:2c9,t11, 18:2t10,c12, 18:2c9,c11 and 18:2t9,t11; Mat-

reya LLC, USA) were used for CLA identification

according to the procedure described by Destaillats and

Angers [14]. Fatty acid methyl esters were quantified by

determining areas under the identified peaks. Results were

expressed as a proportion of each fatty acid methyl ester in

relation to the total methyl esters detected.

The fatty acid composition of the ruminal solid-associated

bacteria was measured according to the following procedure

modified by Bas et al. [15]. 200 ml ruminal samples col-

lected from each goat were pooled the rest of the group

immediately and squeezed using four layers of cheesecloth.

The liquid phase was centrifuged at 8009g for 15 min at

4 �C. The precipitate was added to the particles retained on

the cheesecloth, then particles were blended (200 g of par-

ticles plus 200 ml of 0.9% cold NaCl) in a blender for 1 min,

squeezed through four layers of cheesecloth, and then

washed with 200 ml of 0.9% cold NaCl and squeezed again.

The filtrates were centrifuged at 27,0009g for 30 min at

4 �C to obtain a pellet that contained solid-associated bac-

teria. Bacterial isolates were freeze-dried and ground using a

mortar and pestle for later analysis of the fatty acid compo-

sition of the ruminal bacteria.
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Statistical Analysis

All data were subjected to analysis of variance (ANOVA)

using the generalized linear model procedure of SAS

(2002). The main effect tested was the TC supplementation

level for all variables. The following statistical model was

used for data analysis:

Yij ¼ lþ Ti þ eij

where Yij is dependent variables, l is the overall mean, Ti is

the effect of treatment (i = 1, 2, 3, 4), and eij is the random

residual error. Where the effects of treatment were signif-

icant, differences among means were tested with Duncan’s

multiple range tests. Statistical significance was declared at

P B 0.05.

Results

Chemical Composition of Fresh Meat

Effects of TC supplementation on chemical composition

(fresh basis) of muscle are listed in Table 2. The TC sup-

plementation decreased (linear, P \ 0.01; quadratic and

cubic, P \ 0.001) moisture content of LD, and TC2000

treatment was found to have the highest DM content

among all the groups. Dietary TC inclusion had a cubic

effect (P \ 0.05) on IMF content of SM, the least value

occurred at TC3000 treatment. The ash content of LD in

TC groups decreased significantly (P \ 0.05) compared to

control group, TC inclusion had a quadratic effect

(P \ 0.01) on ash content of SM. The CP content of SM

linearly increased (P \ 0.05) in response to TC supple-

mentation, and control group had the lowest value. On the

other hand, the average daily gains of TC0, TC2000,

TC3000 and TC4000 groups were observed for 14.2, 17.2,

28.4 and 27.5 g/day, respectively. The results showed that

TC supplementation had a linear and a cubic increase

effect (P \ 0.001) on the ADG of goats. All TC supple-

mentation groups had a higher ADG than the control group

(P \ 0.05), and TC3000 and TC4000 had higher values

than the TC2000 treatment.

Fatty Acid Composition of the Longissimus Dorsi

Muscle

Effect of TC supplementation on the fatty acid composition

of LD is presented in Table 3. For SFA, TC supplemen-

tation had no significant effect on the fatty acid proportions

of 10:0, 12:0, 14:0, 16:0, 17:0, and 18:0, but the proportion

of 15:0 decreased linearly (P \ 0.001) with increasing TC

supplementation levels; TC3000 and TC4000 had lower

Table 2 Effect of dietary TC supplementation on chemical composition (fresh basis) of longissimus dorsi (LD), gluteus medius (GM) and

semimembranosus (SM)

Item Treatment SEM TC effect (PB)

TC0 TC2000 TC3000 TC4000 Linear Quadratic Cubic

Moisture (%)

LD 76.6a 72.9c 74.8b 75.6b 0.33 ** *** ***

SM 76.2 76.1 76.3 75.8 0.40 ns ns ns

GM 76.2 75.2 76.4 75.4 0.36 ns ns ns

IMF (g/kg)

LD 23.0 32.8 25.5 28.2 0.32 ns ns ns

SM 22.9a 22.4a 17.4b 21.7a 0.11 ns ns **

GM 25.4 31.4 28.5 22.7 0.26 ns ns ns

Ash (%)

LD 1.54a 1.31b 1.11b 1.15b 0.063 *** ** ns

SM 1.36ab 1.57a 1.44a 1.12b 0.093 ns ** ns

GM 1.21 1.23 1.07 1.02 0.073 ns ns ns

CP (%)

LD 18.5 21.2 19.7 19.2 0.08 ns ns ns

SM 18.6b 19.0a 19.0a 19.3a 0.11 * ns ns

GM 18.8 19.3 18.2 19.3 0.15 ns ns ns

Mean values with different superscripts in the same row differ significantly (P \ 0.05)

SEM standard error of means, TC0 No TC, TC2000 2,000 mg TC/kg feed, TC3000 3,000 mg TC/kg feed, TC4000 4,000 mg TC/kg feed, IMF
intramuscular fat, CP crude protein, ns not significant

* P \ 0.05, **P \ 0.01, ***P \ 0.001
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proportions of SFA when compared to the control group.

For MUFA, there was no significant effect on the fatty acid

proportions of 14:1, 16:1, 9t18:1, 11t18:1 and 12c18:1 with

TC supplementation; but TC3000 had higher proportion of

11c18:1, TC2000 had a lower proportion of 11c20:1, and

all TC treatments had higher proportions of 9c18:1 and

MUFA. For PUFA, TC supplementation had no significant

effect on fatty acid proportions of 9c12c18:2, 20:3, 20:5,

Table 3 Effect of dietary TC supplementation on fatty acid composition of fresh longissimus dorsi (LD) (% total fatty acids)

Item Treatment SEM TC effect (PB)

TC0 TC2000 TC3000 TC4000 Linear Quadratic Cubic

10:0 0.18 0.14 0.14 0.17 0.017 ns ns ns

12:0 0.11 0.08 0.13 0.10 0.014 ns ns ns

14:0 2.13 2.14 2.00 1.85 0.304 ns ns ns

15:0 0.62a 0.56a 0.39b 0.29b 0.038 *** ns ns

16:0 26.8 27.2 26.0 26.0 0.54 ns ns ns

17:0 1.63 1.54 1.29 1.10 0.204 ns ns ns

18:0 17.9 15.4 15.6 15.9 1.37 ns ns ns

14:1 0.10 0.08 0.08 0.07 0.018 ns ns ns

16:1 2.54 2.56 2.54 2.29 0.305 ns ns ns

9t18:1 0.68 0.62 0.65 0.65 0.049 ns ns ns

11t18:1 0.72 0.49 0.77 0.68 0.142 ns ns ns

9c18:1 40.1b 43.9a 42.9a 43.6a 0.59 *** * ns

11c18:1 0.07b 0.04b 0.29a 0.04b 0.076 * ** ***

12c18:1 1.56 1.53 1.54 1.58 0.113 ns ns ns

11c20:1 0.41a 0.21b 0.40a 0.37ab 0.054 ns ns *

9c12c18:2n-6 1.80ab 1.15b 2.36a 2.18ab 0.343 ns ns ns

9t12t18:2n-6 0.09c 0.44a 0.12b 0.10c 0.006 *** *** ***

a-18:3n-3 0.17bc 0.10c 0.28a 0.25ab 0.034 * ns **

20:3n-6 0.07 0.06 0.08 0.06 0.018 ns ns ns

20:4n-6 1.23ab 0.87b 1.59ab 1.92a 0.269 ns *** ***

20:5n-3 0.30 0.30 0.27 0.28 0.054 ns ns ns

22:4n-6 0.03 0.13 0.07 0.06 0.011 ns ns ns

22:5n-3 0.24 0.18 0.28 0.19 0.040 ns ns ns

22:6n-3 0.06 0.04 0.03 0.04 0.012 ns ns ns

9c11tCLA 0.15a 0.07b 0.10ab 0.08b 0.020 * ns ns

11c13tCLA 0.10 0.07 0.07 0.08 0.014 ns ns ns

10t12cCLA 0.10a 0.05b 0.05b 0.07ab 0.012 * * ns

8c10c/11c13cCLA 0.04 0.05 0.03 0.02 0.007 ns ns ns

SFA 49.4a 47.2ab 45.5b 45.4b 0.87 ** ns ns

MUFA 46.2b 49.5a 49.2a 49.3a 0.67 ** ns ns

PUFA 4.39b 3.50c 5.30a 5.33a 0.293 ** * **

Total CLA 0.38a 0.24b 0.25b 0.25b 0.061 *** * ns

Total n-6 1.42b 1.50b 1.85ab 2.14a 0.148 ** ns ns

Total n-3 0.78a 0.62b 0.84a 0.76a 0.032 ns * ***

n-6/n-3 1.77b 2.40a 2.23ab 2.81a 0.192 ** ns ns

PUFA/SFA 0.10b 0.07c 0.12a 0.12a 0.007 ** ** **

Total fatty acids g/kg 20.2 23.7 24.9 26.2 5.11 ns ns ns

Mean values with different superscripts in the same row differ significantly (P \ 0.05)

SEM standard error of means, TC0 No TC, TC2000 2,000 mg TC/kg feed, TC3000 3,000 mg TC/kg feed, TC4000 4,000 mg TC/kg feed, t trans,
c cis, CLA conjugated linoleic acid, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA polyunsaturated fatty acid, ns not

significant

* P \ 0.05, **P \ 0.01, ***P \ 0.001
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22:4, 22:5 and 22:6; when compared to the control group,

TC2000 had lower 20:4 and total n-3, TC3000 had higher

proportion of a-18:3n-3, TC4000 had higher proportion of

total n-6, TC2000 and TC3000 had higher proportions of

9t12t18:2, TC3000 and TC4000 had higher proportions

of PUFA. For CLA, TC inclusion had no significant

effect on fatty acid proportions of 11c13tCLA and 8c10c/

11c13cCLA, whilst total CLA proportion decreased line-

arly (P \ 0.001); TC2000 and TC3000 had lower propor-

tions of 10t12cCLA when compared to the control group.

In general, dietary TC supplementation increased (linear,

P \ 0.001) the ratio of n-6 to n-3 fatty acid in LD, the ratio

of PUFA to SFA was higher (P \ 0.05) in TC3000 and

TC4000 than in TC0 and TC2000.

Fatty Acid Composition of Rumen Bacteria

Effect of TC supplementation on fatty acid composition of

rumen bacteria attached to the solid particles is given in

Table 4. For SFA, TC supplementation had no significant

effects on the proportions of 14:0, 15:0, 16:0, 17:0 and

SFA, but TC2000 had a higher (P \ 0.05) proportion of

18:0, TC2000 and TC4000 had higher (P \ 0.05) propor-

tion of 20:0, and TC3000 and TC4000 had higher

(P \ 0.05) proportion of 12:0. For MUFA, there were no

significant effects on fatty acid proportions of 16:1, 9t18:1,

9c18:1, 11c18:1, 12c18:1, 11c20:1 and MUFA among all

experimental groups, but the proportion of 11t18:1

increased quadratically (P \ 0.05) with increasing dietary

TC levels. For PUFA, TC supplementation had no signif-

icant effects on fatty acid proportions of 20:3, 20:5, 22:4,

and the ratio of n-6 to n-3; when compared to the control

group, TC2000 had a higher proportion of 22:6, TC3000

had a lower proportion of 22:5, TC4000 had a higher

proportion of total n-3, TC2000 and TC3000 had lower

(P \ 0.05) proportions of 9c12c18:2, TC2000 and TC4000

had higher (P \ 0.05) proportions of 20:4, TC3000 and

TC4000 had higher (P \ 0.05) proportions of PUFA, n-6

and a higher ratio of PUFA to SFA. There were quadratic

effects (P \ 0.05) on the proportion of a-18:3n-3 with the

greatest value being for TC2000 and TC4000. For CLA,

TC inclusion had no significant effects on fatty acid pro-

portions of 9c11tCLA and 8c10c/11c13cCLA; when

compared to the control group, TC3000 had a higher pro-

portion of 11c13tCLA, TC4000 had higher proportions of

10t12cCLA and total CLA.

Discussion

The ADG is the most important index which reflects the

growth performance of animals. In this study, we found

that the high TC dosage in the diets could improve the

growth rate of growing goats. The reason for the increasing

ADG may be attributed to TC supplementation, as a growth

promoter, presumably acting on the intestinal and ruminal

microorganism leading to higher nutrient digestion [5]. Tea

polyphenols, especially the catechins, are effective anti-

microbial and antioxidant agents [16]. Therefore, dietary

TC inclusion could enhance the animal growth perfor-

mance through regulating the physiological function of

rumen microorganisms.

Consumers have given more attention to meat quality

during recent years because of the high incidence of dis-

ease related to diet, especially related to fatty acid com-

position of meat. Our results demonstrated that TC

supplementation could increase the CP content in SM. This

might be supported by the previous results of Kondo et al.

[17], in which dietary inclusion of green tea waste con-

taining the rich antioxidant increased N retention in goats.

Although it has been generally accepted that a higher IMF

level is positively related to the sensory experience asso-

ciated with meat [18], TC supplementation did not affect

the IMF deposition in LD and GM in this study. The cur-

rent results indicated that dietary antioxidant was not a

main factor in regulating IMF content of muscle. It has

been proven that TC has an antimicrobial property, which

make it a potential alternative to antibiotics to manipulate

microbial activity in the rumen [19]. Many plants can

produce secondary metabolites which might have antimi-

crobial properties, e.g., tannin and saponin. These sec-

ondary metabolites have been shown to modulate the

rumen fermentation to improve nutrient utilization [20].

Hence, it might be the potential explanation for the

improvement of N retention when TC was added in the

diets of ruminants. As for the increase of CP in SM but not

in LD or GM, it might need further studies in the future.

Banskalieva et al. [21] reviewed similar results to this

study concerning the main SFA, MUFA and PUFA of

meat. Our results indicated that suitable dosages of dietary

TC inclusion could increase the proportions of MUFA and

PUFA in LD. These results were supported by the findings

of Dal Bosco et al. [22], who reported that dietary anti-

oxidant could increase PUFA and decrease SFA in rabbit

meat. Sant’Ana et al. [23] also reported that addition of

antioxidants in vivo could improve the composition of

PUFA in fish fillets. According to our previous findings

[24], TC addition in the diets was effective in inhibiting

peroxidation in goat. If free radicals exceed the capacity of

the cellular intrinsic free radical scavenging systems, they

will become cytotoxic to cells by attacking fatty acids, and

the reactions caused by exceeding radicals lead to lipid

peroxidation of membranes. As an antioxidant, TC could

protect the peroxidation of oxidative-labile MUFA and

PUFA rather than that of more stable SFA. These results

were consistent with the findings of Herlie et al. [25] in
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cultured cardiomyocytes. Alternatively, the extensive

biohydrogenation of ingested PUFA by rumen microor-

ganisms might lead to the low PUFA:SFA ratio in ruminant

meat [26]. Chikunya et al. [6] reported that dietary

antioxidant could protect the UFA in milk from

biohydrogenation in the rumen, and they concluded that

antioxidants might act as electron donors to provide the

electrons for the reduction of some UFA and be metabo-

lized to these donors by microorganisms in the rumen.

Vasta et al. [27] also reported that the addition of

Table 4 Effect of dietary TC supplementation on fatty acid composition of ruminal bacteria (% total fatty acid)

Item Treatment SEM TC effect (PB)

TC0 TC2000 TC3000 TC4000 Linear Quadratic Cubic

10:0 0.32ab 0.54a 0.14b 0.26ab 0.098 ns ns **

12:0 2.33c 2.08c 4.20a 3.16b 0.099 *** ns ***

14:0 10.75 8.61 9.54 11.81 1.297 ns ns ns

15:0 7.09 5.10 6.34 6.45 0.490 ns ns ns

16:0 42.5 43.2 43.2 40.7 1.74 ns ns ns

17:0 1.31 1.12 1.33 1.33 0.105 ns ns ns

18:0 9.76b 11.64a 9.83b 9.05b 0.556 ns ** ns

20:0 0.35b 0.85a 0.31b 0.80a 0.138 ns ns **

16:1 5.63 4.38 4.77 5.93 0.573 ns ns ns

9t18:1 0.52 0.42 0.50 0.55 0.083 ns ns ns

11t18:1 3.39ab 5.61a 2.90ab 1.99b 0.958 ns * ns

9c18:1 8.48 9.44 7.94 7.69 0.474 ns ns ns

11c18:1 0.46 0.44 0.35 0.61 0.095 ns ns ns

12c18:1 1.73 1.50 1.39 1.58 0.330 ns ns ns

11c20:1 0.47 0.20 0.21 0.34 0.098 ns ns ns

9c12c18:2n-6 0.31a 0.19b 0.18b 0.25ab 0.038 ns * ns

9t12t18:2n-6 2.92b 2.96b 5.17a 4.86a 0.534 ** ns ns

a-18:3n-3 0.85ab 0.57b 0.68b 1.25a 0.144 ns ** ns

20:3n-6 0.13 0.18 0.10 0.19 0.022 ns ns ns

20:4n-6 0.03c 0.10b 0.07bc 0.16a 0.020 *** ns *

20:5n-3 0.07 0.03 0.06 0.15 0.028 ns ns ns

22:4n-6 0.09 0.09 0.12 0.15 0.028 ns ns ns

22:5n-3 0.13a 0.12ab 0.06b 0.08ab 0.021 * ns ns

22:6n-3 0.05b 0.12a 0.07b 0.03b 0.016 ns ** ns

9c11tCLA 0.18 0.19 0.20 0.25 0.042 ns ns ns

11c13tCLA 0.04b 0.04b 0.09a ND 0.008 ns *** ***

10t12cCLA 0.10b 0.22b 0.22b 0.39a 0.053 *** ns ns

8c10c/11c13cCLA 0.01 0.02 0.02 0.02 0.006 ns ns ns

SFA 74.4 73.2 74.9 73.5 1.83 ns ns ns

MUFA 22.0 20.7 18.1 18.7 1.57 ns ns ns

PUFA 4.91b 4.83b 7.04a 7.80a 0.545 *** ns ns

Total CLA 0.33b 0.47ab 0.52ab 0.67a 0.077 ** ns ns

Total n-6 3.17b 3.33b 5.47a 5.38a 0.546 ** ns ns

Total n-3 1.10b 0.85b 0.87b 1.51a 0.167 ns ** ns

n-6/n-3 3.60 3.96 6.57 3.79 0.912 ns ns ns

PUFA:SFA 0.07b 0.07b 0.09a 0.10a 0.005 *** * ns

Mean values with different superscripts in the same row differ significantly (P \ 0.05)

SEM standard error of means, ND not detected, TC0 No TC, TC2000 2,000 mg TC/kg feed, TC3000 3,000 mg TC/kg feed, TC4000 4,000 mg

TC/kg feed, t trans, c cis, CLA conjugated linoleic acid, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA polyunsaturated fatty

acid, ns not significant

* P \ 0.05, **P \ 0.01, ***P \ 0.001
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antioxidant could reduce the biohydrogenation through

inhibiting the activity of rumen microorganisms. There-

fore, we suggested that the possible mechanism should be

that dietary TC inclusion exerts its function in the protec-

tion of polyunsaturated acids in feed and tissues. With high

TC supplementation, the proportion of PUFA n-6 increased

and the proportion of PUFA n-3 was not affected. A similar

result was reported by Donaldson [28].

There was no more information about the effect of

dietary TC inclusion on fatty acid composition of ruminal

microorganism. Our results showed that suitable doses of

TC supplements could increase the composition of PUFA,

PUFAn-6, PUFAn-3 and CLA. The main fatty acid 18:1 as

MUFA, 18:2 of rumen bacteria was close to the previous

findings reported by Williams and Dinusson in bovine

ruminal bacteria [29], but our results showed higher 16:0

and lower 18:0 proportions than those Williams and

Dinusson reported. The higher 16:0 and lower 18:0 pro-

portions might be a result of the different sources of rumen

microorganisms which might be derived from different

breeds of animals, and different feeding regimes, because

the fatty acid composition is remarkably different for

different sources of ruminal microorganisms and is sig-

nificantly affected by feeding type [15].

Furthermore, numerous studies showed that different

nutritional conditions can change lipid fatty acid composi-

tion of muscle, such as PUFA and total n-6 [30]. The profiles

of fatty acids of digesta arriving at the proximal duodenum

were different from those of the diets ingested in ruminants.

The composition of fatty acids in muscle might partially be

co-determined by the biohydrogenation and de novo syn-

thesis by microorganisms in the rumen. The synchronous

increase of UFA in muscle fat and ruminal bacteria, and the

decrease of SFA in muscle with dietary TC inclusion in this

study, probably implied that rumen microorganism could

contribute a substantial part to the UFA of muscle.

Conclusion

In summary, dietary TC supplementation could improve the

growth performance, and increase the proportions of MUFA

and PUFA, and the ratio of PUFA to SFA in muscle, and

increase the proportion of PUFA and the ratio of PUFA to

SFA of ruminal bacteria in growing goats. As an antioxidant,

dietary inclusion of the suitable TC dose (3,000 mg/kg)

could change the fatty acid profile of goat meat through

enhancing the contents of unsaturated fatty acids.
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Abstract Identification of molecular species of various

N-acylated bacteriohopanehexol-mannosamides from the

thermophilic bacterium Alicyclobacillus acidoterrestris by

semipreparative HPLC and by RP-HPLC with ESI is descri-

bed. We used triple-quadrupole type mass spectrometer, 1H

and 13C NMR for analyzing this complex lipid. CD spectra of

two compounds (model compound—7-deoxy-D-glycero-

D-allo-heptitol obtained by stereospecific synthesis, and an

isolated derivative of hopane) were also measured and the

absolute configuration of both compounds was determined.

On the basis of all the above methods, we identified the full

structure of a new class of bacteriohopanes, represented by

various N-acylated bacteriohopanehexol-mannosamides.

Keywords Alicyclobacillus acidoterrestris �
Negative RP-HPLC–ESI–MS/MS � Circular dichroism �
N-Acylated bacteriohopanehexol-mannosamides �
x-Cyclohexyl fatty acids

Abbreviations

BH Bacteriohopane

BHpolyols Bacteriohopanepolyols

CD Circular dichroism

CID Collision-induced dissociation

COSY Correlation spectroscopy

DMAP Dimethylaminopyridine

FAME Fatty acid methyl ester(s)

GC–MS Gas chromatography–mass

spectrometry

HMBC Heteronuclear multiple bond

coherence

HMQC Heteronuclear multiple

quantum coherence

HR-FAB-MS High resolution fast atom

bombardment mass

spectrometry

LC–MS Liquid chromatography–mass

spectrometry

LC–MS/ESI SIM Selected ion monitoring

NOE Nuclear Overhauser effect

ROESY Rotating-frame Overhauser

effect spectroscopy

RP-HPLC/MS-ESI Reversed phase liquid

chromatography–electrospray

ionization mass spectrometry

RP-HPLC–ESI–MS/MS Reversed phase liquid

chromatography–electrospray

ionization tandem mass

spectrometry

SPE Solid phase extraction

TFFH Fluoro-N,N,N0,N0-
tetramethylformamidinium

hexafluorophosphate

TLC Thin layer chromatography

VVM Air volume per volume of

culture medium per minute

Introduction

Bacteriohopanepolyols (BHpolyols) are pentacyclic trit-

erpenoids, which are present as membrane constituents in
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Republic, Vı́deňská 1083, 142 20 Prague, Czech Republic

e-mail: rezanka@biomed.cas.cz

L. Siristova � K. Melzoch

Department of Fermentation Chemistry and Bioengineering,

Institute of Chemical Technology Prague, Technická 5,
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many bacteria [1]. They perform a regulating and rigidi-

fying function in membranes analogous to that of some

sterols in eukaryotes [2–4]. BHpolyol side chains form

many structures, which differ in terms of the number,

position and nature of the functional groups [2, 5]. The side

chain is responsible for the charge and the function of the

molecule [6].

The most commonly occurring BHpolyols in bacteria

contain four functional groups in the side chain, typically

three hydroxyl groups at 32R, 33R, 34S [7, 8] with the C-35

position occupied by either another OH or an amino group

[2].

In numerous strains belonging to various taxonomic

groups (e.g. purple nonsulfur bacteria, methylotrophs, or

cyanobacteria) the bacteriohopane (BH) derivatives are not

present as free polyols but are linked to various polar

moieties like glucosamine or N-acylglucosamine, anhy-

drogalacturonopyranosides, a-amino acids such as trypto-

phan and ornithine, adenosine, cyclitol ethers or other polar

entities the structures of which are still unidentified [2, 9].

BHpolyols have been found in many other structural varia-

tions including double bonds in the ring system or substitu-

tion by methyl groups in ring A. Furthermore, BHpolyols

with five and six functional groups in the side chain, i.e.

BHpolyols with additional one or two OH group(s) at C-30

and/or C-31 position(s) were identified [10–14, 40]. These

structures are restricted to a limited number of organisms or

occur in an explicit group of organisms and can serve as

specific bacterial marker information [2, 5].

To date there have been only a few hexafunctionalized

side chain structures reported from nature. The basic

structure has five hydroxyl groups and NH2 functionality at

C-35, and has only been observed in Type I methano-

trophic bacteria [14, 15]. Further, BHhexol cyclitol ether

was identified in sediments of two lakes from Antarctica

[16], soils from Northern England [17], and BHhexol in

sediments from the popular Loch Ness (UK) [2].

This report is part of our investigation of thermophilic

bacteria, mainly of the genus Alicyclobacillus. We extended

our analysis from glycophospholipids [18], unusual acyl-

phosphatidylglycerols [19], and O-acyl glycosylated cardio-

lipins [20] to hopanoids. The structure of N-acylated

BHhexol-mannosamides was confirmed not only by ESI–MS,

but, after isolation, also by measurement of 1H-, 13C-NMR,

and CD spectra, including synthesis of a model compound.

Experimental

Instrumentation

The liquid chromatograph was the semipreparative Gradi-

ent LC System G-1 (Shimadzu, Kyoto, Japan) with two

LC-6A pumps (0.5 ml/min), an SCL-6A system controller,

an SPD ultraviolet detector an SIL-1A sample injector and

a C-R3A data processor, with a preparative normal phase

HPLC column Supelcosil LC-Si HPLC column 5 lm

particle size, length 9 I.D. 25 cm 9 21.2 mm with mobile

phase containing hexane–isopropanol-0.05% triethylamine

in water (99.5:0:0.5, v/v/v) to hexane–isopropanol-0.05%

triethylamine in water (20:78:2 v/v/v) for 40 min, a flow

rate of 9.9 ml/min, and monitored by a variable wavelength

detector at 210 nm (HP 1040M Diode Array Detector).

The HPLC equipment consisted of a 1090 Win system,

PV5 ternary pump and automatic injector (HP 1090 series,

Hewlett Packard, USA) and two Ascentis� Express HILIC

HPLC column 2.7 lm particle size, L 9 I.D. 15 cm 9

2.1 mm (Supelco, Prague) in series were used. This setup

provided us with a high-efficiency column—approximately

30,000 plates/30 cm. LC was performed at a flow rate of

300 ll/min with a linear gradient from the mobile phase

containing methanol/acetonitrile/aqueous 1 mM ammo-

nium acetate (60:20:20, v/v/v) to methanol/acetonitrile/

aqueous 1 mM ammonium acetate (20:60:20, v/v/v) for

40 min. The whole HPLC flow (0.37 ml/min) was intro-

duced into the ESI source without any splitting.

The detector was an Applied Biosystems Sciex API

4000 mass spectrometer (Applied Biosystems Sciex,

Ontario, Canada) using electrospray mass spectra. The

ionization mode was negative, the nebulizing gas (N2)

pressure was 345 kPa and the drying gas (N2) flow and

temperature were 9 l/min and 300 �C, respectively. The

electrospray needle was at ground potential, whereas the

capillary tension was held at 4,000 V. The cone voltage

was kept at 250 V. The mass resolution was 0.1 Da and the

peak width was set to 6 s. For an analysis, total ion currents

(full scan) were acquired from 200 to 1,600 Da.

CID ions mass spectra were acquired by colliding the

Q1 selected precursor ions with Ar gas at a collision target

gas and applying collision energy of 50 eV in Q2. Scan-

ning range of Q3 was m/z 200–1,600 with a step size of

m/z 0.3 and a dwell time of 1 ms. A peak threshold of 0.3%

intensity was applied to the mass spectra. The instrument

was interfaced to a computer running Applied Biosystems

Analyst version 1.4.1 software.

Gas chromatography–mass spectrometry of FAME was

done on a GC–MS system consisting of Varian 450-GC,

Varian 240-MS ion trap detector with electron impact

ionization, and CombiPal autosampler (CTC, USA). The

sample was injected onto a 25 m 9 0.25 mm 9 0.1 lm

Ultra-1 capillary column (Supelco, Czech Republic) under

a temperature program: 5 min at 50 �C, increasing at

10 �C/min to 320 �C and 15 min at 320 �C. Helium was

the carrier gas at a flow of 0.52 ml/min. All spectra were

scanned within the range m/z 50–600. The spectra was

identified manually, se also Siristova et al. [18].
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The oven temperature for identification of the acetylated

alcohols BH (degradation products) was programmed from

50 to 275 �C at 10 �C/min and further at 5 �C/min to

350 �C and further with 8 min isothermal elution. The

others conditions of GC–MS apparatus were identical.

Saccharides were separated on a single HILIC HPLC

column (see above) by isocratic elution with acetonitrile

and 0.1% acetic acid in water at a ratio of 40:60. They were

identified by comparing their retention times with those of

commercially obtained standards (galactosamine, glucosa-

mine and mannosamine) and single ion monitoring at

m/z 180 ([M ? H]?).

NMR spectra were recorded on a Bruker AMX 500

spectrometer (Bruker Analytik, Karlsruhe, Germany) at

500.1 MHz (1H) and 125.7 MHz (13C). Optical rotations

were measured with a Perkin-Elmer 243 B polarimeter.

The circular dichroism measurement was carried out under

dry N2 on a Jasco-500A spectropolarimeter at 24 �C.

HR-FAB-MS (positive ion mode) were obtained with a

PEG-400 matrix using a VG 7070E-HF spectrometer. All

compounds were purchased from Sigma–Aldrich (Prague,

Czech Republic).

Cultivation, Isolation and Identification

Alicyclobacillus acidoterrestris CCM 4660 (Czech Collec-

tion of Microorganisms, Brno, Czech Republic) was culti-

vated in an alicyclobacillus medium containing (g/l): yeast

extract 6.0, glucose 5.0, CaCl2�2H2O 0.25, MgSO4�7H2O

0.5, (NH4)2SO4 0.2, KH2PO4 3.0 and 1 ml/l of trace element

solution (ZnSO4�7H2O 0.1 g/l, MnCl2�4H2O 0.03 g/l,

H3BO3 0.3 g/l, CuCl2�6H2O 0.2 g/l, CaCl2�2H2O 0.01 g/l,

NiCl2�6H2O 0.02 g/l, Na2MoO4�2H2O 0.03 g/l), pH was

adjusted to 4. A volume of 600 ml of inoculum was prepared

in 500-ml round-bottom flasks on a temperature controlled

shaker at 45 �C and 200 rpm. The biomass was cultivated in

a 5-l mechanically stirred fermentor with the aim of

obtaining inoculum for a 50-l fermentor. Inoculum was

cultivated for 12 h under aerobic conditions with aeration

rate 0.8 VVM. The stirrer frequency was 300–400 rpm and

the cultivation temperature was 45 �C.

The strain main cultivation was carried out in a 50-l

mechanically stirred fermentor for 15 h, under aerobic

conditions with an aeration rate of 1 VVM. The stirrer

frequency was 350–400 rpm and the cultivation tempera-

ture was 45 �C. Cells were harvested in the log phase when

the optical density of the culture was maximal. The dry

biomass was 1.49 g/l media.

The extraction procedure was based on the method of

Bligh and Dyer [21]. The alcohol-water mixture was cooled

and one part chloroform was added and the lipids were

extracted for 30 min. Insoluble material was sedimented by

centrifugation and the supernatant was separated into two

phases. The aqueous phase was aspirated off and the

chloroform phase was washed three times with two parts

1 M KCl each. The resulting chloroform phase was evap-

orated to dryness under reduced pressure.

First, total lipid extracts were applied to Sep-Pak

Cartridge Vac 35 cc (Waters; with 10 g of aminopropyl-

silica-based polar bonded phase), and from the cartridge

were subsequently eluted chloroform–methanol mixture

(98:2) [22] for removing of non-polar lipids, and polar

lipids, but not phospholipids were further eluted by an

acetone. The eluate was reduced in volume and subjected

to normal phase HPLC.

The aliquot of total BHs (5 mg) was stirred for l h at

room temperature with periodic acid (H5IO6; 3 mg) in

tetrahydrofuran/water (3 ml; 8:1 v/v). The vicinal diols

were oxidized to yield aldehyde products. After addition of

water (10 ml) the mixture was extracted with petroleum

ether (3 9 5 ml). The combined extracts were evaporated

and further stirred for l h at room temperature with sodium

borohydride (NaBH4; 1 mg) in ethanol (3 ml) to produce

alcohols. The excess of NaBH4 was destroyed by water and

the mixture was extracted with petroleum ether (3 9 5 ml).

The extracts were evaporated and acetylated, see below.

The total extract was acetylated overnight at room tem-

perature with acetic anhydride/pyridine (30 ml; 1:1 v/v).

The peracetylated BHs were evaporated and further

analyzed.

The fraction of N-acylated BHhexol-glycoside after

semipreparative HPLC was treated for 16 h at 100 �C with

a 10% solution of dry HCl in CH3OH. The reaction mixture

was taken to dryness, suspended in water, the pH was

regulated by 5% NaOH to 9, BHhexol was extracted by

diethyl ether, the water mixture was acidified by 5% HCl to

pH 4, free fatty acids were extracted by CHCl3 and water

phase was after lyophilization was silylated, see above. The

fatty acid methyl esters were prepared by reaction of the

free fatty acids with methanol, see Rezanka et al. [23].

Preparation of 7-Deoxyheptitol

D-glycero-D-allo-Heptose (8a) and D-glycero-D-altro-

heptose (8b) were prepared from KCN and D-allose (6)

according to procedures described previously [24, 25].

Briefly, the pH of an aqueous solution (15 ml) of potassium

cyanide (269 mg, 4.14 mmol) was lowered to 7.2 by

dropwise addition of aqueous acetic acid (3 M) with rapid

stirring at room temperature. An aqueous solution (10 ml)

of D-allose 6 (248 mg, 1.38 mmol) was slowly added, with

addition of acetic acid (3 M) or sodium hydroxide (1 M) as

appropriate to maintain a pH of 7.2–7.5 during addition of

D-allose and subsequent reaction, which was allowed to

proceed for 1.5 h. The reaction mixture was analyzed by

TLC (cellulose sheets, 90:10 acetone–water) to reveal a
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complete conversion of D-allose (6) (Rf 0.67) into the

aldonitriles (7a and 7b) (Rf 0.8–0.9). The pH of the aldo-

nitrile solution was lowered to 4.7 by dropwise addition of

acetic acid (3 M) and the solution was stored at 4 �C for ca.

1 h. Further, the pH of the solution was again lowered to

4.2 by dropwise addition of acetic acid (3 M). Following

addition of prereduced 5% palladium on barium sulfate

(86 mg = 4.3 mg, 0.04 mmol Pd), the flask was evacuated

three times and flushed with hydrogen. Vigorous stirring

under an atmosphere of hydrogen was then allowed to

proceed at room temperature for ca. 15 h. The reaction

mixture was analyzed by TLC (90:10 acetone–water) to

reveal a complete reduction of the aldonitriles (7a and 7b)

(Rf 0.8–0.9) into the imines (Rf 0.4–0.6). The catalyst was

removed over Celite and the pH of the resultant filtrate was

lowered from pH 4.4 to ca. pH 3.0 by repeated batch-wise

treatment with Dowex� 50WX2 hydrogen form 200–400

mesh (4 9 4 g). The final filtrate was analyzed by TLC

(95:5 acetone–water) and no imine was detected. The water

was removed by lyophilization to leave the epimeric

mixture of 8a and 8b as a pale yellow oil; the yield of

epimeric sugars was 243 mg (84%) and they were sepa-

rated by semi-preparative TLC.

Aldrich Analtech TLC Uniplates
TM

with spherical par-

ticles (size 50 lm) of a-cellulose matrix, size 20 cm 9

20 cm, layer thickness 250 lm, fluorescent indicator were

used. The mobile phase was acetone–water (95:5, v/v),

D-glucose being used as standard. Identification under UV

light gave the following Rf values for the compounds:

D-glycero-D-allo-heptose (8a) (0.35), D-glucose (0.51) and

D-glycero-D-altro-heptose (8b) (0.63). The yield of D-gly-

cero-D-allo-heptose (8a) was 106 mg, with [a]D
23 ?12.8

(1 day, c = 0.15), lit. data: [a]D
21 ?14.1 [26], [a]D ?10.7

(24 h) (c 1.6, H2O) [27], [a]D ?7.2 (3 min) ? ?12.7

(24 h) (c 4.6, H2O) [28]; 13C NMR (125 MHz, D2O) d
major: 93.8 (C-1), 73.8, 72.1, 71.3, 71.2, 67.7, 61.8; minor:

92.7 (C-1), 72.0, 71.7, 67.6, 67.1, 66.9, 62.1 [27, 28]; 13C

NMR d 94.4, 72.9, 72.0, 71.9, 74.6, 68.5, 62.6 (the values

for C-1 ? C-7 of b-pyranose), the values for C-1 were

93.4 (a-pyranose), 94.4 (b-pyranose), 96.8 (a-furanose),

and 101.4 (b-furanose) [29]. Our data measured for mixture

of four forms at C-1 were 93.2 (a-pyranose), 94.5

(b-pyranose), 97.0 (a-furanose), and 101.5 (b-furanose)

and the following values are for the major form: 13C NMR

(125 MHz, D2O) d 94.5 (C-1), 73.3 (C-2), 72.5 (C-3), 71.6

(C-4), 73.8 (C-5), 68.4 (C-6), and 62.2 (C-7); HR-FAB-MS

(m/z): 211.0823 [M ? H]?, calc. for [C7H14O7 ? H]?

211.0818.

D-glycero-D-allo-Heptose diethyl thioacetal = (2S,3R,

4S,5S)-7,7-bis(ethylthio)heptane-1,2,3,4,5,6-hexaol. A mix-

ture of D-glycero-D-allo-heptose (8a) (105 mg) and concen-

trated HCl (5 ml) was shaken for about 10 min to dissolve

most of the sugar and then, as the solution began to assume a

reddish color, 5 ml of ethylthiol was added and shaking was

continued for 2.5 h. The product was allowed to stand

overnight in the refrigerator. About 5 ml of cold water was

added, the dithioacetal filtered, and washed with cold etha-

nol. The yield, after one recrystallization from ethanol, was

100 mg (63.3%). Very surprisingly, this compound (9) has

not yet been described. [a]D ?10.7 (c 0.16, MeOH); 1H-

NMR (500 MHz, CD3OD) d 4.92 (1H, d, J = 1.6, H-7), 4.93

(1H, dd, J = 1.6, 5.5, H-6), 5.06 (1H, t, J = 5.5, H-5), 5.19

(1H, t, J = 5.5, H-4), 4.71 (1H, t, J = 5.5, H-3), 4.65 (1H,

ddd, J = 5.5, 3.2, 8.2, H-2), 4.52 (1H, dd, H = 11.0, 3.2,

H-1a), 4.42 (1H, dd, J = 11.0, 8.2, H-1b), 2.89 (2H, m,

SCH2), 2.89 (2H, m, SCH2), 1.22 (6H, m, CH2CH3); 13C

NMR (125 MHz, CD3OD) 56.1 (C-7), 74.2 (C-6), 73.3

(C-5), 71.2 (C-4), 74.6 (C-3), 72.8 (C-2), 64.4 (C-1), 64.8

(SCH2), 15.0 (CH2CH3); HR-FAB-MS (m/z): 317.1099

[M ? H]?, calc. for [C11H24O6S2 ? H]? 317.1092.

7-Deoxy-D-glycero-D-allo-Heptitol, i.e. (2R,3R,4S,5S,

6S)-heptane-1,2,3,4,5,6-hexaol (10). Reductive desulfur-

ization of similar dithioacetals has already been described

[30]. To a solution of the derivative 9 (95 mg, 0.30 mmol)

in dioxane (5 ml) was added Raney Ni (300 mg). The

suspension was heated at 80 �C for 1 h with stirring to give

the derivative 9. Crystallization from absolute ethanol

yielded 43.5 mg (74%) of the desired desoxyheptitol as

clusters of needles, with an m.p. at 124–125 �C and [a]D

?1.7 (c 0.16, MeOH); 1H-NMR (500 MHz, CD3OD) d
3.65 (1 H, dd, J = 10.1, 11.5, 1a-H) and 3.84 (1 H, dd,

J = 3.4, 11.5, 1b-H), 3.77 (1 H, ddd, J = 2.2, 3.4, 10.1, 2-

H), 3.70 (1 H, dd, J = 3.9, 2.2, 3-H), 3.92 (1H, dd,

J = 3.9, 3.4, 4-H), 3.62 (1 H, dd, J = 3.4, 5.2, 5-H), 3.94

(1 H, dq, J = 5.2, 6.5, 6-H), 1.21 (3 H, d, J = 6.5, 7-H);
13C NMR (125 MHz, CD3OD) 19.1 (C-7), 70.4 (C-6), 73.2

(C-5), 71.7 (C-4), 74.2 (C-3), 72.7 (C-2), 64.1 (C-1);

HR-FAB-MS (m/z): 197.1025 [M ? H]?, calc. for

[C7H16O6 ? H]? 197.1025. Again, though it is hard to

believe, this compound has not yet been described.

General Procedure for Bichromophoric Derivatization

Anthroylation

To an ice cooled suspension of the 9-anthracenecarboxylic

acid (0.1 mmol, 22.2 mg) and fluoro-N,N,N0,N0-tetrameth-

ylformamidinium hexafluorophosphate (TFFH, 0.1 mmol,

26.4 mg) in a minimum of CH2Cl2 (ca. 5 ml) was added

Et3N (0.5 mmol, 50.5 mg, 70 ll) resulting in a clear solution

with some heat evolution. After stirring for 30 min at 20 �C

the alcohol (10) (0.1 mmol, 19.6 mg) and a catalytic amount

of DMAP (0.01 mmol, 1.22 mg) were added and the reac-

tion mixture was stirred at 20 �C overnight. Water (5 ml)

was added and the mixture extracted with CH2Cl2 (3 9

3 ml). The combined organic extracts were dried (MgSO4),
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filtered and concentrated in vacuo. The resulting crude

residue was purified by SPE with silica gel (MeOH/CH2Cl2,

1:9) to yield the desired ester (11) [yield 33.6 mg (84%)].

HR-FAB-MS (m/z): 401.1606 [M ? H]?, calc. for [C22

H24O7 ? H]? 401.1600. The eluate was concentrated, the

mixture was separated by normal phase HPLC (SupelcosilTM

LC-Si HPLC Column 5 lm particle size, L 9 I.D.

25 cm 9 10 mm, EtOAc-hexane, 3:7; 2 ml/min; 311 nm

UV detection), and used for the next step, cinnamoylation.

The preparation of the anthroyl derivative of BHhexol (13)

was performed similarly as with (11). From the 9-anthra-

cenecarboxylic acid (1 lmol, 222 lg), TFFH (1 lmol,

264 lg) in CH2Cl2 (200 ll), Et3N (5 lmol, 505 lg, 0.7 ll)

and the alcohol (3) (1 lmol, 578 lg) with catalytic amount of

DMAP (1 lmol, 122 lg) compound 13 was obtained after

purification by SPE with silica gel (MeOH-CH2Cl2, 2:98) in a

yield of 610 lg (78%). HR-FAB-MS (m/z): 783.5199

[M ? H]?, calc. for [C50H70O7 ? H]? 783.5204.

Cinnamoylation

To an ice cooled suspension of the p-methoxycinnamic

acid (712 mg, 4 mmol) and fluoro-N,N,N0,N0-tetramethyl-

formamidinium hexafluorophosphate (TFFH, 5 mmol,

1.32 g) in a CH2Cl2 (35 ml) was added Et3N (25 mmol,

2.52 g, 3.48 ml) resulting in a clear solution with some

heat evolution. After stirring for 30 min at 20 �C the

anthroyl derivative (11) (30 mg, 75 lmol) and a catalytic

amount of DMAP (0.1 mmol, 12.2 mg) were added and the

reaction mixture was stirred at 20 �C overnight. H2O

(10 ml) was added and the mixture extracted with CH2Cl2
(3 9 5 ml). The combined organic extracts were dried

(MgSO4), filtered and concentrated in vacuo. The resulting

crude residue was purified by SPE with silica gel (MeOH/

CH2Cl2, 1:9) to yield (66.6 mg, i.e. 74%) the desired ester

(12). HR-FAB-MS (m/z): 1,201.4221 [M ? H]?, calc. for

[C72H64O17 ? H]? 1,201.4226.

The preparation of cinnamoyl derivative of BHhexol

(14) was performed similarly as with the derivative (12).

From the p-methoxycinnamic acid (712 lg, 4 lmol), TFFH

(5 lmol, 1.32 mg) in CH2Cl2 (0.1 ml), Et3N (25 lmol,

2.52 mg, 3.5 ll) and the alcohol (13) (0.77 lmol, 603 lg)

with catalytic amount of DMAP (0.1 lmol, 12 lg), 915 lg

(75%) of compound (14) was obtained after purification by

SPE with silica gel (MeOH-CH2Cl2, 2:98). HR-FAB-MS

(m/z): 1,583.7816 [M ? H]?, calc. for [C100H110O17 ? H]?

1,583.7820.

Results

A. acidoterrestris was cultivated in a 50-l fermentor as

described previously [20]. The total lipids were obtained by

Bligh-Dyer extraction [21] of lyophilized cells and a part of

the total lipids was cleaved by H5IO6 followed by NaBH4

reduction. This releases mainly a mixture of alcohols

arising from the BHpolyol derivatives, identical in GC

retention times and mass spectra with the previously

described alcohols which were used for the identification of

BHpolyols from sediments [31]. Three alcohols were

identified by GC–MS, i.e. bishomohopanol representing

BHtetrols, homohopanol belonging to BHpentols, and the

BHhexol hopanol. The detection of hopanol suggests the

presence of a hopanoid with a hexafunctionalized side-

chain in the total lipid extract.

Further, part of the total lipids was fractionated by

means of cartridges with aminopropyl silica-based polar

bonded phase, which were rinsed in a chloroform–metha-

nol mixture (98:2) [22] for removing non-polar lipids.

Polar lipids, but not phospholipids, were further eluted by

acetone. Polar non-phospholipids (25% of total lipids, i.e.

385 mg) were further separated by normal phase HPLC, as

described by Moreau et al. [22]. Briefly, non-phospholipids

were subjected to semi-preparative normal phase HPLC

with a linear gradient in for 40 min and with detection at

210 nm, as described by Fox et al. [1]. Table 1 gives the

data obtained after normal phase semipreparative HPLC.

The relative amounts of the C32, C31 and C30 alcohols,

i.e. the relative contributions of tetra-, penta-, and hexa-

functionalized side-chains were in a 2:1:1 ratio, which is in

agreement with data from Table 1. This table also sum-

marizes appropriate classes of hopanoids, i.e. tetrols, pen-

tols, and hexols, whereas minority derivatives of BHs

(up to 2% of total lipids) were omitted.

Table 2 gives the data obtained after RP-HPLC from the

fraction of per-acetylated N-acylated BHhexol-glycosides,

Table 1 BH derivatives from A. acidoterrestris after normal phase

semipreparative HPLC

Compound %a

N-acyls glucosamine BHtetrol 29.3

N-acyls-mannosamine-BHpentol 5.9

N-acyls-mannosamine-BHhexol 11.2

BHtetrol 12.5

BHpentol 8.6

BHhexol 6.7

BHtetrol-glucosamine 4.5

BHpentol-mannosamine 9.4

BHhexol-mannosamine 9.8

BHtetrol-ether 2.1
P

tetrols 48.4
P

pentols 23.9
P

hexols 27.7

a Minority derivatives of BHs (up to 2% of total lipids) were omitted
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which had the broadest interval of molecular weights.

A total of 8 peaks were separated by LC–MS/ESI on

narrow-bore columns connected in series. The chromato-

gram is given in Fig. 1.

Diagnostic fragment ions for hexafunctionalized bacte-

riohopane structures include the ion at m/z 771 resulting

from the loss of the terminal group at C35 (either OH or

any other moiety linked to C35 via oxygen [32]) and

m/z 711, 651, 591, 531 and 471 from sequential loss of the

remaining 5 acetylated OH groups from C30 to C34. The

ESI/MS spectrum (Fig. 2) of a proposed acetylated N-acyls

glycoside of BHhexol (2, n = 3) includes all these diag-

nostic ions as well as a further series m/z 579, 519, 459,

399, 339 and 279 from neutral loss of the A and B rings

(i.e. loss of 192 Da) after a loss of one to six of the acet-

ylated hydroxyls [32]. The composite hexafunctionalized

structure 2 is proposed on the basis of observation of the

diagnostic ions m/z 771 (etc.) and ions at m/z 554 (etc.),

indicating the mass of the terminal group, and by com-

parison with spectra reported for the penta- and hexa-

functionalized cyclitol ethers, see also Table 3.

The structure of pentacyclic nucleus including the side

chain was essentially determined by 1H-NMR spectroscopy

using COSY, ROESY, HMQC, and HMBC experiments.

The 1H-NMR spectrum (data see Table 4) of acetylated

hopanoids (2) showed signals in the methyl region typical

of bacteriohopane derivatives. Both signals, including the
13C NMR, are in agreement with previously published

papers [7, 14, 33].

The ROESY spectrum displayed a number of correlation

peaks between methyl groups and ring protons in the 1,3

diaxial relationship. Thus, 24-Me, H-6ax, 25-Me, 26-Me,

and 13-H were shown to be all located on the upper face of

Table 2 Per-acetylated N-acylated BHhexol-glycosides separated by

RP-HPLC and FAs content by GC–MS

Compound %a %b,c

N-C15-mannosamine-BHhexol 2.7 2.94

N-C17-mannosamine-BHhexol 30.8 31.13

N-C19-mannosamine-BHhexol 54.7 54.41

N-C21-mannosamine-BHhexol 5.8 6.11

N-C23-mannosamine-BHhexol 3.2 2.98

N-C25-mannosamine-BHhexol 1.7 1.52

N-C27-mannosamine-BHhexol 0.9 0.76

N-C29-mannosamine-BHhexol 0.2 0.15

a Determined by ESI
b Minority fatty acids up to 0.1% of total fatty acids were omitted
c Determined by GC–MS
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the molecule, whereas 27-Me, 28-Me, H-5ax, and H-9ax

were all on its lower face. Also the four-bond couplings

(W coupling) of an angular methyl group with a ring proton

in the COSY were observed. These couplings are only

possible when the dihedral angle between the methyl group

and the ring proton is near 180� and these couplings con-

firmed a trans connection of all the rings, hence the ste-

reochemistry of compound 2 was the same as in previously

isolated bacteriohopanoids. This was confirmed by HMBC

correlations between Me groups and carbons of the ring

system. Thanks to this fact the 13C-resonance (see dC

values in Table 5) of the five cycle moiety could be

determined [7, 14, 33].

The 1H-NMR spectrum of the octaacetate of compound

(2) shows that the signals of the protons at C30 to C34 are

nearly identical to those of the corresponding protons of the

synthetic tetraacetate glycoside [33] and/or isolated

pentaacetate of aminoBHtetrol [14] and are easily identi-

fiable. Decoupling experiments performed on the C34

proton permitted an assignment of the signals of the two

C35 protons which are nearly equivalent and appear as two

doublets at 3.68 and 3.98 ppm. The fact that the signals of

the C35 protons as well as the signal of the C35 carbon

atom were shifted in comparison to the signals of the

corresponding atoms of acetylated BHpolyol [9] indicated

that a sugar moiety was located on the oxygen atom at C35.

From the 1H-NMR spectrum eight acetoxy groups are

present: five at C30 to C34 and three on the residue

linked at C35. Decoupling experiments initiated on the

exchangeable NH proton of the acylamide group as well as

dimensional proton/proton correlation allowed the whole

pattern of the substituent to be established as compatible

with the structure of an acylated sugar.

The large vicinal coupling constants, 3J30,40 = 9.5 Hz

and 3J40,50 = 9.5 Hz, and the NOE between H-30 and H-50

indicated that H-30, H-40 and H-50 protons were located at

an axial position. The observation of NOE between H-40

and 20-NH proton suggested that 20-NH was oriented in an

axial position. These data indicate that the monosaccharide

is a mannosamine in pyranose form; a configuration

was determined by a large coupling constant, 1JC-10,H-10 =

166.1 Hz [34] and small 3JH-10-H-20 = 1.8 Hz [35]. This

implies also that the linkage between the BHhexol and the

mannosamine moiety is an O-glycosidic bond.

HMBC analysis indicated that 2-NH0 of the mannosa-

mine was esterified by a fatty acyl group by the correlation

peak between H-20 (d 4.63) and C-100 (d 172.8) of the fatty

group and that 3-OH0, 4-OH0, and 6-OH0 of the mannosa-

mine moiety were esterified by acetates by the correlation

peaks between H-30 (d 5.38), H-40 (d 5.06), and H-60 (d 4.30,

4.14) and the other three carbonyl carbons (d 170.7, 170.6,

170.2). The key HMBC are showed in Fig. 3.

The components of N-acylated BHhexol-mannosamide

were also analyzed after hydrolysis (Fig. 4). The hydroly-

zate contained BHhexol as the aglycone moiety and

mannosamine was the only sugar which was detected by

GC–MS in this fraction. Mannosamine had [a]D
25-4.1, com-

pared to the literature data, [a]D
25 -4.2 for D-mannosamine

Fig. 2 The tandem quadrupole ESI product-ion spectrum of the [M ? H]? ion of N-C17-mannosamine-BHhexol at m/z 1,326
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(2-amino-2-deoxy-D-mannopyranose) [36]. The mixture of

homologous x-cyclohexyl fatty acids, isolated from the

hydrolyzate, was also determined by GC–MS. The fatty

acid composition obtained by GC–MS was nearly identical

with the results obtained from ESI analysis (see Table 2).

Bisseret and Rohmer [37], who synthesized the eight

possible diastereomers of BHtetrols, established the abso-

lute stereochemistry of the side chain on the basis of their
1H-NMR spectra. Since the 32 diastereomers for BHhexols

have not yet been synthesized, we had to use the CD exciton

chirality method [38] that has been applied to sugar polyols

[39] and/or different acyclic polyols such as BHpolyols [40]

with up to five contiguous OH groups, or aminoBHpentols

[41, 42]. These CD studies clearly showed that with flexible

compounds it is preferable to explore the exciton coupling

between two different chromophores such as anthroyl and

cinnamoyl.

Based on the similarity of CD spectra of our compound

(BHhexol, 14) and the previously published aminoBH-

pentol derivative [41], we concluded that our compound is

also a homolog of allo configuration. To verify this

hypothesis, we consequently prepared from a commercially

Table 3 The main molecular species of N-acylated BHhexol glyco-

side (2) from A. acidoterrestris

Ions m/z Abundance

M ? H 1,326.8 100

M ? H-AcOH 1,266.8 18

M ? H-2AcOH 1,206.8 41

M ? H-3AcOH 1,146.7 32

M ? H-192 1,134.7 38

M ? H-4AcOH 1,086.7 24

M ? H-5AcOH 1,026.7 19

M ? H-6AcOH 966.7 47

M ? H-4AcOH-Acyl 836.6 32

M ? H-5AcOH-Acyl 776.6 21

M ? H-SC 771.5 65

M ? H-SC-42 729.9 43

M ? H-6AcOH-Acyl 716.5 49

M ? H-SC-AcOH 711.5 23

M ? H-SC-AcOH-42 669.5 12

M ? H-SC-2AcOH 651.5 42

M ? H-SC-2AcOH-42 609.5 37

M ? H-SC-3AcOH 591.5 54

M ? H-SC-192 579.4 28

SC ? 18 556.4 67

SC 538.4 89

M ? H-SC-3AcOH-42 549.4 19

M ? H-SC-4AcOH 531.4 37

M ? H-SC-AcOH-192 519.4 18

SC-AcOH 494.4 32

M ? H-SC-4AcOH-42 489.4 64

M ? H-SC-5AcOH 471.4 19

M ? H-SC-2AcOH-192 459.4 61

SC-2AcOH 434.4 31

M ? H-SC-3AcOH-192 399.3 27

SC-3AcOH 374.3 42

M ? H-SC-4AcOH-192 339.3 27

M ? H-SC-5AcOH-192 279.3 37

Table 4 1H NMR of compound 2 (500 MHz, CDCl3)

No. 1H

22 2.23 (1H, m)

23 0.80 (3H, s)

24 0.83 (3H, s)

25 0.84 (3H, s)

26 0.94 (3H, s)

27 0.96 (3H, s)

28 0.69 (3H, s)

29 0.92 (3H, d, J22,29 = 6.5)

30 5.24 (1H, dd, J22,30 = 2.1; J30,31 = 9.0)

31 5.23 (1H, dd, J30,31 = 9.0; J31,32 = 3.5)

32 5.26 (1H, dd, J31,32 = 3.5; J32,33 = 6.5)

33 5.33 (1H, dd, J32,33 = 6.5; J33,34 = 4.2)

34 5.10 (1H, ddd, J33,34 = 4.2; J34,35a = 7.2;

J34,35b = 3.8)

35a 3.68 (1H, dd, J34,35a = 7.2; J35a,35b = 11.0)

35b 3.98 (1H, dd, J34,35b = 3.8; J35a,35b = 11.0)

10 4.78 (1H, d, J10 ,20 = 1.8)

20 4.63 (1H, ddd, J10 ,20 = 1.8; J2030 = 4.8;

J20NH = 9.0)

30 5.38 (1H, dd, J20 ,30 = 4.8; J3040 = 9.5)

40 5.06 (1H, t, J3040=40 ,50 = 9.5)

50 3.96 (1H, ddd, J4050 = 9.5; J506a0 = 4.5;

J506b0 = 2.5)

6a0 4.14 (1H, dd, J506a0 = 4.5; J6a06b0 = 12.5)

6b0 4.30 (1H, dd, J506a0 = 2.5; J6a06b0 = 12.5)

NH 6.45 (1H, d, J20NH = 9.0)

20 0 0 2.14 (2H, t, J = 7.5)

30 0 0 1.66 (2H, m)

40 0 0-x8 1.23–1.45 (14H, m)

x7 1.14 (2H, m)

Cyclohexyl’s CH 1.36 (1H, m)

Cyclohexyl’s CH2 1.08–1.68 (m)

CH3CO 2.018 (3H, s)

CH3CO 2.023 (3H, s)

CH3CO 2.029 (3H, s)

CH3CO 2.036 (3H, s)

CH3CO 2.036 (3H, s)

CH3CO 2.049 (3H, s)

CH3CO 2.054 (3H, s)

CH3CO 2.054 (3H, s)

256 Lipids (2011) 46:249–261

123



available saccharide D-allose (6) appropriate 7-deoxy-D-

glycero-D-allo-heptitol (10) via the D-glycero-D-allo-

heptose (8a) according to Fig. 5. This helped us remove the

obstacle mentioned by Zhou et al. [41], viz. that configu-

rational determination of aminoBHpentol is not straight-

forward due to the lack of reference hexols.

The original version of the Kiliani-Fischer synthesis was

modified according to several authors [24, 25]. Instead of

conversion of the cyanohydrin (aldonitrile) to a lactone, the

cyanohydrin is reduced with hydrogen (palladium on bar-

ium sulfate) in water to an imine that quickly hydrolyzes at

pH 4.2 to an aldehyde; thus the final sugars are produced in

just two steps rather than three and, moreover, the final

sugars are separated instead of the lactones. We used

semipreparative TLC on cellulose plates and employed a

previously described solvent system (acetone–water 95:5,

v/v) with D-glucose as standard. The compound with an Rf

lower than glucose was D-glycero-D-allo-heptose (8a)

while that with an Rf higher than glucose was D-glycero-D-

altro-heptose (8b), see also paper [25]. The measurement

of 13C-NMR spectra of (8a) showed that, in keeping with

literature data [27], this compound is present as a mixture

of four forms, i.e. a and b pyranoses and a and b furanoses

in a ratio of 15:75:5:5. Experimental part gives only the

values for the most copious form, i.e. b-pyranose.

Heptose (8a) was converted first to the diethyl thioacetal

(9), and then, by reductive desulfurization with Raney

nickel, to 7-deoxy-D-glycero-D-allo-heptitol (10). This des-

oxyheptitol was esterified by selective anthroylation of

primary hydroxyl by anthracene-9-carboxylic acid to (2R,

3R, 4S, 5S, 6S)-2,3,4,5,6-pentahydroxyheptyl anthracene-9-

carboxylate (11). To make sure that we had indeed the

appropriate and pure epimer (viz. the separation of heptoses

by TLC after reduction) we used a separation of this com-

pound by means of normal phase HPLC, see also Wiesler

and Nakanishi [43]. They reported that mixtures of sac-

charides (after cyanohydrin synthesis) could be directly

subjected to anthroylation, after which separation of the

fluorescent monoesters was greatly simplified. The

secondary hydroxyls of anthroyl derivative (11) were per-

p-methoxycinnamoylated to an appropriate ‘‘bichromo-

phoric’’ derivative (12) and CD spectrum of this compound

was measured, see Fig. 6. The curve for L-allo (12) is plotted

as a mirror image of the D-series, see also Zhou et al. [39].

On the basis of all above mentioned spectra (including CD

spectrum of synthetic compound 12), we confirmed that the

configuration of the side chain is 30R, 31R, 32R, 33S,

34S (D-glycero-D-allo) and the components of this fraction

are N-acylated-mannosamine-BHhexols which contain—a-D-

2-amino-2-deoxymannopyranose esterified by x-cyclohexyl

fatty acids from C-15 to C-29. The correct name of the

glycoside with C-17 fatty acids is 11-cyclohexyl-N-

((2S,3S,4R,5S,6R)-2-((2S,3S,4R,5R,6R,7S)-7-((3S,3aS,5aR,

Table 5 13C NMR of compound 2 (125 MHz, CDCl3)

No. 13C No. 13C

1 40.4t 33 71.6d

2 18.7t 34 71.0d

3 42.2t 35 64.5d

4 33.3s 10 100.3d

5 56.2d 20 55.4d

6 18.7t 30 69.3d

7 33.2t 40 71.4d

8 41.5s 50 68.5d

9 50.5d 60 62.1t

10 37.5s 10 0 172.8s

11 20.8t 20 0 34.1t

12 24.0t 30 0 24.8t

13 49.3d 40 0-x8 27.4–30.0t

14 41.8s x7 38.5t

15 33.7t Cyclohexyl’s CH 29.1d

16 22.6t Cyclohexyl’s CH2 26.6–34.6t

17 54.2d C=O 172.8s

18 44.5s C=O 170.7s

19 41.6t C=O 170.6s

20 27.9t C=O 170.5s

21 42.9d C=O 170.2s

22 38.1d C=O 169.7s

23 21.5q C=O 169.5s

24 33.3q C=O 169.4s

25 15.8q CH3CO 21.1q

26 16.4q CH3CO 21.1q

27 16.5q CH3CO 20.9q

28 15.9q CH3CO 20.8q

29 16.4q CH3CO 20.7q

30 69.8d CH3CO 20.6q

31 70.3d CH3CO 20.5q

32 71.0d CH3CO 20.4q

O

H

AcO

H

AcO

NH

O

HH
H

OAc
O

(S)

R1AcO

H

H

HMBC

R2

1´

35

34

1´´

3´´

2´

Fig. 3 Partial structure of a new compound (2). Only important

HMBC correlations are shown
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5bR,7aS,11aS,11bR,13aR,13bS)-5a,5b,8,8,11a,13b-hexame-

thylicosahydro-1H-cyclopenta[a]chrysen-3-yl)-2,3,4,5,6-

pentahydroxyoctyloxy)-4,5-dihydroxy-6-(hydroxymethyl)

tetrahydro-2H-pyran-3-yl)undecanamide (1).

Discussion

To the best of our knowledge, this is the first report of

BHhexol from a specific bacterium. Bacteriohopanoids

having hexol in the side chain, including their composite

derivatives, have so far been identified only in sediments

but their configuration has been unknown [2, 16, 17].

Based on the comparison with the synthesized model

compound (12), we determined its absolute configuration

by using CD. Still, the identification of a novel hopanoid

from A. acidoterrestris is not too surprising since only

several tens of bacterial and cyanobacterial genera have

been tested for the presence of hopanoids [16]. Although

the biological significance of our compound is not yet

clear; it is probable that in A. acidoterrestris the long chain

x-cyclohexyl FAs, which are bound by an amidic bond to
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the amino group in position 2 of the appropriate mono-

saccharide, play an important role in the thermophilicity of

this bacterium.

Different monosaccharide derivatives have been found to

be bound glycosidically to the primary C35 hydroxyl:

Simonin et al. [44] described galacturonic and altruronic

acids while all other studies describe 2-amino-2-deoxyglu-

cose and one study reports on 6-amino-6-deoxyglucose [44].

We assume that the change in the configuration of the amino

group on C2 (mannose is a 2-epimer of glucose), i.e. axial to

equatorial, alters the planarity of the whole molecule.

The last result of our study is the heretofore undescribed

large variability of chain lengths. Only x-cyclohexyl FA

with 17 and 19 carbon atoms have so far been described

[18]. Solely in N-acyl glycoside of BHtetrol did Talbot

et al. [5] succeeded in identifying by ESI also other

homologues, one shorter (C15) and one longer (C21). We

have extended the range of homologues by other longer-

chain members—odd-numbered C23 to C29.

In conclusion we can state that, by using modern

analytical methods, we succeeded in identifying one of the

possible sources of BHhexol in sediments, i.e. A. acido-

terrestris, and determined the absolute configuration of the

side chain of BHhexol by CD and by its comparison with

the synthetic model compound 7-deoxy-D-glycero-D-allo-

heptitol, i.e. (2R,3R,4S,5S,6S)-heptane-1,2,3,4,5,6-hexaol

(10), which has not yet been described.
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Abstract 9-Hydroxy-2E-decenoic acid (9-HDA) is a

precursor of the queen-produced substance, 9-oxo-2E-

decenoic acid (9-ODA), which has various important

functions and roles for caste maintenance in honeybee

colonies (Apis mellifera). 9-HDA in royal jelly is consid-

ered to be a metabolite of 9-ODA produced by worker

bees, and it is fed back to the queen who then transforms it

into 9-ODA. Recently we found that 9-HDA is present in

royal jelly as a mixture of optical isomers (R:S, 2:1). The

finding leads us to suspect that chiral fatty acids in royal

jelly are precursors of semiochemicals. Rather than looking

for semiochemicals in the mandibular glands of the queen

bee, this study involves the search for precursors of

pheromones from large quantities of royal jelly. Seven

chiral hydroxy fatty acids, 9,10-dihydroxy-2E-decenoic,

4,10-dihydroxy-2E-decenoic, 4,9-dihydroxy-2E-decenoic,

3-hydroxydecanoic, 3,9-dihydroxydecanoic, 3,11-dihydrox-

ydodecanoic, and 3,10-dihydroxydecanoic acids were iso-

lated. The absolute configurations of these acids were

determined using the modified Mosher’s method, and it was

revealed that, similar to 9-HDA, five acids are present in

royal jelly as mixtures of optical isomers.

Keywords Absolute configuration � Apis mellifera �
Honeybees � Hydroxy fatty acid � Modified Mosher’s

method � Royal jelly

Abbreviations

COSY Two-dimensional 1H-1H shift correlation

HMBC Two-dimensional heteronuclear multiple-bond

connectivity

MTPA 2-Methoxy-2-(trifluoromethyl)phenylacetic acid

TMS Tetramethylsilane

Introduction

The so-called ‘‘queen substance,’’ 9-oxo-2-decenoic acid

(9-ODA), was isolated from the honeybee queen mandib-

ular glands by Butler et al. [1]. This compound is a

well-known semiochemical which has various important

functions, such as queen recognition and inhibition of

ovary development in worker bees for caste maintenance in

honeybee colonies [2].

In 1965, Johnston and co-workers reported that 9-ODA

was rapidly metabolized to 9-hydroxy-2E-decenoic (9-HDA)

or 9-hydroxydecanoic acids [3]. They further postulated a

‘‘pheromone cycle,’’ in which worker bees would receive

9-ODA from the queen and convert it into 9-HDA. The

metabolite would then be transported to the worker man-

dibular glands where it would be passed back to the queen

through royal jelly. The queen would then convert it back

into the active oxo-form, 9-ODA. In fact, significant

amounts of 9-HDA have been found in royal jelly, but

9-ODA has not yet been detected. Furthermore, our pre-

vious study revealed that 9-HDA is present as a mixture of

optical isomers (R:S, 2:1) in royal jelly [4]. This interesting

finding is important with regard to searching for precursors

of unknown semiochemicals in royal jelly.

The present study was undertaken to examine the con-

stituents of royal jelly in the hope of discovering precursors

of unknown queen substances. We conducted a more
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detailed survey of the components, particularly the fatty

acid fraction, and isolated seven chiral fatty acids in the

pure state. The absolute configurations of the chiral acids

were determined using the modified Mosher’s method

[5–7]. Similar to 9-HDA found in royal jelly, five acids are

present as mixtures of optical isomers.

Experimental Procedure

Materials

Lyophilized royal jelly powder was supplied by Yamada

Apiculture Center Inc. (Okayama, Japan). A voucher

specimen was deposited in the Faculty of Pharmaceutical

Sciences, Setsunan University.

Instrumentation

Optical rotations were measured at 25 �C with a JASCO

DIP-140 polarimeter (JASCO, Tokyo, Japan). 1H- and 13C-

NMR spectra were recorded on JEOL JMN GX400 or ECA

600SN spectrometers (JEOL, Tokyo, Japan), using tetra-

methylsilane (TMS) as an internal reference. All samples

were measured at a probe temperature of 35 �C. The two-

dimensional heteronuclear multiple bond connectivity

(HMBC) spectrum was recorded at 600 MHz with 64

scans (2,3JCH = 8 Hz). Fast atom bombardment mass

spectrometry (FAB-MS) including high-resolution mass

was recorded on a JEOL JMS-700T spectrometer (JEOL).

(Accelerating voltage, 5 kV; matrix, glycerin or trietha-

nolamine; collision gas, He). Column chromatography was

carried out on Diaion HP-20 (Mitsubishi Chemical Co.,

Tokyo, Japan), Sephadex LH-20 (Amersham Pharmacia

Biotech AB, Uppsala, Sweden), silica gel (Kiesergel 60,

Merck), and Cosmosil 75C18-OPN (Nacalai Tesque, Inc.,

Tokyo, Japan). Preparative HPLC was conducted over

Mightysil RP-18 GP (5 lm, 4.6 9 250 mm, Kanto

Chemical Co. Inc. Tokyo, Japan) and Inertsil ODS-3

(4 lm, 4.6 9 100 mm, GL Sciences Inc., Tokyo, Japan)

columns with a JASCO 980-PU (JASCO, Tokyo, Japan).

The elution profile was monitored by a refractive index

detector, RI504R (GL Sciences Inc., Tokyo, Japan).

Isolation of Compounds, 1–7

Lyophilized royal jelly powder (1 kg) was percolated with

chloroform to remove a major component, 10-hydroxy-2E-

decenoic acid. The residue was extracted with chloroform/

acetone (1:1, vol/vol), and the solvent was removed in

vacuo to give an extract (36.1 g). This was chromato-

graphed on silica gel and eluted successively with chloro-

form/methanol/water (7:2:0.2 ? 7:3:0.5 ? 6:4:1 by vol)

to give four fractions, fr. 1 (30.0 g), fr. 2 (1.8 g), fr. 3

(0.9 g), and fr. 4 (0.5 g). Fr. 2 was chromatographed on

Sephadex LH-20 (methanol) and Cosmosil 75C18-OPN

(methanol/water, 1:1 vol/vol ? methanol) columns to give

three fractions, fr. 5 (115 mg), fr. 6 (314 mg), and fr. 7

(340 mg). Fr. 5 was subjected to preparative HPLC on a

reversed-phase column (Inertsil ODS-3) using acetonitrile/

water/trifluoroacetic acid, 30:70:0.25 by vol to give com-

pound 1 (7.6 mg). Fr. 3 was chromatographed on Sephadex

LH-20 (methanol) and Cosmosil 75C18-OPN (methanol/

water, 3:7 ? 1:1 by vol ? methanol) columns to give

four fractions, fr. 8–11. Fr. 8 (31.2 mg) was subjected to

preparative HPLC on a reversed-phase column (Mightysil

RP-18 GP) using a mobile phase (methanol/water/tri-

fluoroacetic acid, 25:75:0.5 by vol) to give compounds 2

(11.7 mg) and 3 (1.3 mg). Fr. 9 (499 mg) was separated by

an Inertsil ODS-3 column using a mobile phase (methanol/

water/trifluoroacetic acid, 25:75:0.5 by vol) to give com-

pounds 5 (5.4 mg) and 7 (118 mg). Fr. 10 was subjected to

HPLC on an Inertsil ODS-3 column using a solvent

(methanol/water/trifluoroacetic acid, 37:63:0.5 by vol) to

give compounds 4 (3.4 mg) and 6 (4.2 mg). Compound 7

was identified as 3R,10-dihydroxydecanoic acid by com-

parison of the NMR and FABMS spectroscopic data with

those of an authentic sample [4].

1: High resolution negative ion FABMS m/z: 201.1120

[M-H]- (calcd. for C10H17O4: 201.1127). [a]D -5.5� at

0.8 g/100 mL in methanol. 2: High resolution negative ion

FABMS m/z: 201.1118 [M-H]- (calcd. for C10H17O4:

201.1127). 3: High resolution negative ion FABMS m/z:

201.1117 [M-H]- (calcd. for C10H17O4: 201.1127). [a]D

-3.1� at 0.2 g/100 mL in methanol. 4: High resolution

negative ion FABMS m/z: 187.1339 [M-H]- (calcd. for

C10H19O3: 187.1334). [a]D ?1.1� at 0.3 g/100 mL in

methanol. 5: High resolution negative ion FABMS m/z:

203.1291 [M-H]- (calcd. for C10H19O4: 203.1283). [a]D

?3.3� at 0.5 g/100 mL in methanol. 6: High resolution

negative ion FABMS m/z: 231.1588 [M-H]- (calcd. for

C12H23O4: 231.1596). [a]D ?3.4� at 0.4 g/100 mL in

methanol. 1H- and 13C-NMR spectroscopic data of 1–6 are

shown in Tables 1 and 2.

Preparation of 2-Methoxy-2-

(trifluoromethyl)phenylacetyl (MTPA) Ester

Derivatives

Compounds 1 through 6 (ca. 1 mg) were each treated with

diazomethane in diethyl ether. (-)- and (?)-MTPA Chlo-

rides (Tokyo Kasei Kogyo Co. Ltd., 20 mg each) were

separately added to a solution of the above product in

carbon tetrachloride (0.3 mL) and pyridine (1.0 mL), and

the mixture was stirred at room temperature for 12 h. After

removal of the solvent under a nitrogen stream, the reaction
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mixture was subjected to silica gel column chromatography

(chloroform) to give a MTPA derivative.

Bis[(-)-MTPA] Ester of Methyl Ester of 1 (1a) 1H-NMR

(CDCl3, 600 MHz) d: 1.18–1.17 (8H, m, CH2 9 4), 2.12

(0.5H, dt, J = 7.2, 7.2 Hz, H2-4 of S-form), 2.16 (1.5H, dt,

J = 7.2, 7.2 Hz, H2-4 of R-form), 3.42 (2.25H, m, OCH3

of R-form), 3.44 (2.25H, m, OCH3 of R-form), 3.48

(0.75H, m, OCH3 of S-form), 3.49 (0.75H, m, OCH3 of

S-form), 3.73 (3H, s, CO2CH3), 4.27 (0.75H, dd, J = 4.8,

12.0 Hz, Ha-10 of R-form), 4.30 (0.25H, dd, J =

6.0, 12.0 Hz, Ha-10 of S-form), 4.54 (0.75H, dd, J = 3.0,

12.0 Hz, Hb-10 of R-form), 4.62 (0.25H, dd, J = 3.0,

12.0 Hz, Hb-10 of S-form), 5.28–5.32 (1H, m, H-9), 5.79

(0.25H, d, J = 15.6 Hz, H-2 of S-form), 5.80 (0.75H, d,

J = 15.6 Hz, H-2 of R-form), 6.92 (0.25H, dt, J = 15.6,

7.2 Hz, H-3 of S-form), 6.93 (0.75H, dt, J = 15.6, 7.2 Hz,

H-3 of R-form), 7.33–7.40 (6H, m, H-ph), 7.43–7.50 (4H,

m, H-ph).

Bis[(-)-MTPA] Ester of Methyl Ester of 2 (2a) 1H-NMR

(CDCl3, 400 MHz) d: 1.22–1.72 (10H, m, CH2 9 5),

3.53–3.55 (6H, m, OCH3 9 2), 3.74 (1.5H, s, CO2CH3 of

R-form), 3.76 (1.5H, s, CO2CH3 of S-form), 4.24–4.34

(2H, m, H2-10), 5.57–5.60 (1H, m, H-4), 5.86 (0.5H, d,

J = 15.6 Hz, H-2 of R-form), 5.98 (0.5H, d, J = 15.6 Hz,

H-2 of S-form), 6.78 (0.5H, dd, J = 6.0, 15.6 Hz, H-3 of

R-form), 6.84 (0.5H, dd, J = 6.0, 15.6 Hz, H-3 of S-form),

7.38–7.42 (6H, m, H-ph), 7.49–7.52 (4H, m, H-ph).

Bis[(-)-MTPA] Ester of Methyl Ester of 3 (3a) 1H-NMR

(CDCl3, 400 MHz) d: 0.86-1.61 (11H, m, H3-10 and

CH2 9 4), 3.52–3.57 (6H, m, OCH3 9 2), 3.74–3.76 (3H,

m, CO2CH3), 5.04–5.13 (1H, m, H-9), 5.51–5.60 (1H, m,

H-4), 5.85 (0.29H, d, J = 15.6 Hz, H-2 of 4R9R-form),

5.86 (0.21H, d, J = 15.6 Hz, H-2 of 4R9S-form), 5.96

(0.37H, d, J = 15.6 Hz, H-2 of 4S9R-form), 5.98 (0.13H,

d, J = 15.6 Hz, H-2 of 4S9S-form), 6.76 (0.29H, dd, J =

5.6, 15.6 Hz, H-3 of 4R9R-form), 6.78 (0.21H, dd, J = 5.6,

15.6 Hz, H-3 of 4R9S-form), 6.81 (0.37H, dd, J = 5.6,T
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Table 2 13C-NMR chemical shifts of 1–3 and 5–6 (CD3OD)

1 2 3 5 6

C-1 171.4 170.0 170.6 174.1 173.8

C-2 123.7 120.9 121.7 43.3 43.3

C-3 149.5 152.9 152.2 69.4 69.3

C-4 33.0 71.6 71.6

C-9 73.1 68.6 68.6

C-10 67.3 63.0 23.5 23.5

C-11 – – – – 68.5

C-12 – – – – 23.5

d in ppm from TMS
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15.6 Hz, H-3 of 4S9R-form), 6.83 (0.13H, dd, J = 5.6,

15.6 Hz, H-3 of 4S9S-form), 7.39–7.43 (6H, m, H-ph),

7.50–7.53 (4H, m, H-ph).

(-)-MTPA Ester of Methyl Ester of 4 (4a) 1H-NMR

(CDCl3, 400 MHz) d: 0.88 (3H, t, J = 7.2 Hz, H3-10),

1.18–1.58 (12H, m, CH2 9 6), 2.58 (1H, dd, J = 4.8,

16.0 Hz, Ha-2), 2.65 (1H, dd, J = 8.0, 16.0 Hz, Hb-2),

3.56 (3H, m, OCH3), 3.59 (3H, s, CO2CH3), 5.48 (1H, m,

H-3), 7.37–7.43 (3H, m, H-ph), 7.52–7.54 (2H, m, H-ph).

(?)-MTPA Ester of Methyl Ester of 4 (4b) 1H-NMR

(CDCl3, 400 MHz) d: 0.87 (3H, t, J = 7.2 Hz, H3-10),

1.20–1.67 (12H, m, CH2 9 6), 2.61 (1H, dd, J = 4.8,

16.0 Hz, Ha-2), 2.70 (1H, dd, J = 8.0, 16.0 Hz, Hb-2),

3.55 (3H, m, OCH3), 3.66 (3H, s, CO2CH3), 5.48 (1H, m,

H-3), 7.37–7.41 (3H, m, H-ph), 7.52–7.54 (2H, m, H-ph).

Bis[(-)-MTPA] Ester of Methyl Ester of 5 (5a) 1H-NMR

(CDCl3, 600 MHz) d: 1.25 (2H, d, J = 6.6 Hz, H3-10 of

3R9S-form), 1.33 (1H, d, J = 6.6 Hz, H3-10 of 3R9R-

form), 1.31–1.66 (10H, m, CH2 9 5), 2.55 (0.33H, dd,

J = 4.8, 16.2 Hz, Ha-2 of 3R9R-form), 2.56 (0.67H, dd, J =

4.8, 16.2 Hz, Ha-2 of 3R9S-form), 2.63 (0.33H, dd,

J = 7.8, 16.2 Hz, Hb-2 of 3R9R-form), 2.64 (0.67H, dd,

J = 7.8, 16.2 Hz, Hb-2 of 3R9S-form), 3.51–3.56 (6H, m,

OCH3 9 2), 3.59 (3H, m, CO2CH3), 5.10–5.14 (1H, m,

H-9), 5.43–5.48 (1H, m, H-3), 7.37–7.42 (6H, m, H-ph),

7.50–7.53 (4H, m, H-ph).

Bis[(?)-MTPA] Ester of Methyl Ester of 5 (5b) 1H-NMR

(CDCl3, 600 MHz) d: 1.24 (1H, d, J = 6.6 Hz, H3-10 of

3R9R-form), 1.32 (2H, d, J = 6.6 Hz, H3-10 of 3R9S-

form), 1.11–1.65 (10H, m, CH2 9 5), 2.58 (0.67H, dd,

J = 4.8, 16.2 Hz, Ha-2 of 3R9S-form), 2.59 (0.33H, dd,

J = 4.8, 16.2 Hz, Ha-2 of 3R9R-form), 2.68 (0.67H, dd, J =

7.8, 16.2 Hz, Hb-2 of 3R9S-form), 2.69 (0.33H, dd,

J = 7.8, 16.2 Hz, Hb-2 of 3R9R-form), 3.53–3.56 (6H, m,

OCH3 9 2), 3.66 (3H, m, CO2CH3), 5.08–5.13 (1H, m,

H-9), 5.42–5.48 (1H, m, H-3), 7.36–7.40 (6H, m, H-ph),

7.51–7.54 (4H, m, H-ph).

Bis[(-)-MTPA] Ester of Methyl Ester of 6 (6a) 1H-NMR

(CDCl3, 600 MHz) d: 1.18–1.68 (14H, m, CH2 9 7), 1.25

(2.25H, d, J = 6.0 Hz, H3-12 of 3R11S-form), 1.33

(0.75H, d, J = 6.0 Hz, H3-12 of 3R11R-form), 2.57 (1H,

dd, J = 4.8, 15.6 Hz, Ha-2), 2.64 (1H, dd, J = 7.8,

15.6 Hz, Hb-2), 3.52 (3H, m, OCH3), 3.54 (3H, m, OCH3),

3.59 (3H, s, CO2CH3), 5.11–5.16 (1H, m, H-11), 5.45–5.49

(1H, m, H-3), 7.38–7.41 (6H, m, H-ph), 7.52–7.53 (4H, m,

H-ph).

Bis[(?)-MTPA] Ester of Methyl Ester of 6 (6b) 1H-NMR

(CDCl3, 600 MHz) dH: 1.38–1.65 (14H, m, CH2 9 7), 1.25

(0.75H, d, J = 6.0 Hz, H3-12 of 3R,11R-form), 1.33

(2.25H, d, J = 6.0 Hz, H3-12 of 3R11S-form), 2.61 (1H,

dd, J = 4.8, 15.6 Hz, Ha-2), 2.70 (1H, dd, J = 8.4,

15.6 Hz, Hb-2), 3.54 (3H, m, OCH3), 3.57 (3H, m, OCH3),

3.66 (3H, s, CO2CH3), 5.11–5.17 (1H, m, H-11), 5.44–5.49

(1H, m, H-3), 7.38–7.40 (6H, m, H-ph), 7.53–7.54 (4H, m,

H-ph).

The ratio of R to S was determined by the intensity of

the signals arising from both enantiomers.

Results

The total lipid fraction obtained from lyophilized royal

jelly powder (1 kg) was separated repeatedly by silica gel

column chromatography with various solvents to give the

crude fatty acid fraction. This fraction was further sepa-

rated with HPLC, and seven compounds 1–7 were isolated

in pure form (see ‘‘Experimental Procedure’’).

The molecular formula of 1, C10H18O4, was established

using high resolution FAB-MS. The 1H-NMR spectrum of

1 showed trans olefinic (dH 5.80 and 6.89), oxymethine (dH

3.57), and allylic (dH 2.21) groups together with non-

equivalent methylene signals. The 13C-NMR spectrum

showed one oxy methine (dC 73.1) and one oxy methylene

(dC 67.3) units together with carboxyl (dC 171.4) and

olefinic (dC 123.7 and 149.5) carbons. The COSY and

HMBC spectra showed significant correlation peaks

between H2-10/H-9, H-2/C-1, and H-3/C-1, respectively.

These findings revealed that 1 was 9,10-dihydroxy-2E-

decenoic acid. The absolute configuration of C-9 was

determined using the modified Mosher’s method.1

Methylation of 1 with diazomethane, followed by

treatment with (-)-MTPA chloride gave the (-)-MTPA

ester (1a). The 1H-NMR spectrum of 1a showed two sets of

signals in a ratio of ca 3:1 due to optical isomers. The Dd
values [d (-)-MTPA ester – d (?)-MTPA ester] of the

major characteristic H-2 and H-3 protons were ?0.011 and

?0.013 ppm, respectively, whereas those of Ha-10 and

Hb-10 were -0.025 and -0.076 ppm, respectively, indi-

cating the 9R configuration. Hence, 1 was revealed to be a

mixture of 9R,10- and 9S,10-dihydroxy-2E-decenoic acids

in a ratio of ca 3:1 (Fig. 1).

The high resolution FAB-MS of 2 showed an [M-H]-

ion peak at m/z 201.1118, consistent with the same

molecular formula, C10H18O4, as that of 1, and indicating

that 2 is an isomer of 1. The 1H-NMR spectrum of 2

showed similar trans olefinic (dH 5.97 and 6.92) signals

due to protons H-2 and H-3, and equivalent H2-10 (dH

1 To establish whether the modified Mosher’s method is applicable to

compounds possessing a 1,2-diol, we firstly examined this method

using 3-(octadecyloxy)-1,2S-propanediol. The Dd values of the

corresponding (-)- and (?)-MTPA esters were consistent with those

predicted for S configuration.
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3.54) signals together with an oxy methine (dH 4.22) group

coupled with H-3. These findings revealed that 2 was a

positional isomer of 1; that is, 2 differed in the position of

the secondary hydroxyl group placed at C-4 instead of C-9

as in 1, and hence the structure was determined to be 4,

10-dihydroxy-2E-decenoic acid. Methylation of 2 with

diazomethane followed by esterification with (-)-MTPA

chloride gave the (-)-MTPA ester (2a). The 1H-NMR

spectrum of 2a showed, similar to that of 1a, two sets of

signals assignable to optical isomers, but, in a ratio of ca.

1:1. From these findings, it was determined that 2 was a

mixture of 4R,10- and 4S,10-dihydroxy-2E-decenoic acids,

in a ratio of ca. 1:1 (Fig. 1).

Compound 3 (C10H18O4) was found, using two dimen-

sional 1H-NMR (COSY and HMBC) spectroscopic analy-

ses, to be another isomer, 4,9-dihydroxy-2E-decenoic acid.

The 1H-NMR spectrum of (-)-MTPA ester (3a) showed, in

contrast to those of 1a and 2a, four sets each of signals due

to protons H-2 and H-3, indicating that 3a is a mixture of

four isomers (4R9S, 4S9R, 4R9R, and 4S9S). As can be

seen in Fig. 2, the olefinic signal for proton (H-2) of the

4R9R isomer should appear at the highest field because of

the anisotropic effect of the two phenyl groups of the

MTPA esters (strong shielding by the near 4R-MTPA?

weak shielding by the far 9R-MTPA). The signal observed

at the second highest field could be assigned as proton H-2
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of the 4R9S isomer (strong shielding by the near 4R-

MTPA ? weak deshielding by the far 9S-MTPA). Again,

employing the modified Mosher’s method as described

above, olefinic signals due to the four isomers were suc-

cessively discriminated, and thus 3 was revealed to be a

mixture of 4S9R-, 4R9R-, 4R9S-, and 4S9S-dihydroxy-2E-

decenoic acids, in a ratio of ca. 9:7:5:3. On comparison

with those of 2a, the Dd values for protons H-2 and H-3

were consistent with the assignment of configurations

(Fig. 4).

Analysis of the NMR and FAB-MS spectra of 4

(C10H20O3) revealed the structure to be 3-hydroxydecanoic

acid. The 1H-NMR spectrum of (-)-MTPA ester (4a)

showed, unlike those of 1a–3a, signals due to one optical

isomer. We then prepared the (?)-MTPA ester (4b). The

Dd value for protons H2-2 showed that the configuration at

C-3 was R (Fig. 4).

The 1H-NMR spectrum of 5 (C10H20O4) showed two

oxy methine signals (d 3.71 and 3.97), and similar to that of

4, no signals due to olefinic protons. One oxy methine was

coupled with the terminal methyl, H3-10, and the other was

coupled with the nonequivalent protons, H2-2. From this

information, it was clear that the two hydroxyl groups were

located at the C-3 and C-9 positions, and hence the struc-

ture of 5 was defined as 3,9-dihydroxydecanoic acid. To

clarify the absolute configuration, 5 was converted into the

(-)-MTPA derivative (5a). The 1H-NMR spectrum of 5a,

in contrast to that of 3a, showed two signals for protons

H2-2, and accordingly 5 was regarded as being a mixture of

enantio- and/or diastereoisomers. We then prepared the

(?)-MTPA ester (5b). If compound 5 was a mixture of

enantiomers [(3R9R and 3S9S) or (3R9S and 3S9R)], the

chemical shifts of all signals arising from the (?)- and (-)-

MTPA esters would reverse each other, and similar to those

of 2a, the Dd values would have the opposite sign (Fig. 4).

However, the signals in the spectra of 5a and 5b gave

different chemical shifts. Based on these findings, com-

pound 5 was revealed to be a mixture of diastereomers. The

anisotropic effect of the phenyl group of the MTPA ester

decreases with increasing numbers of methylene groups

between it and the chiral center. In the 1H-NMR spectrum

of 5a, the difference in the chemical shifts for the Ha-2

group (0.01 ppm) was less than that for the H3-10 group

(0.08 ppm) (Fig. 3). Therefore it was determined that the

C-9 position has two (R and S) configurations, while the

C-3 carbon has only one. Since the Dd values for the H2-2

protons in both the (?)- and (-)-MTPA esters showed the

same minus sign, the configuration of the C-3 position

could be assigned as R. On the basis of the results obtained

above, compound 5 was found to be a mixture of 3R9R-

and 3R9S-dihydroxydecanoic acids, in a ratio of ca. 1:2.

The 1H-NMR spectrum of 6 was quite similar to that

of 5, including signals due to two methines and one

terminal methyl group. Its negative ion FAB-MS showed

PPM

1.325 1.300 1.275 1.250

PPM

2.600 2.575 2.550 2.525
H3-10

3R,9R

3R,9S

Ha-2

3R,9S

3R,9R

0.08 ppm 0.01 ppm

OMe

OMTPAOMTPAO

H3-10 Ha-2

strong effect weak effect

R/S

Fig. 3 1H-NMR spectrum of 5a
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an [M-H]- ion peak at m/z 231, which was 28 mass units

more than that of 5, while in the 13C-NMR spectrum, two

additional methylene signals were observed. From these

findings, 6 was revealed to be 3,11-dihydroxydodecanoic

acid. The absolute configurations of the two secondary

hydroxy groups were determined in the same manner as

described for 5. With the Dd values and signs of the

diagnostic signals, similar to those of 5, the C-3 position

was determined to be the R configuration, while the C-11

carbon was found to have both forms (Fig. 4). Accord-

ingly, 6 was identified as a mixture of the isomers,

3R11R and 3R11S in a ratio of 1:3.

Discussion

Seven hydroxy fatty acids were isolated in the pure state

from the royal jelly of honeybees (Apis mellifera).

Compounds 1–3 and 5 are the first hydroxy fatty acids

isolated from royal jelly, although 5 has already been

detected in human urine by Tserng et al. [8]. Compound 6,

was recently isolated from royal jelly, by Melliou and co-

workers [9], however, the absolute configuration remains

unclear. Similar to 9-HDA in royal jelly, the chiral acids

obtained in this study are revealed to be mixtures of

enantio- or diastereo-isomers (Fig. 4).

It should be noted that the absolute configurations of the

secondary hydroxy groups located at C-3 of the chiral acids

are all the R form, while those at positions C-4, C-9, and

C-11 have both forms.

A recent study of the genome sequencing of the hon-

eybee, A. mellifera, demonstrated that the species has more

odorant receptors than other insects, such as Drosophila

melanogaster, Anopheles gambiae, and Bombyx mori,

indicating that the honeybee lifestyle involves enhanced

pheromone communication [10].
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chemical shift difference (ppm)

for MTPA esters
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Considering the above information together with the

relationship between 9-ODA and 9-HDA, it is believed that

the chiral acids isolated in the present study are precursors

of unknown semiochemicals, and that their corresponding

oxo-forms may play physiologically important functions

and roles in the hierarchy of honeybee colonies. We are

now synthesizing these oxo-derivatives in order to examine

the biological activities of these compounds.
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Abstract Data have been obtained showing regularities

in product formation following radiolysis of serinol,

lysosphingomyelin and photolysis of N-(2-hydroxypro-

pyl)hexanamide, sphingomyelin, which point to the possi-

bility of photo- and radiation-induced destruction of the

named substrates via a C–C bond rupture. The key stage

of this process is the formation and decomposition of

N-centered radicals generated from the starting

compounds.

Keywords Lipid chemistry � General area �
Free radicals � Oxidized lipids � Sphingomyelin �
Specific lipids

Abbreviations

CerPCho Sphingomyelin

D2O Deuterium oxide

GC–MS Gas chromatography–mass spectrometry

HPHA N-(2-Hydroxypropyl)hexanamide

HPLC High performance liquid chromatography

LC Liquid chromatography

SPPtdCho D-erythro-sphingosine phosphocholine

(lysosphingomyelin)

UV Ultraviolet

Introduction

Lipids are known to undergo various free-radical trans-

formations on irradiation. Of these processes, the most

extensively studied one is lipid peroxidation [1]. In cases of

hydroxyl-containing lipids, such as cardiolipin and phos-

phatidylinositol, the radiation may induce free-radical

fragmentation, in which the key stage is the decomposition

of a-hydroxyl-containing carbon-centered radicals formed

from the starting molecules [2, 3]. Unlike glycerophos-

pholipids, the radiation-induced transformations of sphin-

golipids have been studied to a much less extent, and only

sporadic publications on this issue can be found in the

literature. At the same time, sphingolipids, the structural

components of which are sphingosine bases, represent one

of the most diversified kinds of lipids, as regards chemical

structure and functional activity. They are indispensable

components of cell membranes and therefore play an

important role in biosystem functioning. In plasmatic

membranes of mammals, the major part of sphingolipids is

localized, together with cholesterol, in definite areas of

biomolecules, usually named ‘‘lipid rafts’’ [4]. The ‘‘lipid

rafts’’ containing high concentrations of sphingomyelin

(CerPCho) are believed to have the potential to accumulate

significant amounts of CerPCho, which leads to the for-

mation of high local concentrations of ceramide, an

important participant in apoptosis processes [5]. Lysos-

phingolipids, such as lysosphingomyelin (SPPtdCho) and

sphingosine-1-phosphate, are regarded as a new class of

signaling molecules. They are formed during physiological

and pathological processes and are responsible for acti-

vating various signaling cascades [6].

The aforesaid may serve as a serious motivation for

studying photo- and radiation-induced transformations of

sphingolipids.
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Materials and Methods

Materials

In the present study, composition of the product mixtures

formed on radiolysis of 2-aminoglycerol (serinol) or

SPPtdCho was examined, as well as that of photolysis

products of N-(2-hydroxypropyl)hexanamide (HPHA) and

CerPCho. Structures of the compounds under study are

shown in Fig. 1.

CerPCho from Sigma and serinol from Aldrich were

used in the study. SPPtdCho was prepared by deacylation

of CerPCho [7]. Synthesis of HPHA was performed

according to a procedure based on acylation of amino

alcohol with complex capric/n-butylcarbonic acid anhy-

dride in a solvent system containing tetrahydrofuran and

acetonitrile (1:2), with the addition of 15 lL of triethyl-

amine per 10 mL of the mixture [8]. Structures of the

synthesized compounds were confirmed by 1H- and 13C-

NMR spectroscopy.

Preparation of Liposomes from Lipids

Multilayer liposomes were prepared by dispersing thin

lipid films in phosphate buffer [9]. To do this, the solvent

was removed on a rotor evaporator from solutions of the

respective lipids in chloroform, and the film samples

obtained were kept under a vacuum for at least 1 h to

complete the process of solvent removal. To the lipid film

thus obtained, a definite amount of phosphate buffer was

added (c = 0.05 mol/L; pH 7.4), pre-deaerated by bub-

bling argon (99.9%) for 45 min. The mixture was shaken

for 15 min on a Vortex mixer at 50 �C. The obtained

multilayer liposomes were sonicated for 3 min at 24 kHz

(50% vibration amplitude, cycling mode 0.3) on an ultra-

sound unit UP 200H. Lipid concentration in the liposomes

was 2 9 10-2 mol/L.

Preparation of Solutions of the Compounds

Under Study

Freshly twice-distilled water was used for preparation of

0.1 M aqueous solutions of serinol and HPHA. The nec-

essary pH values of serinol solutions were achieved by

adjusting with perchloric acid or sodium hydroxide. Oxy-

gen was removed from the solutions obtained by bubbling

argon through them for 45 min.

Irradiation of Samples

The prepared samples were irradiated on a c-unit equipped

with 60Co source; the dose rate was 0.45 ± 0.1 Gy/s. The

absorbed dose range for serinol solutions and SPPtdCho

liposomes was 0.54–2.70 kGy.

CerPCho dispersions and HPHA solutions were irradi-

ated with a continuous spectrum of a high pressure mercury

arc lamp (DRT-100). The sample distance from the source

was 20 cm. The dose rate in the wavelength range

Fig. 1 Structures of the

compounds studied, a serinol;

b N-(2-hydroxypropyl)

hexanamide (HPHA);

c lysosphingomyelin

(SPPtdCho); d sphingomyelin

(CerPCho)
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230–320 nm was 6.8 9 1015 photons s-1 mL-1. The irra-

diation period for HPHA was varied from 10 to 100 min,

and that for CerPCho liposomes was 15–160 min.

LC Analysis of Ammonia in Serinol Solutions

The ammonia content of serinol solutions was determined

by means of the liquid chromatography technique as

described in [10] using sodium citrate buffer pH 10.1 as

eluent.

HPLC Analysis of Carbonyl-Containing Products

Analysis of carbonyl-containing products (formaldehyde,

acetaldehyde, glycolic aldehyde, b-hydroxypropionic

aldehyde, hydroxyacetone) formed on radiolysis or pho-

tolysis of the substrates being studied was carried out, after

derivatization of the named compounds with 2,4-dinitro-

phenylhydrazine, by means of the high performance liquid

chromatography technique using a Shimadzu LC-10ADVP

instrument equipped with a UV detector. The chromato-

graphic conditions were as follows: NUCLEOSIL 120-5

C18 column (length 250 mm, ID 4 mm); eluent: methanol/

water (60:40); eluent flow rate: 0.6 mL/min; temperature:

37 �C; detection wavelength 360 nm; injection volume:

4 lL.

GC–MS Analysis of Radiolysis Products Formed

from Lipid Liposomes

2-Hexadecenal, stearamide and hydrocarbon contents of

irradiated lipid liposomes were determined using the

chromatography-mass spectrometry technique on a Shi-

madzu GCMS-QP2010 instrument (electron impact at

70 eV; ion source temperature 250 �C). The products were

separated on an Equity
TM

-5 capillary column (30 m,

0.25 mm ID, 025 lm thickness of the liquid phase layer).

The GC oven temperature was increased from 60 to 280 �C

at a rate of 5 �C/min. The samples were extracted from the

liposomes with methanol.

Radiation-chemical yields of formation for the respec-

tive products were calculated from the data on radiolysis

product accumulation as function of the dose absorbed. The

figures given the tables are average values from at least

three measurements. Within the absorbed dose range used,

concentrations of radiolysis products increased linearly

with the irradiation dose.

Results

The parent compound for sphingolipids is sphingosine,

which contains a 2-aminoglycerol moiety in its structure

(Fig. 1a). For this reason, we investigated the composition

and determined yields of the products formed on radiolysis

of deaerated 0.1 M serinol solutions in water and deute-

rium oxide (D2O) as function of the solution pH (Table 1).

The data obtained show that the main radiolysis products of

serinol are ammonia and various carbonyl-containing

substances, which are formed on deamination and C–C

destruction of the starting compound. The yields of these

products are significantly affected by pH of the starting

solutions, as well as by replacement of H2O by D2O.

Radiolysis of aqueous SPPtdCho dispersions (Fig. 1c)

results in formation of compounds with lower molecular

mass than that of the starting substrate. Using the GC–MS

method, we have detected 2-hexadecenal among radiolysis

products formed in 0.02 M aqueous SPPtdCho dispersions.

Figure 2 shows the mass spectrum of a product present in

the reaction mixture obtained after radiolysis of SPPtdCho.

The spectrum is consistent with the structure of 2-hexa-

decenal, an unsaturated C16 aldehyde [11].

Accumulation of 2-hexadecenal proceeds proportionally

to the dose absorbed (Fig. 3). This fact indicates that the

named compound is a primary product of SPPtdCho

radiolysis.

Table 1 Radiation-chemical yields (G, molecule/100 eV) of product formation on radiolysis of deaerated 0.1 M serinol solutions in water and

D2O as function of pH

Products G, molecule/100 eV

pH 7.0 pH 11.0

NH3 2.94 ± 0.05 3.03 ± 0.12

HOCH2CH2CHO (0.82 ± 0.06)/(1.54 ± 0.04) (0.54 ± 0.04)/(0.24 ± 0.05)

HOCH2C(O)CH3 (0.03 ± 0.01)/– (0.23 ± 0.01)/(0.01 ± 0.01)

CH2O (0.20 ± 0.03)/(0.05 ± 0.03) (0.40 ± 0.06)/(0.14 ± 0.04)a

CH3CHO (0.04 ± 0.01)/(0.02 ± 0.01) (0.29 ± 0.05)/(0.05 ± 0.02)

HOCH2CHO (0.05 ± 0.04)/(0.01 ± 0.02) (0.36 ± 0.03)/(0.03 ± 0.01)

a The formaldehyde yield value given in the Table at pH 11.0 may be lower than the actual one since formaldehyde at alkaline pH values can

undergo condensation reactions
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The radiation-chemical yield of 2-hexadecenal calcu-

lated from the data shown in Fig. 3 for 0.02 M aqueous

SPPtdCho dispersions amounted to 0.22 ± 0.04 molecule/

100 eV.

Furthermore, photolysis of 0.1 M HPHA solutions and

0.02 M CerPCho dispersions were performed in this study.

Thereafter, composition of the product mixtures was

examined and quantum yields determined for the respec-

tive photolysis products.

On photolysis of deaerated aqueous 0.1 M HPHA

solutions, we have detected pentane and acetaldehyde.

Accumulation of the latter occurred in direct proportion to

UV irradiation time (Fig. 4).

Photolysis of deaerated aqueous 0.02 M CerPCho dis-

persions results in formation of the corresponding hydro-

carbons and 2-hexadecenal.

Quantum yields of the photolysis products obtained after

UV-irradiation of HPHA and CerPCho are presented in

Table 2.

Along with the CerPCho destruction products formed

via C–C bond cleavage, we have also detected stearamide,

a deamidation product of the starting substance (Table 2).

Discussion

A characteristic feature of the chemistry of free radicals

generated from bi- and polyfunctional organic compounds

Fig. 2 Mass spectrum of 2-hexadecenal present in irradiated SPPtdCho dispersions

Fig. 3 Accumulation of 2-hexadecenal on irradiation of aqueous

SPPtdCho dispersions (c = 0.02 mol/L, pH 7.4) as function of dose

absorbed

Fig. 4 Accumulation of acetaldehyde in UV-irradiated 0.1 M HPHA

solutions as function of irradiation time
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is their tendency towards decomposition via the stage

involving formation of carbon-centered radicals according

to the following scheme [12]:

OH

X

OH

(1)

OH

X

H2O- HX-

O
+H

O

= OH, NH2, OR, OCORX

,

Realization of reaction (1) on the radiolysis of serinol

results in the formation of ammonia and 3-hydroxyprop-

ionic aldehyde. Based on the yields obtained for ammonia,

one can conclude that the radiation-induced deamination is

the prevailing process in the case of serinol. Radiation-

induced deamination of serinol is accompanied by the for-

mation of hydroxyacetone and 3-hydroxypropanal. This fact

suggests the possibility of ammonia elimination by two

pathways, and the pH of the starting solution appears to have

a deciding influence on the probability of their realization.

At the same time, the probability of product formation

via rupture of C–C bonds in serinol molecules appears to

be quite high, especially in alkaline media.

It has been shown while studying radiolysis of amino

alcohols and diamines [12] that the radiation-induced

destruction of amino-containing bifunctional compounds

proceeds according to a mechanism shown below:

OH

NH2

OH

(2)

OH

NH
H2O-

H

O NH2

H ,

The probability of reaction (2) being realized should

increase in alkaline media, where the amino group is

deprotonated, making the abstraction of a hydrogen atom

from it by the electrophilic �OH radical easier. Indeed, the

yields of serinol breakdown products such as formalde-

hyde, acetaldehyde and glycolic aldehyde increase signif-

icantly when changing to alkaline solutions. The

probability of forming nitrogen-centered radicals should

decrease if the radiolysis is performed in D2O, because the

amino group will be deuterated in this case, and abstraction

of deuterium requires more energy.

The facts established in this study allow the following

schemes to be proposed for the product formation resulting

from the destruction occurring on radiolysis of serinol:

HO

NH2

OH - CH2=O

(3),

OH HO NH2

- H2O HO

NH

O

H

- H2O
CH2CH NH

- NH3

CH3CH NH
+ H

CH3CH O
+ H2O

(4)
H2O2

- -NH3

HOCH2CHNH2
HOCH2CH2NH2

HOCH2CH=NH HOCH2CH=O.

The attack of the �OH radical formed on radiolysis of water

on the amino group of SPPtdCho should also induce

destruction of the latter involving cleavage of the C–C

bond:

(5)

C13H27CH=CH OH

NH2R1

R1 = -CH2O-P-OCH2CH2N(CH3)3
O

O

C13H27CH=CH OH

NHR1

C13H27CH=CHCH=O

R1CHNH2,

.

OH

+

Identification of 2-hexadecenal among the products

formed on the radiolysis of SPPtdCho may serve as a

confirmation for the process of radiation-induced C–C

destruction being realized with the starting substance.

Unlike substances belonging to the amino alcohol class,

their amide analogues absorb UV radiation. This leads to

their destruction according to the Norrish type I scheme,

which, in the case of HPHA, can be represented in the

following way:

OH

NH

hv
O

NH

H

+ (6)

COC5H11

COC5H11 ,+

Realization of photochemical reaction (6) should lead to

the generation of aminyl radicals (I), and hence to the

appearance of products resulting from their subsequent

destruction via C–C bond rupture.

Indeed (see Table 2), among the photolysis products of

HPHA, we have identified pentane, evidencing realization

of the Norrish destruction (6), as well as acetaldehyde.

Formation of the latter is possible due to C–C destruction

of the species I:

Table 2 Quantum yields of formation (U, molecule/photon) of

photolysis products for the compounds under study

Starting substances Photolysis

products

U, molecule/

photon

Deaerated aqueous

0.1 M HPHA solution

Acetaldehyde 1.5 9 10-3

Pentane 3.2 9 10-4

Deaerated aqueous

0.02 M CerPCho dispersions

2-Hexadecenal 3.5 9 10-4

Stearamide 5.3 9 10-5

Hydrocarbons 4.4 9 10-5
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O

NH

H
+ (7)CH3CH=OCH2NH2 ,

The established fact of photo-decomposition of CerP-

Cho, due to the biological importance of this substance, is

of particular interest. After photon absorption, CerPCho

will undergo the Norrish type I decomposition:

(8)

hv

R1 = -CH2O-P-OCH2CH2N(CH3)3

O

O

C13H27CH=CH OH

NHR1

C13H27CH=CH OH

NHR1

COCnH2n+1

.

CnH2n+1 + CO+

Subsequently, the nitrogen-centered radicals II should

decompose to form 2-hexadecenal:

C13H27CH=CH OH

NHR1

C13H27CH=CHCH=O R1CHNH2, (9)+

The alkyl radicals formed according to reaction (8) are

capable of abstracting an H atom from the starting mole-

cule and initiating the deamidation process, as described in

[13].

(10)

C13H27CH=CH OH

NHR1

COCnH2n+1

+

R1 = -CH2O-P-OCH2CH2N(CH3)3
O

O

,

.

C13H27CH=CH O

NHR1

COCnH2n+1

CnH2n+1

- CnH2n+2

H2N COCnH2n+1

C13H27CH=CH O

R1

H

Analysis of the reaction mixture obtained after photo-

induced destruction of CerPCho (see Table 2) revealed the

presence of 2-hexadecenal, stearamide and hydrocarbons,

which may serve as confirmation for the reactions (8–10)

taking place.

Thus, the data presented in this paper point to the real-

ization of c- and UV-induced fragmentation of sphingoli-

pids involving C–C bond cleavage, which has not been

described previously.
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Abstract Butyric acid has been the subject of much

attention last years due to its bioactivity. However, the

potential advantages of butyrate are limited by the problem

to reach enough plasma concentrations; therefore, pro-drugs

have been proposed as an alternative to natural butyrate.

A comparative study on in vitro intestinal digestion of

2,3-dibutyroil-1-O-octadecyl glycerol (D-SCAKG) and

tributyrin (TB), as potential pro-drugs of butyric acid, was

performed. Aliquots were taken at different times of diges-

tion for studying the extent and rate of hydrolysis of both

substrates. The micellar phase (MP) and oily phase (OP)

formed in the digestion media were separated and their

composition in lipid products was analyzed. Initially, it was

confirmed that the in vitro model reproduced physiological

results by testing against olive oil as a standard lipid. The

progress of in vitro intestinal digestion of D-SCAKG was

slower than that of TB. TB hydrolyzed completely to butyric

acid, whereas D-SCAKG mainly yielded 2-butyroil-1-O-

octadecyl glycerol (M-SCAKG), followed by butyric acid

and 1-O-octadecyl glycerol (AKG). The MP from both

substrates mainly consisted of butyric acid. Minor levels of

M-SCAKG and AKG were also found in the MP after

hydrolysis of D-SCAKG, the M-SCAKG being mainly

distributed in the OP. Therefore, D-SCAKG produced a

stable form of esterified butyric acid as M-SCAKG after in

vitro intestinal digestion, unlike TB. Additionally, such a

product would integrate both bioactive compounds, butyric

acid and alkylglycerol, within the same molecule. Free

butyric acid and AKG would be also released, which are

lipid products of interest as well.

Keywords Alkylglycerols � Butyric acid � Lipid

digestion � Micellar phase � Structured lipids � Pro-drugs

Abbreviations

AKG 1-O-octadecyl glycerol

DAG Diacylglycerol

DB Dibutyrin

D-SCAKG 2,3-dibutyroil-1-O-octadecyl glycerol

MAG Monoacylglycerol

MB Monobutyrin

MP Micellar phase

M-SCAKG 2-Butyroil-1-O-octadecyl glycerol

OP Oily phase

TAG Triacylglycerol

TB Tributyrin

Introduction

Butyric acid has been the subject of much attention over

the last years due to its bioactivity. Besides having physi-

ological role as the main metabolic fuel for colonocytes

and control of colonic inflammation, butyrate seems to

interfere with the pathogenesis of diverse cancers, such as

colorectal cancer, hepatocarcinoma, leukemia, breast and
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prostate cancer, by inhibiting cell proliferation or inducing

apoptosis [1–5]. However, the potential application of

butyrate as antitumor agent is limited by the problem to

reach enough plasma concentrations required to exert its

antiproliferative/differentiating actions. Moreover, it is

rapidly metabolized, showing a short half-life [3, 6].

Therefore, there is a current interest on overcoming these

drawbacks in order to allow its application as therapeutic

agent. Pro-drugs, such tributyrin (TB), have been proposed

as alternative of natural butyrate [3, 7].

Recently, structured triradylglycerols as potential

vehicles of butyric acid in the form of alkylglycerols

(2,3-dibutyroil-1-O-octadecyl glycerol; D-SCAKG) have

been synthesized by Torres et al. [8] (Fig. 1). Besides

butyrate, the own alkylglycerol backbone is of current

interest by itself. Alkylglycerols, alkylglycerophospho-

lipids and their derivatives, namely ether lipids, are

membrane components and cellular signaling molecules.

They have been related to antitumor, antineoplastic and

cellular differentiation properties and increased immune

responses. Furthermore, alkylacetylglycerols are precursors

of the platelet-activating factor, which is biologically

active phospholipid with diversity effects on cells and tis-

sues [9–12]. Therefore, additionally to TB, the structured

lipid in the form of D-SCAKG might have the double

advantage of alkylglycerols as potential lipid vehicle of

butyrate and the bioactivity of each individual compound,

alkylglycerol and butyrate, within the same molecule.

One of the problems that arise is to elucidate which of

these two lipids, alkylglycerols or triacylglycerols, would

be more effectively transported and chemically stable in

the plasma, diffuse through biological membranes, or show

more effective intracellular metabolism and, specially,

would be more bioaccessible during gastrointestinal

digestion, as the first step before any other physiological

action beyond colon or intestinal tissues.

In vitro intestinal models of lipid digestion are an

interesting approach for obtaining preliminary and valuable

information concerning digestion of lipid species. A huge

diversity of in vitro intestinal models of lipid digestion

can be found in the scientific literature trying to simu-

late pseudo-physiological conditions [13, 14]. However,

the fact is that the composition of the reaction media used

to be diverse concerning most variables, such as the ratio

enzyme/substrate, bile salts/lecithin, the volume or time of

reaction, the pH, or the composition and ionic strength of

the used buffer. Since there is no standardized method, we

considered that the selection of the model that closely

simulate in vivo conditions was especially essential when

performing in vitro lipid digestion of novel or unknown

lipids, in order to accurately understand obtained results

and to avoid misinterpretations due to the own used

methodology.

The study of intestinal lipid digestion under in vitro

conditions is frequently completed by the subsequent study

of the different phases of the digestive media containing

the released lipid products. During intestinal digestion of

dietary fat, the intraluminal content has been shown to be

structured as an oily phase (OP) dispersed in a micellar bile

salt solution (MP) [15]. The OP mainly contains undigested

triacylglycerols (TAG) and released diacylglycerols

(DAG), whereas the MP contains bile salt and the poorly

soluble end products of enzymatic hydrolysis, namely

monoacylglycerols (MAG) and fatty acids, structured as

mixed micelles, micelles, vesicles or emulsion droplets

[13, 16]. Absorption of lipid products takes place supported

by this MP, which enhances the transport of lipid products

to enterocytes throughout the unstirred water layer close to

the microvillus membrane, where they are absorbed [17].

The analysis of lipid products of these phases contributes to

the study of bioaccessibility. The term bioaccessibility

defined according to Fernandez-Garcia et al. [18], as the

fraction of a compound that is released from its matrix in

the gastrointestinal tract and thus becomes available for

intestinal absorption. The intraluminal behavior of short-

chain TAG during intestinal digestion is rather different.

Thus, short-chain fatty acids released by pancreatic

enzymes do not need to be included in the micellar struc-

tures, but they are easily solubilized in the aqueous media

and the unstirred water layer close to enterocytes for

absorption [17, 19]. On the other hand, to the best of our

knowledge, previous information concerning the distribu-

tion of alkylglycerides, both free and esterified, within the

intraluminal phases during intestinal digestion has not been

previously reported. In fact, the general information on the

process of intestinal absorption of alkylglycerides is scarce.

Nevertheless, evidence that 1-O-alkyl-sn-glycerols derivedFig. 1 Triradylglycerols sterified with butyric acid
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from dietary ether glycerolipids are completely absorbed

by intestine without cleavage of the ether bond exists [20].

After reaching the targets, alkylglycerols were directly

utilized to synthesize membrane alkylglycerolipids and

plasmalogens, according to the normal metabolism

described for this kind of lipids [20]. However, the exact

mechanism of absorption is unknown.

The aim of the present research was to perform a

comparative study about the intestinal digestion of TB and

D-SCAKG under in vitro conditions, in order to show

differences in the rate and extent of reaction, generation of

lipid products and their potential bioaccessibility. Firstly,

the in vitro intestinal digestion model was tested against a

standard lipid, in order to be certain that the model

reflected physiological intestinal lipid digestion and to

reject that any artifact or the own conditions of the diges-

tion method would not interfere with the results obtained

for TB and D-SCAKG hydrolysis.

Materials and Methods

Reagents and Materials

The D-SCAKG was synthesized according to a method-

ology previously described by our group [8], TB (Ref.

T8626) was purchased from Sigma-Aldrich Chemie GmbH

(Steinheim, Germany) and olive oil as the standard lipid

was from Inmaculada Murga Arenas (Toledo, Spain).

Trizma (Ref. T1503), maleic acid (Ref. M0375), pancreatin

(Ref. P1750), bile salts (Ref. B8756) and phosphatidyl

choline from egg yolk (Ref. 61771) were purchased from

Sigma-Aldrich Chemie GmbH (Steinheim, Germany).

Hydrochloric acid, sodium sulfate anhydrous, sodium

chloride (Ref. 141659.1211), calcium chloride (Ref.

141221.1211) were from Panreac (Barcelona, Spain).

n-Dodecane for synthesis was purchased from Merck

(Darmstadt, Germany). All solvents used were of HPLC

grade from Lab-Scan (Dublin, Ireland).

In Vitro Lipid Digestion

The in vitro lipid digestion model was based on Martin

et al. [21]. Since this model was rather preliminary and

basic, some improvements were performed in the present

study, in order to reach closer physiological results by

using the closest physiological conditions. Such modifica-

tions included the increase in the ratio enzyme/substrate,

bile salts and phospholipids concentrations, the preemul-

sion of the substrate and the preparation of fresh pancreatic

extract [13]. On the other hand, in our former method [21]

and in many in vitro models of lipid digestion [13], the pH

of the process used to be maintained to that physiological

by continuous addition of NaOH to the reaction media.

Since we detected non-physiological acyl migration of

2-MAG to 1-MAG in the presence of NaOH (36.7 and

80.0% of total MAG as 2-MAG in presence and absence of

NaOH, respectively), the use of alkali was avoided and the

ionic strength of the pH 7.5 buffer was increased instead.

Under this condition, a physiological ratio 2-MAG to

1-MAG was kept and the pH of the media varied from 7.2

to 6.5, which was within the optimum and physiological

range of pancreatic lipase activity [15, 22].

The final conditions of the amended in vitro digestion

model will be described briefly. Sample (1 g) was mixed

with 0.5 g of bile salts, 0.2 g of lecithin, 5 mM CaCl2,

150 mM NaCl and 54 mL of Trizma-maleate buffer

(0.1 M for olive oil and 1 M for TB and D-SCAKG) pH

7.5. The mixture was homogenized (Ultra-Turrax IKA

T18) for 20 min at 7,000 rpm. The homogenized mixture

was placed in a thermostatically controlled vessel (37�C)

under continuous stirring by magnetic stir bar at

1,000 rpm. Simulation of intestinal digestion was started

by addition of fresh pancreatin extract (1 g of pancreatin in

6 mL of Trizma-maleate buffer pH 7.5 stirred for 10 min

and centrifuged at 1,6009g for 15 min). In order to study

the evolution of lipid products throughout the hydrolytic

process, aliquots (450 mg) were taken at 0, 2, 4, 10, 20, 30

and 60 min of reaction. In vitro digestion of each sample

was performed in triplicate.

Separation of Phases After In Vitro Lipid Digestion

The digestion medium was submitted to centrifugation at

4,000 rpm, for 40 min, at 20�C (5810R Eppendorf Iberica,

Madrid, Spain) according to Soler-Rivas et al. [23]. After

centrifugation, an upper OP, a lower aqueous phase (MP)

and a minor precipitated pellet were obtained. Aliquots

(450 mg from the aqueous phase or 50 mg from the oily

phase) were taken for studying their composition on lipid

products.

Lipid Extraction

The total lipids from samples were extracted by 1,450 lL

of hexane/methyl-tert-butyl ether (50:50, by vol) in poly-

propylene tubes of 2,000 lL. Furthermore, this medium

was acidified by hydrochloric acid (150 mM) in order to

stop the enzymatic reaction and to enhance the recovery

of butyric acid in the case of TB and D-SCAKG

digestions [24]. n-Dodecane (10 mg) was added as internal

standard for analysis of TB and D-SCAKG lipid products.

The mixture was vortexed for 1 min and centrifuged for

10 min at 15,000 rpm. Organic phase containing separated

lipids was collected and anhydrous sodium sulfate was

added before further analysis. A second lipid extraction
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was performed on the remaining aqueous phase in the

polypropylene tube in the case of olive oil.

Analysis of Lipid Products

Hydrolysis products of olive oil were determined by high-

performance liquid chromatography (HPLC) according to

Torres et al. [25] on a Kromasil silica 60 column

(250 mm 9 4.6 mm, Analisis Vinicos, Tomelloso, Spain)

coupled to a CTO 10A VP 2 oven, a LC-10AD VP pump,

a gradient module FCV-10AL VP, a DGU-14A degasser,

and an evaporative light scattering detector (ELSD-LT)

from Shimadzu (IZASA, Spain). The column temperature

was maintained at 35�C. 20 lL of the diluted samples

(4 mg/mL) were injected. Quantification was based on

calibration curves performed with appropriate standards

(Sigma-Aldrich Chemie GmbH, Steinheim, Germany).

Hydrolysis products of TB and D-SCAKG were deter-

mined according to Torres et al. [26] by gas chromatography

(GC) (Hewlett-Packard 5890 series II) with on-column

injection using a 7 m 5% phenyl methyl silicone capillary

column (Quadrex Corporation, New Haven, CT, USA),

0.25 lm i.d. A deactivated column of 12 cm 530 lm i.d.

was used as pre-column. Injector and detector tempera-

ture was 43 and 360�C, respectively. The temperature pro-

gram was as follows: starting at 40�C and then heating to

250�C at 42�C min-1 with 10 min hold, followed by heating

from 250 to 325�C at 7.5�C min-1 with 30 min hold.

Helium was used as the carrier gas at a pressure of 5.2 psi.

The peaks were computed using GC chemstation software

(Agilent Technologies, Santa Clara, CA, USA) and quanti-

fied according to the internal standard.

Results

In Vitro Intestinal Digestion of the Standard Lipid

Previous to in vitro digestion of D-SCAKG and TB, we

first tested the intestinal digestion model on a standard

lipid, in order to be certain that the in vitro model reflected

more physiological intestinal lipid digestion, and to reject

that any artifact or the own conditions of the digestion

method would not interfere with the results obtained for TB

and D-SCAKG hydrolysis. Olive oil was chosen as the

standard lipid because it is a well-known, simple, natural

and abundant oil. As reference of physiological levels of

lipid products after in vivo intestinal digestion, we con-

sidered the outstanding results reported by Hofmann and

Borgstrom [15] in one of the first relevant and complete

studies performed on the lipid composition of the intralu-

minal phase during fat digestion in man.

A huge diversity of in vitro intestinal models of lipid

digestion can be found in the scientific literature trying to

simulate pseudo-physiological conditions, the complexity

of the composition of the media being diverse [13, 14]. In a

first attempt, the in vitro lipid digestion of the standard

lipid was performed under an in vitro model previously

reported by ourselves on fish oils [21]. Since such a model

was rather preliminary and basic, some improvements were

performed in the present study, in order to reach closer

physiological results by using the closest physiological

conditions. Such modifications, and the final conditions of

the amended in vitro digestion model, were those described

in ‘‘Material and Methods’’. The yield in lipid products of

the adapted method closely reflected those physiological

previously found in the intraluminal phase in man during

fat digestion [15] (Fig. 2a, c), so this model was used for

simulating lipid digestion of D-SCAKG and TB under

pseudo-physiological conditions.

In Vitro Intestinal Digestion of D-SCAKG and TB

The course of in vitro intestinal digestion of D-SCAKG

and TB is shown in Fig. 3a, b, respectively. The progress

of the in vitro intestinal digestion of the standard lipid has

(a) (b) (c)

Fig. 2 Lipid products of a the in vivo intraluminal phase in man

during fat digestion (adapted from Hofmann and Borgstrom [15])

(Mean of lipid products of samples taken from intraluminal content of

five men during fat digestion at different collection interval and

intestinal site.), b the in vitro intestinal digestion of olive oil following

the method of Martin et al. [21] without modifications2 (Mixture of 1 g

of sample, 54 mL of 50 mM Trizma-maleate pH 7.5, 5 mM CaCl2,

150 mM NaCl. Addition of fresh pancreatin solution (20 mg in 6 mL

of Trizma-maleate buffer, 50 mg lecithin, 250 mg bile salts, stirred for

10 min). Continuous stirring at 37�C and continuous addition of NaOH

1 M to maintain pH at 7.5.) and c the in vitro intestinal digestion of

olive oil after modification of the method of Martin et al. [21]

(Homogenization of 1 g of sample, 54 mL of 100 mM Trizma-maleate

pH 7.5, 5 mM CaCl2, 150 mM NaCl, 200 mg lecithin, 500 mg

bile salts. Addition of fresh pancreatin solution (1,000 mg in 6 mL

of Trizma-maleate buffer, stirred for 10 min and centrifuged at

1,6009g 15 min). Continuous stirring at 37�C)
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been also included (Fig. 3c). Pancreatic enzymes effec-

tively recognized the substrate D-SCAKG, but led to

diverse differences on the course of hydrolysis respect

to TB. The progress of in vitro intestinal digestion of

D-SCAKG was slower than that of TB. An almost total

hydrolysis of TB was detected just at 2 min of reaction

(99.4%), whereas the extent of D-SCAKG hydrolysis was

73.9% at the same moment. After 20 min of in vitro

intestinal digestion, the complete hydrolysis of TB and its

derived glyceride products, namely dibutyrin (DB) and

monobutyrin (MB), was reached, yielding butyric acid as

the only final lipid product. In the case of alkylglycerols, the

complete hydrolysis of D-SCAKG was also observed, but

only after longer times of in vitro digestion (60 min),

and yielding 2-butyroil-1-O-octadecyl glycerol (M-SCAKG)

as the main lipid product, followed by butyric acid and

1-O-octadecylglycerol (AKG). Therefore, compared to MB,

the released M-SCAKG was quite stable throughout the

course of in vitro intestinal digestion, although a low, but

progressive decrease after 10 min of reaction was observed.

An additional in vitro digestion was performed for

D-SCAKG beyond 60 min. After 240 min of in vitro

digestion, the level of M-SCAKG was still 39.2%.

Lipid Composition of the Separated Phases

After In Vitro Intestinal Digestion of D-SCAKG

and TB

The lipid composition of the separated MP and OP after in

vitro digestion of the standard lipid is shown in (Fig. 4a).

Approximately, 94 and 6% of total lipids distributed in the

MP and OP, respectively. The results obtained were in

agreement with the lipid composition of the intraluminal

phases during in vivo fat digestion in man [15].

The lipid composition of the separated MP and OP after

in vitro digestion of D-SCAKG and TB is shown in Fig. 4b

and c, respectively. Approximately, 40% of the total lipid

products distributed in the MP in the case of the hydrolysis

of D-SCAKG. Such MP mainly consisted of butyric acid

and minor proportions of M-SCAKG and AKG. The

remaining 60% of total lipid products from hydrolyzed

D-SACKG distributed in the OP, the M-SCAKG being its

major component. Concerning AKG, this lipid product

seemed to be distributed in both MP and OP. Similar to

D-SCAKG, the total butyric acid from hydrolyzed TB was

found in the MP (Fig. 4c). Due to the complete hydrolysis

of glycerides species from TB, there was no separation of

OP [14].

Discussion

The course of in vitro intestinal digestion of TB observed

in the present assay was in agreement with the classic

described process of gastrointestinal digestion of short-

chain TAG. These kinds of lipids are rapidly and com-

pletely hydrolyzed to fatty acids and glycerol by digestive

enzymes, such as the sn-1,3 specific gastric lipase and

pancreatic lipase, whereas long-chain TAG are mainly

hydrolyzed by the sn-1,3 specific pancreatic lipase to yield

1,2-DAG, which is later on hydrolyzed to fatty acid and

2-MAG [27, 28]. Taking into account the specificity of

digestive enzymes to sn-1,3 locations, the complete

hydrolysis of short-chain TAG has been explained in most

(a)

(b)

(c)

Fig. 3 Evolution of lipid products throughout in vitro intestinal

digestion of a D-SCAKG, b TB and c olive oil. D-SCAKG 2,3-

dibutyroil-1-O-octadecyl glycerol; TB tributyrin
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studies by acyl migration phenomena. Thus, the formed

1,2-DAG or 2-MAG rapidly isomerizes to outer positions

to give 1,3-DAG or 1-MAG, where the 1,3 specific pan-

creatic lipase acts, yielding fatty acids and glycerol [29].

Despite the gastric phase of lipid digestion was not

being included in the in vitro model, it should be pointed

out that the action of gastric lipase, previous to the

hydrolysis by pancreatic lipase, might contribute to the

overall hydrolysis of short-chain lipids, both TB and

D-SCAKG. This is because gastric lipase shows a higher

activity on short-chain lipids compared to longer fatty acids

[27–29]. Further studies with a more complex in vitro

model including simulation of the gastric phase of lipid

digestion would contribute to the knowledge of the diges-

tion of these molecules.

In the case of M-SCAKG, the progressive decrease

observed after 10 min of in vitro intestinal digestion

(Fig. 3a) might suggest that acyl migration of esterified

butyric acid from the sn-2 to the sn-3 location could also take

place, but after longer times and at slower rate than MB.

Furthermore, the disappearance of M-SCAKG did not begin

until the hydrolysis of D-SCAKG was almost complete,

whereas the disappearance of MB was simultaneous to the

hydrolysis of TB (Fig. 3b). This different course of hydro-

lysis/acyl migration between M-SCAKG and MB during in

vitro intestinal digestion might be due to the own structure of

the alkylglycerol backbone, in which the sn-1 location is not

available due to the etherified octadecyl alcohol, and the

sn-3 outer position of the M-SCAKG being the only chance

of acylmigration for internal butyric acid. The proposed

mechanism of acylmigration for explaining the hydrolysis of

D-SCAKG is illustrated in Fig. 5, compared to the normal

hydrolysis process of TB. Other reasons related to the own

etherified alkyl chain, the hydrophobicity of the whole

molecule or the steric structure, might influence the inter-

action of the enzyme with alkylglycerols and explain the

different course of reaction respect to TB [30, 31].

Previous information concerning catalyzed-hydrolysis

of alkylglycerols by pancreatic lipase is scarce. A lower

rate of hydrolysis for long-chain PUFA diesterified alkyl-

glycerols compared to the analogous TAG by pancreatic

lipase was reported by Endo et al. [31], in agreement with

the results obtained. Similarly, a resistance to pancreatic

lipase of diacyl glyceryl ethers isolated form the muscle of

the fish Stromateus stellatus was found by Sato et al. [32].

On the other hand, the lipase-catalyzed ethanolysis of the

same substrates of the present study was previously per-

formed by Vazquez et al. [33]. Despite this, such a trial was

carried out in a simple non-aqueous media, unlike the

aqueous and more complex media of the present study,

these authors reported differences in the course of reactions

of D-SCAKG and TB similar to those observed in the

present study. Thus, the rate of lipase-catalyzed ethanolysis

of D-SCAKG by lipase B from Candida antarctica was

lower than that of TB, the ethanolysis of TB was more

complete, the M-SCAKG was the major product from

D-SCAKG and the level of this lipid product kept almost

constant during the course of reaction.

Regardless of the specific mechanism of in vitro intes-

tinal digestion of D-SCAKG, the observed differences in

the present study between TB and D-SCAKG, in the course

of hydrolysis and levels of lipid products, showed inter-

esting implications. One of the problems of the application

of butyrate as an antitumor agent is due to the limitation of

(a)

(b)

(c)

Fig. 4 Lipid composition of the MP and OP after in vitro intestinal

digestion of a olive oil, b D-SCAKG and c TB. D-SCAKG 2,3-

dibutyroil-1-O-octadecyl glycerol); TB tributyrin
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reaching the enough plasma concentrations required to

exert its antiproliferative/differentiating actions [3, 6]. This

is because the normal metabolism of short-chain fatty acids

inside enterocytes after absorption is the local use as a fuel

for the enterocytes or their transport to the liver by the

portal bloodstream, whereas only trace amounts enter the

general blood circulation and they are rapidly oxidized in

peripheral tissues where they arrive there [28, 34]. Diverse

studies have successfully evidenced higher levels of buty-

rate in peripheral tissues after administration in the form of

TB [35, 36], but the problem of the extremely short half-

life of butyrate in plasma remained [28]. Efficient pro-

drugs of butyrate should have a sufficiently stable bond

between the carrier and the drug molecule to increase its in

vivo half-life [1]. The experimental D-SCAKG assayed in

the present study showed such behavior during in vitro

lipase-catalyzed hydrolysis, since most butyric acid

remained esterified in the sn-2 location throughout diges-

tion as M-SCAKG, unlike the analogous MB.

On the other hand, alkylglycerols are of interest by

themselves due to their own functional properties [9–11].

Therefore, in addition to TB, the structured lipid in the

form of D-SCAKG would have the double advantage of

alkylglycerols as a potential lipid vehicle for butyrate and

the bioactivity of each individual compound, alkylglycerol

and butyrate, within the same molecule. Furthermore, the

released AKG after in vitro intestinal digestion of

D-SCAKG would be another option to take advantage of

the bioactivity of alkylglycerols, this product being minor

at initial times of digestion (3.2% at 2 min) but progres-

sively increasing up to 19.8% at 60 min or 33.0% at

240 min of enzyme-catalyzed intestinal digestion.

Therefore, the present study showed that, after in vitro

intestinal digestion of D-SCAKG, diverse potential bioac-

tive products might be obtained, namely butyric acid,

esterified butyric acid, mono-esterified alkylglycerol and

non-esterified alkylglycerol, the proportion of each product

being different at short-term or long-term times of diges-

tion. Despite the interest in these molecules beyond the

intestinal tract, it should be pointed out that, some of these

breakdown metabolites might be of interest within the

intestinal tract. Most of them might contribute to the

intraluminal level of butyrate, with the importance of its

implication as one of the main metabolic fuels for

colonocytes, and interfere with the control of colonic

inflammation or the pathogenesis of colorectal cancer

[27, 28]. On the other hand, esterified butyrate with AKG,

or the simultaneous presence of both lipid products as

individual metabolites, might be evaluated on the bioac-

tivity of these molecules within the intestinal tract.

Fig. 5 Hydrolysis and released lipid products of triradylglycerols of butyric acid by digestive enzymes (proposed mechanism in the case of

D-SCAKG). TB tributyrin; D-SCAKG 2,3-dibutyroil-1-O-octadecyl glycerol
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Concerning the distribution of lipids products in the

different phases of the digestion medium, the findings of

the present study showed that the major hydrolysis product,

namely M-SCAKG, was mainly distributed in the OP

(Fig. 4b). This result might be partially explained by the

poor solubility of this molecule in the micellar structures,

related to the etherified octadecyl alcohol of the alkyl-

glycerol moiety. It has been found that long-chain saturated

fatty acids, either free or esterified, are poorly absorbed,

because these fatty acids and their MAG are poorly solu-

bilized in mixed micelles, and show a strong tendency to

form insoluble calcium soaps at the alkaline pH of intestine

[17, 37, 38]. Nevertheless, it has been shown that the

absorption of insolubilized lipids might be increased when

fed together with unsaturated fatty acids. This is because

the inclusion in MP seems to be enhanced when micelles

are expanded by the incorporation of MAG and fatty acids

of unsaturated nature [13, 38]. This premise might be also

considered for alkylglycerols. Thus, it could be hypothe-

sized that the co-administration of D-SCAKG and unsat-

urated fats might enhance the incorporation of released

M-SCAKG into micelles. In fact, this might be the likely

situation in a real meal in which fats of diverse nature and

saturation degree use to be ingested together. To the best of

our knowledge, information concerning the distribution of

alkylglycerides, both free and esterified, within the intra-

luminal phases during intestinal digestion has not been

previously reported. In fact, the general information of the

process of intestinal absorption of alkylglycerides is scarce.

Nevertheless, there is evidence that 1-O-alkyl-sn-glycerols

derived from dietary ether glycerolipids are completely

absorbed by the intestine [20]. However, the exact mech-

anism of absorption is unknown. As example of effective

absorption of alkylglycerols in rodents and human, Das

et al. [20] showed that alkylglycerols liberated from dietary

ether lipids in the lumen are readily absorbed without

cleavage of the ether bond, transported to the liver and

other organs, where they were directly utilized to synthe-

size membrane alkylglycerolipids and plasmalogens.

Concerning AKG, this lipid product seemed to be dis-

tributed in both MP and OP, regardless of the presence of

octadecyl alcohol (Fig. 4b). The lack of esterified butyric

acid might lead to a higher polarity of this molecule with

respect to M-SCAKG, in which both esterified butyric acid

and etherified octadecyl alcohol might contribute to the

lower polarity of the whole molecule.

In conclusion, the present study showed that the struc-

tured lipid 2,3-dibutyroil-1-O-octadecyl glycerol might be

proposed as a potential vehicle of butyrate, since it pro-

duced a stable esterified form of butyric acid as 2-butyroil-

1-O-octadecyl glycerol after simulation of intestinal

lipid digestion. In contrast, the analogous TB, was com-

pletely hydrolyzed to butyric acid. Furthermore, structured

alkylglycerols would have additional properties, since they

might integrate two bioactive compounds, alkylglycerol

and butyrate, within the same molecule. Their own alkyl-

glycerol backbone would be a third bioactive lipid product

released after hydrolysis catalyzed by pancreatic enzymes.

Further in vivo studies concerning the potential of struc-

tured alkylglycerol as a pro-drug of butyrate are worthwhile,

in order to elucidate whether these compounds, especially

2-butyroil-1-O-octadecyl glycerol, would be effectively

absorbed, reach the plasma at high enough bioactive con-

centrations, would show an adequate half-life or if interac-

tions on bioactivity between alkylglycerol and butyric acid

exist. Specially, the bioaccessibility of lipid products con-

taining the alkylglycerol moiety should be studied in

depth, since the present research showed a limitation of

their inclusion within the bioaccessible micellar struc-

tures. Whether this finding was a result of the sole presence

of alkylglycerol in the digestion medium, and if the

co-administration with fat of a different saturation degree

would improve the bioaccessibility of lipid products, needs

to be examined.
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Abstract Prostate cancer is the second leading cause of

male deaths due to cancer in the United States. Hydroge-

nated vegetable oils have been suspected of inducing

adverse health effects, including atherosclerosis and

cancer. Here we report that a selectively hydrogenated

soybean oil (SHSO) containing a high quantity of conju-

gated linoleic acids showed remarkably strong anticarci-

nogenic activity against prostate cancer in the rat model

(Copenhagen rats with MAT-LyLu syngeneic rat prostate

cancer cells) study in vivo and human prostate carcinoma

cell lines studies in vitro, as compared with native soybean

oil. A 5% dietary supplementation with SHSO inhibited the

growth of prostate cancer by 80% in vivo. The TUNEL

method and immunohistochemical staining assays of bax,

bcl-2, and survivin clearly showed that SHSO induced

prostate cancer cell apoptosis in the tested rats. DNA

fragmentation analysis in vitro further confirmed the

apoptotic activity of SHSO on the MAT-LyLu prostate

cancer cells. The SHSO also showed strong cytotoxicity on

human prostate cancer cells (DU145 and PC3). This

represents the first report demonstrating the significant

anticancer activities of hydrogenated vegetable oils at low

levels of dietary supplementation.

Keywords Hydrogenated soybean oil �
Anticancer activity � Prostate cancer � Apoptosis �
Conjugated linoleic acids

Abbreviations

CLA Conjugated linoleic acids

SHSO Selectively hydrogenated soybean oil

FAME Fatty acid methyl esters

TUNEL Terminal deoxynucleotidyl transferase dUTP

nick end labeling

MTT assay Method of transcriptional and translational

assay

Introduction

Prostate cancer is the second leading cause of male deaths

due to cancer in the United States. Each year roughly

230,000 men are diagnosed with prostate cancer in the

United States, with more than 30,000 deaths occurring [1].

Various environmental factors appear to influence the

development and progression of prostate cancer. It has

been generally accepted that the dietary amount of fat is the

strongest environmental factor.

Hydrogenated vegetable oils are widely consumed

worldwide in foods such as salad and cooking oils,

margarines, shortenings and confectionery fats. The health

effects of hydrogenated vegetable oils have been studied

extensively [2, 3], with the previous studies showing their

adverse effects on health such as hypercholesterolemia,

atherogenesis and coronary heart disease. The hydroge-

nated vegetable oils have been also suspected to be

related with cancer development [4–6]. Their reputations
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for negative effects on health are mainly attributable to

their high contents of trans-fatty acids and saturated

fatty acids. The fatty acid composition of hydrogenated

vegetable oils can be manipulated by controlling the

hydrogenation conditions. We originally reported that an

exceptionally high level of conjugated linoleic acids

(CLA), which are beneficial functional compounds, can be

formed during commercially selective hydrogenation of

soybean oil, and that the quantity of CLA (98–230 mg/g

oil) in the selectively hydrogenated soybean oil (SHSO)

was the highest ever reported in foods [7–9]. CLA have

been recognized for their ability to inhibit carcinogenesis in

multiple systems at several levels, including initiation

[10–13], promotion [14, 15], and progression [16] and

metastasis [17, 18]. Other physiological benefits of CLA

include a reduction in the severity of atherosclerosis

[19, 20], improvement in glucose tolerance [21, 22], and

reduction in body fat [22–26]. The major dietary source of

CLA was ruminant animal meats and dairy product, which

contain small quantities of CLA (4–7 mg/g oil) [9, 27].

Thus, normal food lipids containing CLA have not been

used in tumorigenesis studies because their low concen-

tration of CLA have prevented them from being added

directly to experimental diets. The CLA used in the pre-

vious researches were obtained by the alkali-induced

isomerization of linoleic acid. This isomerization induces

almost exclusively two isomers (cis-9 trans-11- and trans-

10 cis-12-) along with small portions of other minor iso-

mers [28]. Most studies have focused on the functionalities

of these two isomers. The composition of CLA isomers in

SHSO differs greatly from that produced by alkali isom-

erization. Twenty-one different CLA isomers in a triacyl-

glycerol form were found in SHSO, as determined by a

combination of silver ion-impregnated HPLC and a GC-ion

impacted mass spectrometry of DMOX derivatives of the

CLA isomers [9, 31]. The individual CLA isomers report-

edly have different activity on their biological functional-

ities [22, 24, 25, 29, 30]. Currently, the activities of most of

the CLA isomers present in SHSO are not clearly defined.

Moreover, although it has been reported that SHSO con-

tains a high level of CLA, its anticancer activities has not

been studied previously.

The objective of this research was to find out whether

SHSO containing a large quantity of CLA exerts anticancer

effects against prostate cancer in an animal model in vivo

and in human prostate carcinoma cell lines in vitro, as

compared with native soybean oil, which is the most

consumed vegetable oil worldwide. The apoptotic activities

of SHSO were also studied by TUNEL analysis, immu-

nohistochemical analysis of bax, blc-2, and survivin, and

DNA fragmentation analysis.

Materials and Methods

Materials

Six-week-old Copenhagen rats (body weight about 200 g)

were obtained from Harlan Sprague–Dawley (Indianapolis,

IN). A rat prostate cancer cell line of MAT-LyLu was

purchased from the European Collection of Cell Cultures

(ECACC). Human prostate carcinoma cell lines of PC-3

and DU145 were purchased from the Korean Cell Line

Bank (Seoul, Korea). The antibodies of anti-bax and anti-

blc-2 antibodies were obtained from Santa Cruz Biotech-

nology (Santa Cruz, CA), and anti-survivin antibodies were

purchased from Alpha Diagnostic International Inc. (San

Antonio, TX). Soybean oil was obtained from a local

edible oil refinery (Heinz Korea, Incheon, Korea).

SHSO with High CLA

Hydrogenation was performed in a 1-L capacity hydroge-

nator equipped with temperature, pressure and stirring-rate

controller to obtain the SHSO with a large quantity of CLA

[8, 9]. Six hundred and fifty gram of soybean oil was

hydrogenated for 40 min with a commercially available

selective Ni catalyst (0.5%, nickel, based on the oil mass)

under the condition of a reactor temperature of 230 �C, a

hydrogen pressure of 0.5 kg/cm2, and a 300-rpm stirring

rate.

Fatty Acid Methyl Esterification

The fatty acids in the triacyl moiety of the SHSO were

methylesterified with a 1.0 mL of 0.25 N sodium meth-

oxide in methanol at 55 �C for 30 min [9]. The fatty acid

methyl esters (FAME) were extracted from the reacted

samples with 2,2,4-trimethyl pentane.

Gas Chromatography

For the separation and quantification of individual fatty

acids and CLA, 2–6 lL FAME sample was injected into a

gas chromatograph equipped with a flame ionization

detector [9]. The column used was a highly polar fused

silica capillary column (cyanopropyl siloxane phase,

SP2380 100 m 9 0.25 mm, 0.25 lm thickness, Supelco

Inc., Bellefonte, PA). A 100:1 split injection was used for

sample injection. Helium was used as carrier gas with a

head pressure of 300 kPa. Temperature of the injector and

detector were 230 and 250 �C, respectively. The initial

oven temperature was 170 �C, which was held for 1 min

and then increased at 0.8 �C/min to 200 �C.

288 Lipids (2011) 46:287–295

123



Silver Ion-Impregnated High Performance Liquid

Chromatography

Silver ion-high performance liquid chromatographic anal-

ysis of CLA was carried out with an HPLC (Shimazu,

Tokyo, Japan) equipped with a 20 lL injection loop

(Waters) and UV detector operated at 233 mm. Three

analytical silver-impregnated columns (ChromSpher 5

Lipid, 250 mm 9 4.6 mm i.d., 5 lm, Chrompak, Bridge-

water, NJ) were used in series [9, 31, 32]. The mobile

phase was 0.1% acetonitrile in hexane, operated isocrati-

cally at a flow rate of 1.0 mL/min.

In Vivo Anticancer Activity

The effects of the SHSO on prostate cancer growth were

studied using the well-known model of male Copenhagen

rats with syngeneic rat prostate cancer cells (MAT-LyLu).

All animal experiments were carried out in Hallym Uni-

versity (Chuncheon-Si, Gangwon-Do, Korea) after the

approval of Institutional Animal Care and Use Committee

(IACUC) of Hallym University (IUCUC Approval Number,

Hallym-1-60, 28 October, 2008). The 6-week-old rats were

fed ad libitum with AIN-76A diet and water for 1 week

before the experiments. The experiments were done in wire-

bottomed cages in a temperature- (20–25 �C) and humidity-

(60–70%) controlled room with a 12:12-h light:dark cycle.

The 7-weeks-old rats were divided into four groups (n = 10

per group) by a randomized complete block design, and

were fed isocaloric AIN-76A diets for 3 weeks with the

following fat composition: 5% soybean oil (0% SHSO

diet group), 1.5% SHSO ? 3.5% soybean oil (1.5% SHSO

diet group), 3% SHSO ? 2% soybean oil (3% SHSO diet

group) and 5% SHSO (5% SHSO diet group). On day 8 of

the feeding program, 2 9 105 MAT-LyLu prostate cancer

cells were injected subcutaneously into the right flank on

each animal. After being fed the experimental diets for an

additional 2 weeks, the rats were killed by cervical dislo-

cation under general anesthesia with diethyl ether in the

presence of a veterinarian. Tumors were excised and

weighed, and tissue specimens from tumors were fixed in

10% buffered formalin and embedded in paraffin.

Immunohistochemistry for bcl-2, bax and Survivin

Protein Expressions

The expression of bcl-2, bax, and survivin protein expres-

sions were evaluated using an immunohistochemical

staining assay. Paraffin-embedded thin sections (4 lm

thickness) were mounted on slides, deparaffinized, rehy-

drated and washed with TBS-T. The intrinsic peroxidase

activity was inhibited by 0.3% H2O2 for 20 min, and

nonspecific binding was blocked with normal goat serum

(1:5, DAKO kit, Dako co. Ltd, Kyoto, Japan) for 1 h. Pri-

mary antibodies were diluted 1:50 and incubated with the

sections overnight at 4 �C. The primary antibodies used

were anti-bax, anti-bcl-2, and anti-survivin. A secondary

antibody, biotinylated link antibody (Dako Co. Ltd, Kyoto,

Japan), was incubated with the sections for 20 min, and the

sections were treated with streptavidin peroxidase for

15 min, and then stained with DAB. The sections were

counterstained with Meyer’s hematoxylin, and then washed

with distilled water.

TUNEL Method

TUNEL staining was done with an in-situ apoptosis kit

(Takara Shuzo Co., Kyoto, Japan), according to the man-

ufacturer’s instruction. The apoptosis index was deter-

mining by counting the percentage of TUNEL-positive

cells in the total cell counts.

In Vitro Cell Proliferation

SHSO was dissolved in ethanol, and the solution was added

into the DME media. Cancer cell lines were cultured for

48 h at 37 �C in CO2 incubator. The proliferations of the

cells were assayed by MTT [33] and trypan blue dye

exclusion methods [34]. Apoptosis of cell line was deter-

mined by DNA fragmentation.

Statistical Analysis

Duncan’s multiple range tests and paired t test were used to

assess the statistical significance between the treated

groups, using the SAS System [35].

Results

CLA Composition in SHSO

Native soybean oil did not contained detectable amounts of

CLA. The manufactured SHSO contained CLA at 210.6 mg/g

oil in its triacylglycerol moiety as measured by gas chro-

matography, which is about 40 times higher than the contents

in dairy products and ruminant meats [8, 27]. Native soybean

oil contained 11.33% palmitic acid, 4.29% stearic acid,

22.19% oleic acid, 1.33% cis-C18:1, 52.99% linoleic

acid, 0% CLA, 0.63% unconjugated C18:2, 6.17% linolenic

acid, 0.37% arachidonic acid, and 0.70% behenic acid. The

fatty acid composition of the SHSO was 11.53% palmitic

acid, 6.18% stearic acid, 20.28% oleic acid, 5.56% trans

C18:1, 2.39% cis C18:1, 20.70% linoleic acid, 22.97% CLA,

7.48% unconjugated C18:2, 1.07% linolenic acid, 0.65%

linolenic acid isomers, 0.42% arachidic acid, and 0.77%
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behenic acid, as determined by gas chromatography. The

individual isomers were identified by silver-ion impregnated

HPLC and confirmed by ion-impacted mass spectroscopy of

their DMOX derivatives (Table 1). The relative composition

of individual CLA isomers in SHSO was as follow: 13t,15t

(2.65%), 12t,14t (3.36%), 11t,13t (6.40%), 10t,12t (11.83%),

9t,11t (12.09%), 8t,10t (6.39%), 7t,9t (2.75%), 12t,14c

(1.54%), 12c,14t (1.11%), 11t,13c (1.97%), 11c,13t (4.23%),

10t,12c; 10c,12t (14.33%), 9c,11t; 9t,11c (17.58%), 8t,10c;

9c,10t (4.91%), 7t,9c; 7c,9t (0.93%), 11c,13c (1.31%),

10c,12c (2.73%), 9c,11c (2.77%), and 8c,10c (1.10%).

In Vivo Inhibition of Prostate Cancer Growth

Figure 1a shows that the dietary SHSO supplements

greatly inhibited the prostate cancer growth in vivo. The

quantitative effects of dietary SHSO supplements on the

growth of prostate cancer in the rats are shown in Fig. 1b.

The SHSO supplements inhibited the prostate cancer

growth in a dose-dependent manner: the tumor weights

in the groups supplemented with the 0, 1.5, 3, and 5%

SHSO were 8.07 ± 0.99, 7.91 ± 2.53, 5.05 ± 1.64, and

1.60 ± 0.29 g, respectively. No overt toxic symptoms

were observed in these groups during the experiments. The

effects of dietary SHSO on growth performance of rats

inoculated with Mat-LyLu cancer cells are given in

Table 2. The food intake of rats in the 0, 1.5, 3 and 5%

SHSO dietary groups during the feeding experiment were

17.43 ± 0.07, 16.66 ± 0.55, 16.79 ± 0.54, and 17.36 ±

0.54 g, respectively. The mean body weight gains in

the 0, 1.5, 3, and 5% SHSO groups were 25.86 ± 1.64,

19.37 ± 3.16, 21.49 ± 2.29, and 16.85 ± 1.38 g, respec-

tively.

Immunohistochemistry

To assess the modulation of the expression of proapoptotic

and antiapoptotic proteins by SHSO, we performed

immunohistochemical staining assays with tumor tissues

obtained from control and SHSO treated groups (Fig. 2 and

Table 3). Figure 2 shows the pictures of immunohisto-

chemical staining for bax, blc-2 and survivin proteins with

samples from control (a) and 5% SHSO groups (b). The

SHSO treated groups showed greatly higher expression of

bax (proapoptotic protein) than control. The increased

amount of the SHSO treatment, the higher the expressions

of bax were observed (Table 3). SHSO treated groups

showed greatly lower expressions of bcl-2 and survivin

(antiapoptotic protein) (Fig. 2). The down regulation

activities of SHSO on the expressions of bcl-2 and survivin

were dose-dependent (Table 3).

Table 1 CLA composition in

SHSO as determined by silver-

ion impregnated HPLC

CLA isomers Proportion

(%)

13t,15t 2.65

12t,14t 3.36

11t,13t 6.40

10t,12t 11.83

9t,11t 12.09

8t,10t 6.39

7t,9t 2.75

12t,14c 1.54

12c,14t 1.11

11t,13c 1.97

11c,13t 4.23

10t,12c; 10c,12t 14.33

9c,11t; 9t,11c 17.58

8c,10t; 8t,10c 4.91

7c,9t; 7t,9c 0.93

11c,13c 1.31

10c,12c 2.73

9c,11c 2.77

8c,10c 1.10

Fig. 1 Anticarcinogenic activity of selectively hydrogenated soybean

oil (SHSO) in vivo rat model study. a Prostate cancer growth in rats

treated with control diet (a) and 5% dietary SHSO (b), b Mean

prostate tumor weight in rats treated with control diet, 1.5, 3, and 5%

SHSO
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TUNEL Assay

Figure 3 shows the in situ TUNEL staining of tumor tissues

obtained from the 0, 1, 3 and 5% SHSO groups. The results

clearly show that the amount of apoptosis induced

increased with SHSO, which is consistent with the result

from the immunohistochemical staining assay. The apop-

totic index was calculated by counting the percentage of

apoptotic cell in total cell counts (Table 4). The apoptosis

indexes of the 0% SHSO (control), 1.5% SHSO, 3.0%

Table 2 Effects of SHSO on growth performance of rats inoculated with Mat-LyLu cancer cells

Treatments

Control 1.5% SHSO 3% SHSO 5% SHSO

Initial body weight (g) 209.74 ± 4.49 207.66 ± 4.77 207.54 ± 3.09 207.66 ± 3.86

Final body weight (g) 235.60 ± 5.97 227.03 ± 3.07 229.03 ± 4.78 222.51 ± 4.59

Group intake (g) 58.09 ± 5.19 57.42 ± 1.59 61.55 ± 5.69 63.65 ± 1.15

Individual intake (g) 17.43 ± 0.07a 15.66 ± 0.55b 16.79 ± 0.54ab 17.36 ± 0.54a

Body gain (g) 25.86 ± 1.64a 19.37 ± 3.16ab 21.49 ± 2.29ab 16.86 ± 1.38b

Values are means ± SD

Values with different superscripts within a row are significantly different from each other at p \ 0.05 by Duncan’s multiple range ANOVA test

Fig. 2 Immunohistochemical

staining of bax, bcl-2, and

surviving obtained from tissues

in prostate cancer from

Copenhagen rats treated with

different level of SHSO

administrations: a tissues from

control group, b tissues from

5% SHSO group
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SHSO, and 5.0 SHSO groups were 2.60 ± 0.19, 5.09 ±

0.39, 10.0 ± 0.9 and 14.54 ± 1.16%, respectively. The

results suggested that the in vivo anticancer activity of

SHSO in the Copenhagen rat model with transgenic pros-

tate cancer cell could be explained, at least in part, by the

induction of apoptosis of the MAT-LyLu.

In Vitro Assays for Antiproliferation and Apoptosis

in the MAT-LyLu Prostate Cancer Cell Line

To confirm the apoptotic activity of SHSO, we studied its

antiproliferation and DNA fragmentation analysis of SHSO

on the prostate cancer cell line. We incubated the prostate

cancer cells (Mat-LyLu) with 300 lg/mL (equivalent to

CLA TG 82 lM) of SHSO for 48 h to check the cytotox-

icity of SHSO in vitro. The SHSO showed significant in

vitro cytotoxicity at this concentration. The inhibitions of

the MAT-LyLu cell proliferation by SHSO as measured by

MTT and trypan blue assays were 11.3 ± 2.8 and 14.2 ±

1.1%, respectively. However, native soybean did not show

any significant in vitro cytotoxicity on MAT-LyLu,

showing 4.2 ± 3.1 and 2.9 ± 4.8% inhibitions at 300 lg/

mL as measured by MTT and trypan blue assays, respec-

tively. No cytotoxicity of the SHSO on normal, non-cancer

cell line (3T3, fibroblasts) was observed at the tested con-

centration (300 lg/mL) (data not shown). Instead, SHSO

slightly promoted the normal human cell (3T3) proliferation.

The effect of CLA on DNA fragmentation in MAT-LyLu

cells are shown in Fig 4. The results show that SHSO

induced the apoptosis of the prostate cancer cell line at the

levels of 200 and 300 lg/mL (equivalent to CLA TG 55 and

82 lM, respectively), as shown in Fig 4. However, native

soybean oil at 300 lg/mL (equivalent to CLA TG 0 lM) did

Table 3 Intensity of immunohistochemical staining of Bax, Bcl-2,

and Survivin (staining intensity)

Treatments n Bax Bcl-2 Survivin

Control 5 - ??? ???

1.5% SHSO 5 ? ?? ??

3.0% SHSO 5 ?? ? ?

5.0% SHSO 5 ??? - -

- Not or rare expression, ? Low expression, ?? Middle expression,

??? high expression

Fig. 3 Effects of different

levels of SHSO-supplemented

diet on apoptosis as measured

by TUNEL assay: a control diet,

b 1.0% SHSO diet, c 3% SHSO

diet, d 5% SHSO diet

Table 4 Apoptotic index obtained from TUNEL assay from prostate

cancer in rats

Diets Number of samples Apoptotic indexa,b

Mean ± SD (%)

Control diet 5 2.60 ± 1.19a

SHSO 1.5% diet 5 5.09 ± 0.39b

SHSO 3% diet 4 10.00 ± 0.90c

SHSO 5% diet 5 14.54 ± 1.16d

a Apoptotic index : (number of TUNEL-positive cell/number of total

cell) 9 100
b Values of different subscripts are significantly different at

p \ 0.0001 by Duncan’s multiple range test
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not show DNA fragmentation, indicating no apoptotic

activity (data not shown).

In Vitro Assays for Antiproliferation on Human

Prostate Cancer Cell Lines

The effects of SHSO on the proliferation of human prostate

cancer cell lines (DU145 and PC-3) were also studied to

check the cytotoxic activity of SHSO on these human

cancer cell lines. SHSO at 300 lg/mL (equivalent to CLA

TG 82 lM) significantly reduced the proliferation of both

DU145 and PC-3 cell lines in vitro: by 33.3 ± 1.7 and

43.3 ± 2.7%, respectively, as measured by MTT assay. In

contrast, native soybean oil at of 300 lg/mL (equivalent to

CLA TG 0 lM) inhibited the proliferation of DU145 and

PC-3 by only 13.7 ± 5.0 and 18.8 ± 5.4, respectively, as

measured by MTT assay. The cytotoxicity of SHSO on

the DU145 and PC-3 cell lines was further confirmed by

the trypan blue dye exclusion method, which showed

that 300 lg/mL (equivalent to CLA-TG 82 lM) SHSO

inhibited the proliferation of DU145 and PC-3 by

22.3 ± 2.7 and 27.4 ± 2.4%, respectively.

Discussion

Our study shows that SHSO exerted markedly strong

anticancer effects on the prostate cancer in vivo, as com-

pared with native soybean oil. Dietary supplementation

with 5% SHSO induced an 80% inhibition of prostate

tumor weight in rats. The individual food intakes of rats in

3 and 5% SHSO groups were not significantly different

from those in control during the feeding experiment

(Table 2). This result clearly showed that the anticarcino-

genic activity of (SHSO) was not due to the changes in

caloric intake. The mean body weight gains in the 3 and

5% SHSO groups were significantly lower than that in

control group (0% SHSO), and this was mainly attributable

to the differences in their tumor weights; there was no

significant difference in body weight gains after correcting

for the tumor weight. Note that the mean tumor weights

of control, 3% SHSO, and 5% SHSO groups were

8.07 ± 0.99, 5.05 ± 1.64 and 1.60 ± 0.29 g, respectively

(Fig. 1b). SHSO dietary supplementation up-regulated the

expression of bax, and down-regulated the expressions of

bcl-2 and survivin in a dose-dependent manner. The results

obtained from the TUNEL assay were consistent with the

immunohistochemical staining of bax, bcl-2, and survivin,

indicating the positive in vivo apoptotic effects exerted by

SHSO against Mat-LyLu prostate cancer cells.

SHSO also showed antiproliferation activity against the

growth of MAT-LyLu and human prostate carcinoma cell

lines (DU145 and PC-3) in vitro. The in vitro DNA frag-

mentation data further confirmed that SHSO possessed

apoptotic activity on Mat LyLu. It is interesting that the

antiproliferation activities of SHSO on human prostate

carcinoma cell lines (DU145 and PC-3) were much higher

than that on MAT-LyLu at the same concentration. This

result suggests that SHSO might be also effective in

reducing the risk of prostate cancer in human. SHSO

showed cell-specific cytotoxicity, in that it did not inhibit

the growth of the normal 3T3 cell lines (human fibroblasts),

indicating that the SHSO was not cytotoxicity to a normal

cell line.

This is the first report demonstrating significant anti-

cancer and apoptotic properties of a hydrogenated vegeta-

ble oil on prostate cancer rat model in vivo and human cell

line studies in vitro. Our in vitro result obtained from cell

line proliferation studies showed that native soybean oil did

not exert any significant antiproliferation activities on Mat-

LyLu, and much lower effects on DU145 and PC-3 cells

than SHSO. From these results, it is reasonable to postulate

that the active components of SHSO are the CLA formed

Fig. 4 Agarose gel electrophoresis of DNA extracted from MAT-

LyLu cells exposed to SHSO (100–300 lg/mL) for 48 h was treated

with cultured MAT-LyLu cell. DNA was electrophoresed in a 1.2%

agarose gel stained with ethidium bromide and photographed by UV

illumination. Lane 1: SHSO 0 lg/mL, Lane 2: CLA 100 lg/mL,

Lane 3: CLA 200 lg/mL, Lane 4: CLA 300 lg/mL
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during hydrogenation. The SHSO contained 22.97% CLA

in their triacylglycerol structures, and so the 5% SHSO diet

was equivalent to approximately 1.0% CLA supplementa-

tion. CLA are geometric and positional isomers of octa-

decadienoic acid that are known to be present in trace

amounts in ruminant meats and dairy products. These fatty

acids have been shown to be effective in inhibiting carci-

nogenesis in multiple systems and at several levels,

including initiation, promotion, progression, and metastasis

[10–18, 27, 29]. CLA supplementation as a fatty acid form

at 1% level reportedly exerted anticancer effects indepen-

dently from the level and types of other fat treated [15]. It

also has been reported that 1% CLA sodium salt (mixture

of c9,t11- and t10,c12) significantly reduced the growth of

prostate tumors in SCID mice [17]. It has been reported

that 100 mM CLA increased the level of mRNA for

glutathione peroxidase and reduced the diacylglycerol

contents in human prostate cancer cells (PC3) [35]. Ochoa

et al. [36] reported that CLA mixture (c9 t11:t10 c12) was

able to decrease PC-3 proliferation at 100 and 150 lM

(19.9% of control and 59.3% of control, respectively).

Masso-Welch et al. [37] reported that cis-9, trans-11 and

trans-10, cis-12 CLA isomers were effective in inhibiting

angiogenesis in a dose-dependent manner. Even though the

CLA have been reported to have various anticancer activ-

ities with a single or a mixture of its isomers as a fatty acid

form (obtained from alkali isomerization from linoleic

acid), the anticancer activities of hydrogenated vegetable

oils with a high quantity of CLA have not been previously

reported. The CLA in SHSO used in this study were

present as an esterified form in a triacylglycerol structure,

not as a fatty acid. Furthermore, the SHSO was obtained by

the hydrogenation of soybean oil, which is a classical food

process that has been used for over a century for the pro-

duction of margarine, shortening, and confectionery fats.

The isomeric distribution of CLA in the SHSO used in our

study was greatly different from those CLA isomers stud-

ied previously. The CLA produced by alkali isomerization

from linoleic acid contains mainly two isomers of cis-9,

trans-11 and trans-10, cis-12 isomers (more than 85%)

along with minor proportion of other isomers [28]. But the

SHSO contained various types of isomers with a wide

distribution, as indicated in Table 2. It has been reported

that the bioactivities of the CLA isomers were different

with different isomers. The bioactivities of only few iso-

mers (including c9,t11- and t10,c12- isomers) have been

well elucidated. We previously identified 21 CLA isomers

in SHSO [31], but the bioactivities of most of the CLA

isomers present in SHSO have not been studied. The rel-

ative distributions of trans/trans, cis/trans or trans/cis, and

cis/cis isomers in SHSO were 45.5, 46.6, and 7.9%,

respectively (Table 2). The high proportion of trans/trans

isomers in the CLA products in the present study is in

contrast to trace of trans/trans isomers in CLA produced

by alkali isomerization. The high distribution of trans/trans

isomers in SHSO might play an important role in its anti-

prostate cancer activity. Park et al. [30] compared the

cytotoxic effects of four CLA isomer (10t,12c-, 9c,11t-,

10t-,12t- and 9t,11t-) on the gastric cancer cell line (NCI-

N87). The authors reported that 9t,11t and 10t,12t- isomers

(trans/trans isomers) showed stronger cytotoxic activity on

the NCI-N87 cancer cell line proliferation than 10t,

12c- and 9c,11t-CLAs (cis/trans isomers). Hydrogenated

vegetable oils have earned reputations for negative effects

on human health mainly due to their high contents of trans

fatty acids and saturated fatty acids. The increased concern

about the effects of trans fatty acids on health led to

regulations requiring the nutrition facts panel on all food

labels to indicate the trans fat content by 1 January, 2006.

It is interesting to note that CLA are a type of trans fatty

acids, in a chemical view point. We previously demon-

strated that the fatty acid composition of hydrogenated

vegetable oils could be manipulated by controlling the

reaction conditions such as temperature, catalyst type and

amount, hydrogen pressure, and agitation rate [8, 9]. The

present study showed a clear evidence that hydrogenated

vegetable oils with high conjugated linoleic acids, which

were obtained by carefully controlled hydrogenation

condition, have great potential as a prototype functional

food ingredient for the chemoprevention of prostate cancer.

Previously, we reported that SHSO with CLA also showed

body fat reducing activity (deleted—and antiatheroscle-

rotic) properties in rats [38]. Prostate cancer is the second

leading cause of male death due to cancer in the United

States. Given that hydrogenated vegetable oils have been

extensively consumed for about a century, this novel

approach may be particularly appealing to those people

who are unwilling to change their eating habits (in terms of

fat consumption), but still desire alternative food choices

for cancer prevention.

References

1. American Cancer Society (2005) Cancer facts and figures.

Atlanta, GA

2. Judd JT, Clevidence BA, Muesing RA, Wettes J, Sunkin ME,

Podczasy JJ (1994) Dietary trans-fatty acids: effects of plasma

lipids and lipoproteins of healthy men and women. Am J Clin

Nutr 59:861–868

3. Oomen CM, Ocke MC, Feskens EJM, Erp-Baart MJV, Kok FJ,

Kromhout D (2001) Association between trans-fatty acid intake

and 10-year risk of coronary heart disease in the Zutphen Elderly

Study: a prospective population-based study. Lancet 357:

746–751

4. Enig MG, Munn RJ, Keeney M (1978) Dietary fat and cancer

trends—a critique. Fed Proc 37:2215–2220

294 Lipids (2011) 46:287–295

123



5. Hogan ML, Shamsuddin AM (1984) Large intestinal carcino-

genesis. I. Promotional effects of dietary fatty acid isomers in the

rat model. J Natl Cancer Inst 73:1293–1296

6. Awad AB (1981) Trans-fatty acids in tumor development and the

host survival. J Natl Cancer Inst 67:189–192

7. Jung MY, Ha YL (1999) Conjugated linoleic acid isomers in

partially hydrogenated soybean oil obtained during non-selective

and selective hydrogenation processes. J Agric Food Chem 47:

704–708

8. Jung MO, Yoon SH, Jung MY (2001) Effects of temperature and

agitation rate on the formation of conjugated linoleic acids in

soybean oil during hydrogenation process. J Agric Food Chem

49:3010–3016

9. Jung MO, Ju JW, Choi DS, Yoon SH, Jung MY (2002) CLA

formation in oils during hydrogenation process as affected by

catalyst types, catalyst contents, hydrogen pressure, and oil spe-

cies. J Am Oil Chem Soc 79:501–510

10. Ip C, Chin SF, Scimeca JA, Pariza MW (1991) Mammary cancer

prevention by conjugated dienoic derivative of linoleic acid.

Cancer Res 51:6124–6188

11. Ha YL, Grimm NK, Pariza MW (1987) Anticarcinogens from the

fried ground beef: heat-altered derivatives of linoleic acid.

Carcinogenesis 8:1881–1887

12. Ha YL, Storkson J, Pariza MW (1990) Inhibition of benzo(a)-

pyrene-induced mouse forestomach neoplasia by conjugated

dienoic derivatives of linoleic acid. Cancer Res 50:1097–1101

13. Liew C, Schut HAJ, Chin SF, Pariza MW, Dashwood RH (1995)

Protection of conjugated linoleic acid against 2-amino-3-methy-

limidazo[4,5-f]quinoline-induced colon carcinogenesis in the

F344 rat: a study of inhibitory mechanisms. Carcinogenesis

16:3037–3043

14. Belury MA, Nickel KP, Bird CE, Wu Y (1996) Dietary conju-

gated linoleic acid modulation of phorbol ester skin tumor pro-

motion. Nutr Cancer 26:149–157

15. Ip C, Briggs SP, Haegele AD, Tompson HJ, Storkson J, Seimeca

JA (1996) The efficacy of conjugated linoleic acid in mammary

cancer prevention is independent of the level or type of fat in the

diet. Carcinogenesis 17:1045–1050

16. Ip C, Jiang C, Thompson HJ, Scimeca JA (1997) Retention of

conjugated linoleic acid in the mammary gland is associated with

tumor inhibition during the post-initiation phase of carcinogen-

esis. Carcinogenesis 18:755–759

17. Cesano A, Visonneau S, Esimeca JA, Kritchevsky D, Santoli D

(1998) Opposite effects of linoleic acid and conjugated linoleic

acid on human prostate cancer in SCID mice. Anticancer Res

18:1429–1434

18. Hubbard NE, Lim D, Summers I, Erickson KI (2000) Reduction

of murine mammary tumor metastasis by conjugated linoleic

acid. Cancer Lett 150:93–100

19. Lee KN, Kritchevsky D, Pariza MW (1994) Conjugated linoleic

acid and atherosclerosis in rabbits. Atherosclerosis 108:19–25

20. Nicolosi RJ, Rogers EJ, Kritchevsky D, Scimeca JA, Huth PJ

(1997) Dietary conjugated linoleic acid reduced plasma lipopro-

teins and early aortic atherosclerosis in hypercholesterolemic

hamsters. Artery 22:266–277

21. Houseknecht KL, Vanden Heuvel JP, Moya-Camarena SY,

Portocarrero CP, Peck LW, Nickel KP, Belury MA (1998) Dietary

conjugated linoleic acid normalizes impaired glucose tolerance in

the Zucker diabetic fatty fa/fa rat. Biochem Biophys Res Commun

244:678–682

22. Ryder JW, Portocarrero CP, Song XM, Cui L, Yu M, Combatsiaris

T, Galuska D, Bauman DE, Barbano DM, Charron MJ, Zierath JR,

Houseknecht KL (2001) Isomer-specific antidiabetic properties of

conjugated linoleic acid: improved glucose tolerance, skeletal

muscle insulin action, and UCP-2 gene expression. Diabetes

50:1149–1157

23. Riserus U, Berglund L, Vessby B (2001) Conjugated linoleic acid

(CLA) reduced abdominal adipose tissue in obese middle-aged

men with signs of metabolic syndrome: a randomized controlled

trial. Int J Obes 25:1129–1135

24. Belury MA, Mahon A, Banni S (2003) The conjugated linoleic

acid (CLA) isomer, t10c12-CLA, is inversely associated with

changes in body weight and serum leptin in subjects with type 2

diabetes mellitus. J Nutr 133:257S–260S

25. Evans ME, Brown JM, McIntosh MK (2002) Isomer-specific

effects of conjugated linoleic acid (CLA) on adiposity and lipid

metabolism. J Nutr Biochem 13:508–516

26. Terpstra AHM (2004) Effect of conjugated linoleic acid on body

composition and plasma lipids in humans: an overview of the

literature. Am J Clin Nutr 79:352–361

27. Chin SF, Liu W, Storkson JM, Ha YL, Pariza MW (1992) Dietary

sources of conjugated dienoic isomers of linoleic acid, a newly

recognized class of anticarcinogens. J Food Comp Anal 5:185–

197

28. Yurawecz MP, Hood JK, Mossoba MM, Roach JAG, Ku Y

(1995) Furan fatty acids determined as oxidation products of

conjugated octadecadienoic acid. Lipids 30:595–598

29. Ip C, Dong Y, Ip MM, Banni S, Carta G, Angioni E, Murru E,

Spada S, Melis MP, Saebo A (2002) Conjugated linoleic acid

isomers and mammary cancer prevention. Nutr Cancer 43:52–58

30. Park SJ, Park CW, Kim SJ, Kim YR, Kim YS, Ha YL (2003)

Divergent cytotoxic effects of conjugated linoleic acid isomers on

NCI-N87 cells, Chapter 10. In: Food factors in health promotion

and disease prevention. Oxford University Press, pp 111–118

31. Jung MY, Jung MO (2002) Identification of conjugated linoleic

acid isomers in hydrogenated soybean oil by silver ion impreg-

nated HPLC and GC-ion impacted mass spectrometry of their

4,4-dimethyloxazoline derivatives. J Agric Food Chem 50:6188–

6193

32. Sehat N, Rickert R, Mossoba MM, Kramer JKG, Yurawecz MP,

Roach JAG, Adlof RO, Morehouse KM, Fritsche J, Eulitz KD,

Steinhart H, Ku Y (1999) Improved separation of conjugated

fatty acid methyl esters by silver ion-high performance liquid

chromatography. Lipids 34:407–413

33. Mosmann T (1983) Rapid colorimetric assay for cellular growth

and survival: application to proliferation and cytotoxicity assays.

J Immunol Methods 65:55–63

34. Kaltenbach JP, Kaltenbach MH, Lyons WB (1958) Nigrosin as a

dye for differentiating live and dead ascites cells. Exp Cell Res

15:112–117

35. Farquharson A, Wu H-C, Grant I, Graf B, Choung J-J, Eremin O,

Heys S, Wahle K (1999) Possible mechanisms for the putative

antiatherogenic and antitumorigenic effects of conjugated

polyenoic acids. Lipids 34:S343

36. Ochoa JJ, Farquharson JF, Grant I, Moffat LE, Heys SD, Wahle

KWJ (2004) Conjugated linoleic acids (CLAs) decrease prostate

cancer cell proliferation: different molecular mechanism for

cis-9, trans-11 and trans-10, cis-12 isomers. Carcinogenesis 25:

1185–1191

37. Masso-Welch PA, Zangani D, Ip C, Vaughan MM, Shoemaker S,

Ramirez RA, Ip MM (2002) Inhibition of angiogenesis by the

cancer chemopreventive agent conjugated linoleic acid. Cancer

Res 62:4383–4389

38. Choi NJ, Kown D, Yoon SH, Jung MY, Shin HK (2004) Selec-

tively hydrogenated soybean oil with conjugated linoleic acid

modifies body fat composition and plasma lipid in rats. J Nutr

Biochem 15:411–417

Lipids (2011) 46:287–295 295

123



METHODS

Improved Methods for the Fatty Acid Analysis of Blood Lipid
Classes

Ken’ichi Ichihara • Kumiko Yoneda •

Ayuko Takahashi • Noriko Hoshino •

Motoyoshi Matsuda

Received: 6 October 2010 / Accepted: 14 January 2011 / Published online: 7 February 2011

� AOCS 2011

Abstract Two improved methods have been developed

for preparation of fatty acid methyl esters (FAME) from

major O-ester lipid classes in blood, i.e., cholesterol ester,

triacylglycerol, and glycerophospholipids. The methods

involve simple operations, and use neither harmful solvents

such as chloroform or benzene nor highly reactive volatile

reagents such as acetyl chloride. The FAME synthesis

reaction proceeds under mild temperature conditions. The

methods include (1) extraction of lipids from 0.2 ml of

blood with 0.2 ml of tert-butyl methyl ether and 0.1 ml of

methanol, (2) separation of the total lipids into lipid classes

using a solid-phase extraction column or thin-layer chro-

matography, and (3) methanolysis of each lipid class at

room temperature or at 45 �C. In all the operations, solvent

concentration is performed only once prior to gas–liquid

chromatography (GC). No noticeable differences in com-

position determined by GC have been found between

FAME prepared by the present methods and those prepared

by a conventional method involving lipid extraction with

chloroform/methanol. The mild reaction and simplified

procedures of the present methods enabled safe and

reproducible analysis of the fatty acid compositions of the

major ester-lipid classes in blood.

Keywords Fatty acid composition � Fatty acid methyl

ester � Methanolysis � Cholesterol ester � Plasma �
Phospholipid � Triacylglycerol � Blood lipids

Abbreviations

tert-BME tert-Butyl methyl ether

CE Cholesterol ester(s)

FAME Fatty acid methyl ester(s)

FFA Free fatty acid(s)

GC Gas–liquid chromatography

GPL Glycerophospholipids

GroPCho Glycerophosphocholine

GroPEtn Glycerophosphoethanolamine

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

SPE Solid phase extraction

TAG Triacylglycerol(s)

TLC Thin-layer chromatography

Introduction

The major ester-lipid classes in blood are cholesterol esters

(CE), triacylglycerols (TAG), and glycerophospholipids

(GPL). The fatty acid compositions of these lipid classes

are among the indicators related to human health and

nutritional status, and they have been used in many clinical

and epidemiological studies [1–6]. While convenient

methods have been presented for preparation of fatty acid

methyl esters (FAME) from blood total lipids [7–10], the

preparation of FAME from individual lipid classes in blood

is both labor-intensive and time-consuming. The first step

in conventional preparation of FAME from lipid classes is

extraction of total lipids from blood with chloroform–

methanol, phase separation, and concentration of the

chloroform solution. However, the trihalomethane solvent

is toxic for humans and its carcinogenicity is a considerable
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health risk for researchers in laboratories [11]. Chloroform

may also contaminate the environment. It has been noted

that labile lipid species can be chemically modified with

the phosgene formed by decomposition of chloroform [12].

Chloroform has another disadvantage in phase separation,

in that it forms a lower layer because of its high density

(1.48 g/cm3). When the lower solvent layer is collected

with a pipette, it can be contaminated with solid impurities

floating in the interface between the upper and lower layers

[13]. Therefore, chloroform should be replaced with a less

harmful, non-chlorinated, low-density solvent. The second

step is isolation of individual lipid classes by silica gel thin-

layer chromatography (TLC) or column chromatography.

The procedure of this step varies between groups, and there

is still no unified protocol for isolation. The third step is

formation of FAME from the isolated individual lipid

classes by methanolysis or by saponification followed by

methylation. Although FAME have been mostly synthe-

sized at temperatures higher than 70 �C, the operation of

methanolysis under lower, mild temperatures must be

adopted for safety of researchers and to allow simplifica-

tion of the apparatus used. BF3 and 3-(trifluoromethyl)

phenyltrimethylammonium hydroxide are often used as

catalysts for methanolysis of isolated lipid classes [14, 15],

but fluorine compounds are restricted for the global envi-

ronment by local drainage laws. Environmentally friendly

alternatives to fluorine compounds should be used as cat-

alysts. HCl is a widely used acid catalyst, and anhydrous

HCl/methanol can be prepared from acetyl chloride and

methanol [16]. However, the volatile acid halide is an

extreme irritant to the eyes, and care must also be taken to

prevent violent reaction with methanol. From a safety

standpoint, it is desirable to avoid use of this reagent.

Benzene, which has been used in the preparation and

extraction of FAME [7, 17], may cause leukemia, and it

should therefore be replaced by an alternative solvent.

Purification of the synthesized FAME is necessary to

remove impurities for capillary gas–liquid chromatography

(GC) at the last step of preparation, but the procedure

is variable and is not standardized. During these opera-

tions, concentration of solvents is often repeated, but

the number of concentration steps must be minimized for

simplification.

We attempted to develop and establish simplified pro-

cedures for routine fatty acid analysis of blood CE, TAG,

and GPL, and also to minimize possible hazards during

chemical manipulation in laboratories and to reduce envi-

ronmental burden of waste products. Here, we propose two

methods and the corresponding protocols for preparation of

FAME derived from the blood lipid classes. The first

includes a procedure using a solid-phase extraction (SPE)

column for separation of blood lipids into lipid classes and

is suitable for simultaneous treatment of many samples or

robotic systems, and the other includes a TLC procedure,

which has been used most frequently to date.

Materials and Methods

Reagents

Cholesteryl oleate and dierucoyl glycerophosphocholine

(GroPCho) were purchased from Avanti Polar Lipids

(Alabaster, AL, USA). Cholesteryl erucate, trierucoyl

glycerol, and the FAME standard mixture for GC were

purchased from Nu-Chek-Prep (Elysian, MN, USA). Tri-

oleoyl glycerol was obtained from Sigma-Aldrich (St.

Louis, MO, USA). Dioleoyl glycerophosphoethanolamine

(GroPEtn) was from Wako Pure Chemical Industries

(Osaka, Japan). Dioleoyl GroPCho was synthesized from

GroPCho and oleic acid [18]. Acetone, chloroform, hexane,

and methanol were purchased from Wako Pure Chemical

Industries or Nacalai Tesque (Kyoto, Japan) as glass-dis-

tilled solvents for analysis of residual pesticides and her-

bicides. Metal Na, KOH, 50% BF3 in methanol, tert-butyl

methyl ether (tert-BME), methyl acetate, and heparin

sodium salt were of reagent grade. Methanolic CH3ONa

solutions of 1.2 M and 2.0 M were prepared by diluting

25% (w/w; 4.37 M) methanolic CH3ONa, which was pur-

chased from Sigma-Aldrich, with methanol or prepared by

dissolving metal Na in methanol. A reagent for methylation

of FFA, 0.8 M HCl in 95% methanol, was prepared by

diluting conc. HCl (12 M) 15-fold with methanol. TLC

plates of silica gel (0.25 mm thick, No. 105715) and SPE

columns packed with 200 mg of silica gel (LiChrolut, No.

102021) were products of Merck (Darmstadt, Germany).

The SPE columns were previously washed with 10 ml of

hexane and 6 ml of acetone to remove plasticizers and

impurities, and then dried in vacuo (1.3 kPa) for 16 h.

Microcentrifuge tubes (1.5 ml; Greiner Bio-One, Krem-

smünster, Austria) made of homopolymer polypropylene

and translucent were soaked in hexane overnight to remove

plasticizers. Transparent tubes made of the copolymer

polypropylene contained more plasticizers and were not

used for lipid extraction. Most solvent systems for lipid

extraction and TLC contained 0.001% 2,6-di-tert-butyl-p-

cresol as an antioxidant. Small volumes (B1 ml) of organic

solvents were measured with positive displacement pip-

ettes (Microman M-100 and M-250; Gilson, Middleton,

WI, USA). M-1000 was also used for solvents other than

chloroform.

TLC and GC

Reaction products of methanolysis were analyzed by silica

gel TLC. Developed lipids on TLC plates were visualized
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by spraying with 50% (w/w) sulfuric acid and then heating at

137 �C. Phospholipids were also detected with the Dittmer

and Lester reagent [19]. For preparation of FAME from lipid

classes, methanolic 0.001% primulin was sprayed on plates

and lipids were detected under ultraviolet light at 365 nm.

FAME prepared were analyzed with a Shimadzu 2014 gas

chromatograph equipped with flame ionization detectors and

columns of DB-23 (0.25 mm 9 30 m) and SUPELCOWAX

10 (0.53 mm 9 30 m) at an isothermal column temperature

of 200 �C or 215 �C in N2 gas.

Conventional Method for Preparation of FAME

from Blood Lipid Classes

Lipids were extracted from 0.2 ml of blood plasma containing

heparin with 4 ml of chloroform/methanol (2:1, v/v) by the

Folch method [20]. Total lipids thus obtained were developed

on silica gel plates (5 cm in width 9 10 cm in height) to 2 cm

from the origin with acetone and then redeveloped with hex-

ane/tert-BME (90:10, v/v) to 8 cm from the origin. Lipids

were detected with primulin, and those located at the origin of

the plate were regarded as GPL. Silica gel bands corre-

sponding to lipid classes were scraped off and suspended in

2 ml of methanol/toluene (4:1, v/v). After addition of acetyl

chloride (0.2 ml), the mixture was heated at 100 �C for 1 h in

a screw-capped glass test tube [7]. FAME formed were

extracted with hexane.

Method I (SPE Column Method)

Extraction of Lipids and SPE Column Fractionation

(Fig. 1a)

Total lipids were extracted from 0.2 ml of whole blood in

small glass test tubes or in 1.5-ml polypropylene micro-

centrifuge tubes by vortexing for 1 min with 0.2 ml of tert-

BME and 0.1 ml of methanol. The tubes were centrifuged

for 1 min and 0.1 ml of the upper ether layer formed was

slowly applied at the center of the upper-frit surface of a

dry SPE column packed with 200 mg of silica gel. The

upper frit put on the silica gel matrix was washed with

0.02 ml of hexane. The silica gel charged with blood total

lipids as a tert-BME solution containing methanol and

water was allowed to stand for 5 min and dried for 1 h or

overnight in vacuo (1.3 kPa). CE was eluted with 3.4 ml of

1% (v/v) methyl acetate in hexane, and the volume of

eluate was 3.0 ml. TAG was then eluted with 3 ml of 2.5%

(v/v) methyl acetate in hexane. After the column was

washed with 3 ml of acetone to remove cholesterol and

pigments, GPL were eluted with 4 ml of methanol.

(a) Extraction of blood total lipids and isolation of
lipid classes by an SPE column

Blood 0.2 ml
0.2 ml of tert-BME and 0.1 ml of methanol

- vortexed for 1 min
- centrifuged for 1 min

tert-BME layer (0.1 ml from 0.14 ml in total)
- applied to a silica gel SPE column

Silica gel SPE column
- washed with 0.02 ml of hexane
- allowed to stand for 5 min
- dried in vacuo for 1 h or overnight
- eluted with 3.4 ml of 1% methyl acetate in hexane (CE)
- eluted with 3 ml of 2.5% methyl acetate in hexane (TAG)
- washed with 3 ml of acetone
- eluted with 4 ml of methanol (GPL)

CE, TAG, and GPL fractions

(b) Preparation of FAME from lipid classes

CE fraction (3 ml of 1% methyl acetate/hexane)
1.5 ml of acetone and 0.6 ml of 2 M CH3ONa

- vortexed and allowed to stand for 30 min at room temperature
0.1 ml of acetic acid and 3 ml of water

Hexane layer
- washed twice with 3 ml each of water
- applied to an SPE column
- eluted with 3 ml of 1% methyl acetate/hexane

Eluate (FAME from CE)
- concentrated

GC

TAG fraction (3 ml of 2.5% methyl acetate/hexane)
0.1 ml of acetone and 0.1 ml of 2 M CH3ONa

- vortexed for 30 s at room temperature
0.02 ml of acetic acid and 3 ml of water

Hexane layer
- washed twice with 3 ml each of water
- applied to an SPE column
- eluted with 3 ml of 1% methyl acetate/hexane

Eluate (FAME from TAG)
- concentrated

GC

GPL fraction (4 ml of methanol)
0.6 ml of 2 M CH3ONa

- vortexed and allowed to stand for 7 min at room temperature
0.1 ml of acetic acid, 3 ml of hexane, and 3 ml of water

Hexane layer
- washed with 3 ml of water
- applied to an SPE column
- eluted with 3 ml of 1% methyl acetate/hexane

Eluate (FAME from GPL)
- concentrated

GC

Fig. 1 Flow chart for Method I
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Preparation of FAME from Lipid Classes in Eluates

(Fig. 1b)

The CE solution (3 ml) was mixed with 1.5 ml of acetone

and 0.6 ml of 2 M CH3ONa, the final concentration of

which was 0.24 M. The mixed solution, which formed a

single phase, was allowed to stand for 30 min at room

temperature. Methanolysis was stopped with 0.1 ml of

acetic acid, and then 3 ml of water was added to the

solution. After mixing, the hexane layer formed was

washed twice with 3 ml of water each time and applied to a

silica gel SPE column conditioned with 2 ml of hexane for

removal of the byproduct cholesterol and small amounts

of FFA. The flow-through fraction was discarded, and

FAME were then eluted with 3 ml of 1% methyl acetate in

hexane. Cholesterol and FFA were retained in the column.

The FAME solution was concentrated in vacuo for GC

analysis.

To the TAG solution (3 ml) were added 0.1 ml of ace-

tone and 0.1 ml of 2 M CH3ONa, and the mixed solution of

two separate phases was vortexed for 30 s at room tem-

perature. The reaction was terminated by addition of

0.02 ml of acetic acid, and the solution was mixed with

3 ml of water. The hexane layer was washed twice with

water and FAME were purified by the same procedures as

described above.

The methanolic GPL solution (4 ml) was mixed with

0.6 ml of 2 M CH3ONa. Methanolysis was completed

within 7 min at room temperature. After addition of 0.1 ml

of acetic acid and 3 ml of water to the reaction mixture,

FAME were extracted with 3 ml of hexane. The separated

hexane layer was washed with 3 ml of water and FAME

were purified with a silica gel column to remove non-

acylated compounds similar to GPL in polarity as descri-

bed above.

Method II (TLC Method)

Extraction of Lipids and Fractionation by TLC (Fig. 2a)

An area (4 cm in width 9 1 cm in height) of a 5 9 10 cm

silica gel TLC plate was spotted with 0.1 ml of a tert-BME

solution of total lipids extracted from 0.2 ml of whole

blood by the same procedures as described for lipid

extraction in Method I. The plate was dried in vacuo

(1.3 kPa) for 15 min, developed with acetone to 3 cm from

the bottom of the plate, dried in vacuo for 5 min, and

redeveloped with hexane/tert-BME (90:10, v/v) to 9 cm

from the bottom. Bands of CE and TAG were located by

spraying with primulin solution followed by visualizing

under an ultraviolet lamp at 365 nm, while GPL remained

at the spotted area. Each silica gel band was scraped off

and placed in a glass test tube (16.5 mm 9 125 mm) for

TAG and GPL or in a screw-capped glass test tube

(16.5 mm 9 105 mm) for CE.

Preparation of FAME from Lipid Classes on Silica Gel

(Fig. 2b)

CE on silica gel was vortexed with 0.5 ml of toluene/

acetone (1:1, v/v) and 1 ml of 1.2 M CH3ONa for 10 s, and

methanolysis was carried out at 45 �C for 30 min. To the

reaction mixture was added 3 ml of 0.8 M HCl in 95%

methanol, and the test tube was incubated at 45 �C for

20 min for methylation of FFA byproducts. Two phases

were formed by the addition of 1 ml of hexane and 2 ml of

water to the acidic solution, and the hexane layer was

washed with 2 ml of water. The hexane solution thus

obtained was applied to a silica gel SPE column. The

adsorbed FAME were eluted with 3 ml of 1% methyl

acetate in hexane, and the eluate was concentrated for GC

analysis.

TAG on silica gel and GPL on silica gel were vortexed

with 0.5 ml of toluene/acetone (1:1, v/v) and 1 ml of 1.2 M

CH3ONa for 30 s, and then the mixture was allowed to

stand for 1 min at room temperature. Methanolysis was

terminated by addition of 0.1 ml of acetic acid. Then, 1 ml

of hexane and 2 ml of water were added to the solution for

extraction of FAME. The hexane layer was washed with

2 ml of water, and FAME were purified by the same pro-

cedure as described for methanolysis of CE.

Assessment of Lipid Extraction with tert-BME/

Methanol

Whole blood (0.2 ml) was vortexed with 0.2 ml of tert-

BME and 0.1 ml of methanol, and the mixture was cen-

trifuged. The upper tert-BME layer was removed, and the

surface of the lower layer was gently washed with 0.1 ml

of tert-BME. These tert-BME solutions were combined.

Lipids that were not extracted with tert-BME and remained

in the lower water/methanol layer were extracted twice

with 0.2 ml and with 0.1 ml of chloroform. For compari-

son, blood (0.2 ml) was diluted with 0.3 ml of 0.5 M

KH2PO4 and lipids were extracted with 1.5 ml of chloro-

form and 0.5 ml of methanol by vortexing for 2 min [21].

The chloroform layer was removed, and the surface of the

water/methanol layer was gently washed with 1 ml of

chloroform. The two chloroform solutions were combined.

Lipids in the water/methanol layer were re-extracted twice

with 1 ml and with 0.5 ml of chloroform. Extracted lipids

were analyzed by TLC. The plate was first developed in

chloroform/methanol/water/acetic acid (65:35:4:1, v/v/v/v)

to 3 cm from the origin, dried in vacuo, and then rede-

veloped in hexane/tert-BME/acetic acid (85:15:0.5, v/v/v)

to 8 cm from the origin.
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Acid-Catalyzed Methanolysis

Although this study focused on the fatty acid analysis of

ester lipids, FAME from both O-acyl and N-acyl lipids

were also prepared (Fig. 3). An 8% (w/v) solution of HCl

in methanol/water (85:15, v/v) was prepared by diluting

10 ml of conc. HCl with 42.8 ml of methanol [10]. Blood

total lipids were extracted with tert-BME/methanol and

lipid classes were isolated by TLC. Toluene (0.2 ml),

methanol (1.5 ml), and the 8% HCl solution (0.3 ml) were

added sequentially to each lipid class/silica gel. The final

concentration of HCl was 1.2% (w/v), and the solution

contained 2.2% (w/v) water derived from conc. HCl.

Methanolysis was carried out at 100 �C for 1 h. The

reaction mixture was neutralized with 2 ml of 0.5 M

NaHCO3, and products were extracted with chloroform for

TLC. When FAME were analyzed by GC, they were

extracted with hexane without neutralization.

Results and Discussion

Extraction of Total Lipids and Yields of FAME

tert-BME is immiscible with water and its density is lower

than water. It has moderate polarity and moderate volatility

with boiling point of 55 �C. Its toxicity is lower than

chloroform. It is not prone to peroxide formation. It is

commercially available as a reagent of high purity in rea-

sonable prices. Thus, tert-BME was selected as an alter-

native solvent to chloroform for lipid extraction. The

compositions of blood total lipids extracted by two

(a) Extraction of blood total lipids and isolation of
lipid classes by TLC

Blood 0.2 ml
0.2 ml of tert-BME and 0.1 ml of methanol

- vortexed for 1 min
- centrifuged for 1 min

tert-BME layer (0.10 ml from 0.14 ml in total)
- applied to a silica gel TLC plate

Lipids on the silica gel plate
- dried in vacuo for 15 min
- developed with acetone to 3 cm from the bottom
- dried in vacuo for 5 min
- developed with hexane/tert-BME (9:1, v/v)
- sprayed with 0.001% primulin/methanol
- located under UV light at 365 nm
- scraped off a test tube

CE, TAG, and GPL adsorbed on silica gel

(b) Preparation of FAME from lipid classes

CE on silica gel
0.5 ml of toluene/acetone (1:1, v/v)
1 ml of 1.2 M CH3ONa

- vortexed and then incubated for 30 min at 45°C
3 ml of 0.8 M HCl/95% methanol

- incubated for 20 min at 45°C
1 ml of hexane and 2 ml of water

- vortexed and centrifuged
Hexane layer

- washed with 2 ml of water
- applied to a silica gel SPE column

FAME in the silica gel column
- eluted with 3 ml of 1% methyl acetate/hexane

Eluate (FAME from CE)
- concentrated

GC

TAG or GPL on silica gel
0.5 ml of toluene/acetone (1:1, v/v)
1 ml of 1.2 M CH3ONa

- vortexed for 30 s
- allowed to stand for 1 min at room temperature

0.1 ml of acetic acid, 1 ml of hexane, and 2 ml of water
- vortexed and centrifuged

Hexane layer
- washed with 2 ml of water
- applied to a silica gel SPE column

FAME in the silica gel column
- eluted with 3 ml of 1% methyl acetate/hexane

Eluate (FAME from TAG or GPL)
- concentrated

GC

Fig. 2 Flow chart for Method II

Preparation of FAME from lipid classes

CE, TAG, or GPL on silica gel
0.2 ml of toluene, 1.5 ml of methanol, and
0.3 ml of 8% HCl/85% methanol

- heated at 100°C for 1 h
1 ml of hexane and 2 ml of water

- vortexed and centrifuged
Hexane layer

- washed with 2 ml of water
- applied to a silica gel SPE column

FAME in the silica gel column
- eluted with 3 ml of 1% methyl acetate/hexane

Eluate (FAME)
- concentrated

GC

Fig. 3 Flow chart for an alternative TLC method utilizing acid-

catalyzed methanolysis. See Fig. 2a for extraction of total lipids and

isolation of lipid classes
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different solvent systems, the present tert-BME/methanol

system and a modified Folch method that uses chloroform/

methanol, were compared by TLC, but no differences in

lipid composition were found (Fig. 4). The lower water/

methanol phase formed on extraction with tert-BME was

extracted with chloroform to confirm lipid classes

remaining in the lower phase that should be discarded.

Small amounts of lipids were distributed to the lower layer,

but the lipid compositions of the two layers were very

similar to each other on the TLC plate. Matyash et al. [13]

also reported that tert-BME gave good recoveries for

extraction of major lipid classes and was comparable to

chloroform used in the Folch method [20] or the Bligh and

Dyer method [22].

Extraction efficiencies were compared between the

above two solvent systems based on data from an experi-

ment performed in triplicate. An internal standard, methyl

erucate, in tert-BME or in chloroform was added to blood

at the time of lipid extraction. FAME were prepared from

the total lipids by HCl-catalyzed methanolysis at 45 �C

[10] and analyzed by GC. There was no significant dif-

ference in total yield of FAME between tert-BME/metha-

nol extraction and chloroform/methanol extraction, and the

fatty acid compositions of these FAME preparations were

very similar to each other. These findings indicated that

tert-BME/methanol compares favorably with chloroform/

methanol for extraction of blood total lipids as reported

previously in lipidomics research [13].

Methanolysis of Lipid Classes Separated by Silica Gel

SPE Columns (Method I)

In the 1980s, SPE columns were used for separation

between non-polar lipids and phospholipids [23]. Figure 5a

shows that CE, TAG, and GPL could be fractionated from

total lipids by SPE columns. Methanolysis was carried out

at room temperature without concentration of the lipid

solutions, and FAME derived from each lipid class were

purified to a single spot on TLC (Fig. 5b).

Methanolysis of TAG proceeds in a solvent mixture of

hexane and methanol containing a base catalyst, and it

requires vortexing for 2 min at room temperature in the

absence of acetone [24]. Addition of acetone to a mixture

of the TAG eluate and CH3ONa/methanol stimulated the

reaction, and TAG was converted into FAME within 30 s

by vortexing at room temperature (Fig. 5b, lanes 5, 6).

Hexane and methanol are immiscible, while methanolysis

occurs in the lower methanol phase in which a base cata-

lyst, e.g., CH3ONa or KOH, is dissolved. As TAG, which is

a non-polar lipid, is soluble in hexane but slightly soluble

in methanol, it is distributed unevenly to the hexane phase

when dissolved in a mixed solvent of hexane and methanol.

The concentration of TAG in the methanol phase is low,

and hence methanolysis proceeds slowly. When a small

volume of acetone is added to a mixture of hexane and

methanol, acetone is miscible with methanol and the two

polar solvents form a lower phase. As acetone is a good

solvent for TAG, the concentration of TAG increases in the

lower phase where methoxide ions are present and meth-

anolysis occurs. FAME formed are more hydrophobic than

TAG and are transferred immediately to the upper hexane

phase. FAME are, therefore, not hydrolyzed by alkali dis-

solved in the methanol/acetone phase. This is probably why

methanolysis of TAG is stimulated with acetone.

CE is more hydrophobic and less soluble in methanol

than TAG, and methanolysis of CE does not proceed under

the conditions for TAG [25, 26]. Various solvents have

been used to increase the solubility of CE in methanol to

enhance its reactivity. For example, good yields of FAME

are obtained in 1 h at 37 �C or at room temperature by

reaction in diethyl ether/methyl acetate/methanol contain-

ing 1 M CH3ONa (50:1:1, v/v/v) or in methyl propionate/

methanol containing 0.84 M NaOH (2:3, v/v), respectively

[25, 26]. A mixture of CE eluate (3 ml of 1% methyl

acetate in hexane), 1.5 ml of acetone, and 0.6 ml of 2 M

CH3ONa/methanol formed a single homogenous phase of

the solvents, and methanolysis was completed in 30 min at

room temperature (Fig. 5b, lane 2). This improved reac-

tivity of CE was also due to its high solubility in the

solution containing acetone.

To a methanol eluate (4 ml) of GPL was added 0.6 ml

of 2 M CH3ONa/methanol to form a 0.26 M CH3ONa

1  2 3      4     5

TAG -

PtdEtn -

FFA -

PtdCho -

C -
Pig -

CerPCho -
O -

CE -

Fig. 4 Lipid extraction from blood with tert-BME/methanol and with

chloroform/methanol. The TLC plate was first developed in chloro-

form/methanol/water/acetic acid (65:35:4:1, v/v/v/v) to 3 cm from the

origin, dried in vacuo, and then redeveloped in hexane/tert-BME/

acetic acid (85:15:0.5, v/v/v). Lane 1 authentic lipids, lane 2 lipids

extracted with tert-BME, lane 3 lipids in the water/methanol layer of

tert-BME extraction, lane 4 lipids extracted with chloroform, lane 5
lipids in the water/methanol layer of chloroform extraction. C choles-

terol, Pig pigments, CerPCho sphingomyelin, O origin
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solution, which was allowed to stand for 7 min at room

temperature. As GPL are polar lipids and sufficiently sol-

uble in methanol, the reaction proceeded rapidly in meth-

anol (Fig. 5b, lane 8). The reaction time of 7 min at room

temperature was sufficient for transesterification of GPL

bearing O-ester linkages. The pale spot detected near the

position corresponding to PtdEtn after methanolysis was

not a phospholipid, and another pale spot found near the

position of PtdCho was lysoplasmalogen. Sphingomyelin,

which has no ester-linked acyl residue, remained unchan-

ged as expected. The fatty acid composition of sphingomyelin

is considerably different from those of glycerophospholipids,

and it must be determined using acid-catalyzed methanolysis

after isolation.

Acetone is known to reacts with aminophospholipids to

form Schiff’s bases under mild conditions [27, 28], but the

influences of acetone complexes on the preparation of

phospholipids and analysis of fatty acid composition were

not considered in the present study.

Methanolysis of Lipid Classes Separated by Silica Gel

TLC (Method II)

CE, TAG, and GPL were isolated by silica gel TLC from

tert-BME extracts (Fig. 6). Methanolysis in the presence of

silica gel has some disadvantages compared to the reaction

in the absence of silica gel, especially for CE; i.e., the

reaction proceeds slowly and FFA are produced. However,

these disadvantages could be alleviated by optimizing

reaction conditions. A reaction medium consisting of

0.25 ml of toluene, 0.25 ml of acetone, and 1 ml of

methanolic 1.2 M CH3ONa forms a single organic phase, in

which the concentration of CH3ONa is 0.8 M. This solvent

system containing the base catalyst was able to dissolve all

three lipid classes and was used for methanolysis.

1      2      3      4 5 6

(a)

1      2      3 4      5 6      7      8      9 10

from CE from TAG from GPL

(b)

CE -

FAME -

TAG -

FFA
C -

PtdCho -
CerPCho -

PtdEtn -

Pig

TAG -

PtdEtn -

FFA -

PtdCho -

C -

CE -

Pig -

CerPCho -

Fig. 5 a Isolation of CE, TAG, and GPL by a silica gel SPE column.

Total lipids were extracted from whole blood with tert-BME/

methanol (lane 2) and separated into three lipid classes, CE (lane
3), TAG (lane 4), and GPL (lane 6) by an SPE column. Lane 5 is the

acetone eluate that contains cholesterol and pigments. Reference

lipids were developed in lane 1. b Preparation of FAME from lipid

classes. Reaction products of the isolated lipid classes by methanol-

ysis were extracted with chloroform (lanes 2, 5, 8) or with hexane

(lanes 3, 6, 9). The hexane extracts were purified by SPE columns

(lanes 4, 7, 10). Lane 1 is a mixture of authentic lipids. The conditions

of TLC were the same as those in Fig. 4

1 2 3 4 5 6 7 8 9 10 11 12

TAG -

PtdEtn -

FFA -

PtdCho -

C -

CE -

CerPCho -

FAME -

O -

from CE from TAG from GPLTL

Fig. 6 Preparation of FAME from lipid classes isolated by TLC.

Lane 1 total lipids extracted with tert-BME/methanol, lane 2 CE

isolated by TLC, lane 3 methanolysis products of CE/silica gel, lane 4
products from CE on silica gel by methanolysis followed by

methylation (methanolysis/methylation), lane 5 FAME purified from

methanolysis/methylation products corresponding to lane 4, lane 6
TAG isolated by TLC, lane 7 methanolysis products of TAG/silica

gel, lane 8 FAME purified from methanolysis products corresponding

to lane 7, lane 9 GPL isolated by TLC, lane 10 chloroform extract of

methanolysis products from GPL/silica gel, lane 11 hexane extract of

methanolysis products from GPL/silica gel, lane 12 FAME purified

from the hexane extract corresponding to lane 11. The conditions of

TLC were the same as those in Fig. 4. TL total lipids
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In the absence of silica gel, TAG can be readily deriv-

atized to FAME in two solvent phases composed of hexane

and methanol [24]. Acetone in the methanol phase

enhances the reaction rate, as described for methanolysis of

TAG isolated by SPE columns. Silica gel interfered with

the reaction, and under the conditions used for the two-

phase solvent system, conversion of TAG to FAME

resulted in low yields. However, methanolysis of TAG was

completed in 90 s at room temperature with trace amounts

of FFA byproducts, when silica gel that adsorbed TAG was

treated with the homogeneous solution of 0.8 M CH3ONa

in toluene/acetone/methanol (Fig. 6, lanes 6–8).

CE on silica gel was also incubated with CH3ONa

solution (Fig. 6, lanes 2–5). CE disappeared within 30 min

at 45 �C or 45 min at 37 �C, but considerable amounts of

FFA were produced, as reported previously [25]. The

compositions of the FFA were not different from those of

FAME formed by methanolysis. FFA in the reaction mix-

ture were scavenged by adding 3 ml of 0.8 M HCl in 95%

methanol. Most of the FFA were methylated at 45 �C for

Table 1 Blood fatty acid

compositions (%) determined

by different methods

Each value is the average

obtained from three FAME

preparations. Values that share

common superscript letters in

each row are significantly

different at P \ 0.01. Minor

components and C24 acids are

omitted

Lipid class Fatty acid Method I Method II Conventional method

CE 14:0 1.1 ± 0.2 0.9 ± 0.0 0.8 ± 0.0

16:0 12.4 ± 0.1a 13.8 ± 0.4 13.7 ± 0.0a

16:1 2.8 ± 0.1 2.5 ± 0.1 2.8 ± 0.0

18:0 1.4 ± 0.1 1.0 ± 0.1 1.0 ± 0.0

18:1 20.1 ± 0.1 19.9 ± 0.1 20.4 ± 0.0

18:2 45.6 ± 0.1 45.6 ± 0.3 45.7 ± 0.1

18:3 n-3 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0

20:3 n-6 0.3 ± 0.0 0.4 ± 0.1 0.3 ± 0.0

20:4 n-6 5.2 ± 0.1 5.2 ± 0.1 5.0 ± 0.0

20:5 n-3 8.3 ± 0.1 7.9 ± 0.1 7.7 ± 0.0

22:6 n-3 2.1 ± 0.1 2.0 ± 0.0 1.9 ± 0.0

TAG 14:0 3.0 ± 0.3 2.5 ± 0.1 3.3 ± 0.2

16:0 25.7 ± 0.2 26.5 ± 0.2 27.2 ± 0.1

16:1 3.9 ± 0.1 4.1 ± 0.0 4.2 ± 0.1

18:0 6.6 ± 0.1a,b 5.8 ± 0.0a 5.7 ± 0.0b

18:1 36.2 ± 0.1 35.5 ± 0.1 35.3 ± 0.1

18:2 12.2 ± 0.1 12.6 ± 0.0a 12.1 ± 0.0a

18:3 n-3 1.1 ± 0.1 1.3 ± 0.0a 1.0 ± 0.0a

20:1 2.0 ± 0.1 1.6 ± 0.0 1.5 ± 0.0

20:4 n-6 1.2 ± 0.0 1.3 ± 0.1 1.2 ± 0.0

20:5 n-3 2.3 ± 0.0 2.5 ± 0.0 2.5 ± 0.0

22:5 n-3 1.4 ± 0.0 1.3 ± 0.0 1.2 ± 0.0

22:6 n-3 4.6 ± 0.1 5.0 ± 0.1 4.7 ± 0.0

GPL 14:0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0

16:0 24.6 ± 0.2 24.8 ± 0.3 24.1 ± 0.2

16:1 0.4 ± 0.0 0.3 ± 0.0 0.5 ± 0.0

18:0 15.8 ± 0.1 15.6 ± 0.2 16.4 ± 0.2

18:1 14.2 ± 0.1 14.2 ± 0.1 14.2 ± 0.0

18:2 13.0 ± 0.0a 12.9 ± 0.1b 11.6 ± 0.0a,b

20:1 0.4 ± 0.0a 0.3 ± 0.0b 0.7 ± 0.0a,b

20:3 n-6 1.1 ± 0.0 1.1 ± 0.0 1.1 ± 0.0

20:4 n-6 9.0 ± 0.0a 9.0 ± 0.1b 10.0 ± 0.0a,b

20:5 n-3 6.6 ± 0.0 6.6 ± 0.0 6.5 ± 0.1

22:4 n-6 0.6 ± 0.0a 0.6 ± 0.0 0.8 ± 0.0a

22:5 n-3 2.4 ± 0.0a 2.5 ± 0.0 2.8 ± 0.0a

22:6 n-3 11.8 ± 0.1 11.7 ± 0.1 11.3 ± 0.1
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20 min. Remaining FFA and cholesterol derived from CE

were removed by SPE columns prior to GC.

FAME were formed from GPL within 90 s at room

temperature by the same procedures as described for TAG,

but they were contaminated with sphingomyelin, lysopl-

asmalogen, pigments, and other impurities (Fig. 6, lanes

9–12). Sphingomyelin and lysoplasmalogen in the reaction

mixture showed little extraction by hexane. Pigments and

other impurities were derived from the original GPL

preparation and were removed by SPE columns.

Purification of FAME by Silica gel SPE Columns

Methanolysis of CE inevitably produces free cholesterol as

a byproduct. As methanolysis of acyl lipids is accompanied

by a side reaction, saponification or hydrolysis, in the

presence of water, small amounts of FFA are formed dur-

ing the reaction. FAME products obtained under the pres-

ent conditions of methanolysis were contaminated by

cholesterol, FFA, and other impurities, such as pigments.

These impurities were removed by SPE columns (Figs. 5,

6). Purification of FAME is thus recommended, but FAME

products can be injected immediately into GC columns

without purification to speed up analysis as adopted in most

methods reported previously [1–3, 7]. Reactions of blood

lipids in HCl/methanol at high temperatures are accom-

panied by the formation of two major artifacts derived from

CE and cholesterol [29, 30], i.e., 3,5-cholestadiene and

cholesteryl methyl ether, the latter of which cannot be

removed by silica columns. Base-catalyzed methanolysis

used in the present method does not generate these

artifacts.

Fatty Acid Compositions of Lipid Classes and Yields

of FAME

The three major O-acyl lipids of blood, CE, TAG, and

GPL, were isolated by silica gel SPE columns or TLC, and

converted into FAME. The fatty acid compositions of these

lipid classes were determined by GC and they were com-

pared with each other and with those obtained by a con-

ventional method (Table 1). There were no remarkable

differences in fatty acid composition among these methods,

although some small but significant differences were

found. To assess the validity of the present methods, the

yields of FAME were compared between the present

methods and a conventional method including Folch

extraction followed by isolation of lipid classes by TLC.

Total lipids were extracted with the tert-BME or chloro-

form solvents containing three internal standards, i.e.,

cholesteryl erucate, glyceryl trierucate, and dierucoyl

GroPCho. In GC analysis of the FAME thus prepared,

similar yields were obtained for the two present methods

and the conventional method (data not shown). These

findings support the validity and reliability of the present

methods. Although fatty acid analysis of lipid classes in

whole blood was reported here, plasma and serum can also

be analyzed.

Some fatty acid species are acid- and heat-labile. For

example, conjugated linoleic acids that occur predomi-

nantly in dairy products and show physiological activities

are associated human plasma lipids in small quantities

[31]. As these acids are unstable under acidic conditions,

Methods I and II, which include base-catalyzed methan-

olysis under mild temperature conditions, will be useful for

determination of these acid-labile fatty acid species in

plasma lipid classes.

When the combined fatty acid compositions of both

O-acyl and N-acyl phospholipids including sphingomyelin

are required, acid-catalyzed methanolysis must be used.

Even in this case, a combination of lipid extraction from

blood with tert-BME/methanol and methanolysis at 100 �C

with 1.2% HCl/methanol prepared from aqueous conc. HCl

and methanol [10] is recommended for safety and conve-

nience (Fig. 3). Figure 7 shows methanolysis products

obtained by this combination. A pale spot found near the

solvent front in lane 2 is probably 3,5-cholestadiene, a

decomposition product of cholesterol.

In conclusion, the present protocols for preparation of

FAME from lipid classes of blood do not include chloro-

form in the lipid extraction and TLC steps. The reactions of

all three lipid classes, CE, TAG, and GPL, proceed at room

temperature or at 45 �C. Method I in which lipid classes

isolated by SPE columns may be more readily automated

than Method II in which silica gel bands corresponding to

individual lipid classes on TLC plates must be manually

1 2 3 4 5

- TAG

- FAME

- C

- CE

- Sphingosine

- PtdCho+CerPCho
- PtdEtn

Fig. 7 Methanolysis of blood lipid classes with 1.2% HCl/methanol/

toluene in the presence of silica gel. See ‘‘Materials and Methods’’ for

details on preparation of FAME. The TLC plate was developed to

3.5 cm from the origin in chloroform/methanol/15 M NH3 (80:20:1,

v/v/v), and then redeveloped in hexane/tert-BME (90:10, v/v). Lane 1
blood total lipids; lanes 2–4 products of CE, TAG, and phospholipids,

respectively; lane 5 authentic lipids
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scraped off. TLC, on the other hand, has been commonly

used for separation of blood total lipids into lipid classes.

In each method, the protocols proposed are thus safer for

researchers and have less impact on the environment than

those adopted previously. Moreover, the reaction condi-

tions are mild for lipids. In the future, it may be worthwhile

to further develop these methods to simpler and time-sav-

ing direction.
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EDITORIAL

Citations: The Rules They Didn’t Teach You

Eric J. Murphy

� AOCS 2011

Citations, so many citations, so what is right and what is

wrong? As an editor-in-chief, as a reviewer, and as an

author of my own journal articles I have personally dealt

with this question on multiple levels. At times, the emer-

gence of PubMed has resulted in a citation explosion and a

resulting quagmire as many authors are just not selective

about referencing papers and tend to be a bit over zealous

in citing more and more papers many of which are not on

the topic. In such cases, I often question whether these

authors have read anything more than just the titles of these

papers that they cite left and right to support their own

work. Last August, Dr. William J. Pearce authored an

intriguing opinion piece in The Scientist entitled ‘‘Cita-

tions: Too Many, or Not Enough’’ (The Scientist 24(8):29).

In this piece he waxed somewhat nostalgic regarding the

use of Index Medicus, bringing back fond memories of how

we found citations in the ‘‘old days’’. Of course, of late, I

have been referred to as a dinosaur. Although I am not

‘‘Singin’ the Dinosaur Blues’’ (a reference to a Steven

Fromholz song sung by Jerry Jeff Walker), I do think it is

indeed an important point to understand what are the best

practices for citing the literature. Dr. Pearce also brought

forth additional points about the current use of citations in

the literature such as the number of citations in a manu-

script, the quality of citations used, the appropriateness of

these citations, and the use of reviews as a substitute for the

primary literature. These are all extremely important issues

that are a concern for many in the field and are addressed

herein.

How do you find a citation? How do you know if a

citation is appropriate? Prior to the invention of PubMed

and Google as a means to search the scientific literature and

back when people recognized such names as Index Medi-

cus or Current Contents, we would start with several

papers on the topic of interest. After thoroughly reading

and understanding the content of these papers, the refer-

ences would lead us to the next round of papers from the

literature that were deemed to be pertinent. Scampering off

to the library and pulling these 20–30 new papers to read

we determined if these papers could be used as citations in

the burgeoning manuscript that we were composing.

Someone skilled in the art of citation seeking would then

have another round of papers to pull as these 20–30 papers

would lead to new potentially citable papers in the

literature.

There are several important themes in this process that

may be absent today. First, papers were read completely

because that was the only way to really determine if there

were important references contained in the paper being

read that could be potentially useful. Second, there was a

need to really understand and comprehend what was being

discussed in the paper being read to make an informed

decision whether it was indeed worth citing in your man-

uscript. Hence, decisions were made based upon a lot of

time devoted to reading and understanding the literature.

What concerns me is the emerging practice of authors

having not really read the papers that they cite, but an even

greater concern is whether authors have read anything

more than the title of a paper that they are citing. Hence,

these authors have not really made any decision on citing a

particular paper based upon a true comprehension of that

paper, but rather are citing that paper based upon a rather

superficial understanding of it based solely upon the title or

abstract.

E. J. Murphy (&)
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University of North Dakota, Grand Forks, ND 58202-9037, USA
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In this type of authors’ defense, it is a really quick

process to get the citation. But should it be? In the past,

finding citations took time, but it also meant reading papers

and being more judicious in selecting papers on the topic to

cite, reducing the superfluous citations that are common

today. As a graduate student coming of age at that time, the

citations of another laboratory’s work in the literature or

the repeated reference to a particular paper would bolster

my confidence that this paper was truly worth reading and

that it might serve as a solid citation in my own manuscript.

This confidence was a key point in teaching yourself to

place a value on the quality of the work presented in

potential citations and to pick only those that met an ever

evolving selectivity.

Does this mean that Google and PubMed should not be

used to find citations? Absolutely not as these are modern

and useful tools for searching through the ever growing

literature. However, there is something to be said about

having to go the library to see the newest copy of Lipids,

Biochemistry, Journal of Neurochemistry, or Journal of

Lipid Research to see what the newest papers are in each

issue. This used to be accomplished by a weekly trip to the

library to actually look at something called a printed copy

of these journals. Hence, there was an effort to actually

look at the literature, not merely use a computer search to

find a particular topic. In the past, this was how we often

found important papers that otherwise might have been

overlooked. Today of course we have the table of contents

for our favorite journals sent to us by e-mail, which enables

us to look through the various papers published in an issue

and select ones to print off or to save as a PDF to our

computer. The question then is whether or not these printed

or saved papers are ever really read and fully digested by

the reader.

This brings me to the ever increasing citation of

reviews as if they were primary literature. In the past,

reviews were written by absolute leaders in the field who

where imparting to the readers years of knowledge in the

field and putting the current status of the field into per-

spective. Hence, there was a sense of validation to the

papers that were cited in the review as you knew that the

author was indeed one of the world’s leading experts on

that topic. Is that still the case today? Over the past few

years, I often find reviews written by people who I don’t

recognize as a leader in the field and may not recognize

them at all. This causes a major credibility gap, but more

importantly, it suggests that less well-known individuals

recognize that reviews, good or bad, will get cited by

individuals who are unwilling to bother with reading the

primary literature.

Let me give you a personal example as I am currently

composing a review on fatty acid binding proteins (FABP)

in the brain. I have used PubMed to look for potential

missing key papers, which was more or less not overly

productive. However, reading the literature, which when

combined with the PubMed search, led to about 35 novel

papers. After reading these papers, I generated another list

of about 15 or more papers to acquire and then read prior to

initiating writing of that review. While I know this litera-

ture quite well, I was amazed by the number of papers I

didn’t have in my collection and these papers I came to via

reading the literature and looking for unique citations in

these papers that would be useful and pertinent to the

review. However, this is a bit of a tangent, nonetheless an

important one about composing a review, yet it includes

the ideas of reading the papers being cited as well as using

someone else’s citations to find previously unknown liter-

ature to you on the topic of interest. This newly acquired

literature was located despite doing a thorough PubMed

search, which of course depended upon me picking the

correct key words as well as the authors picking the correct

key words. While I figure that the authors might have

chosen correctly, my confidence in myself on this point is

less than overwhelming.

However, does a review on, let’s say FABP in the brain,

suffice for a reference for the role of FABP3 in brain fatty

acid uptake? No. A review might be useful to cite as a

global vision on the role of FABP in brain function, yet the

actual paper(s) in which the observation regarding fatty

acid uptake was illuminated should be cited. This is where

I find many authors repeatedly making this mistake,

assuming that citing a review is sufficient, but it is abso-

lutely not sufficient nor is such a citation correct.

Why is this so critical? Well for two overlapping rea-

sons. First, it fails to give credit to the individuals who

make a particular discovery and report this in the literature.

The author of the review may not have made that obser-

vation, so why give them credit? So many times I see a

repeated citation of a review by multiple authors over

several years, yet when looking at the actual review I find it

has little to do with what it is credited to report. Hence, it is

especially important not to start an inappropriate base for

others to continue to make an incorrect citation, but not

giving credit where credit is due does exactly that. Second,

citing a review does not permit an individual to grow the

number of references to their work nor to the journal in

which it was originally printed. This can impact many

aspects of career development such as promotion and sal-

ary, but for a journal it impacts how well a journal is

perceived by the greater science community. Thus, in the

end, I guess the ‘‘Golden Rule’’ again comes into play, cite

others’ work properly as you hope others will cite your

work properly.

Yet amazingly, editors love to publish reviews because

this type of publication is often highly cited and that will

drive up a journal’s impact factor. Whether such a citation
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is right or wrong is based upon the willingness of the

individuals doing the citing actually to read the review and

the primary literature cited therein. Well-written reviews

offer an incredible resource to a novice in the field giving a

historical background and a current perspective by a leader

in the field. Well-written reviews offer readers an up-to-

date literature review and a great starting-off point to begin

collecting the most pertinent literature that they can begin

to read. Undoubtedly, this will give them an additional

insight into particular discoveries as well as offer a new

source for potential pertinent references not contained in

the review. Hence, reviews are crucial for every field in

science, but the use of reviews as the key citation for this or

that discovery is not proper as such citations should go

back to the original literature.

While Dr. Pearce highlighted the increase in the number

of citations per paper using the American Journal of

Physiology as an example, he noted that the average

number of citations per paper grew from 29 in 1989 to 37

in 1999 and then to 42 in 2009 [1], I really don’t see much

of a problem with this trend. As the literature expands, it is

my expectation that authors will need to cite more and

more papers from the literature to be complete. Adding an

additional 13 papers cited on average over a 20 year period

is not overwhelming nor is the growth of 5 papers over the

last 10 years. I would rather see an author include 10–15

additional references in a manuscript that are all deemed

important rather than pick and choose which work is cited

or even worse use one or two reviews to fill this void. So, in

the end I think it is important to cite papers that bring into

perspective for the reader the important background

required to introduce the topic properly, the methods used

in the study, and the required citations to have a proper

discussion of how the author’s work fits into the field. This

of course includes citations that both support the author’s

conclusions as well as those that might dispute the author’s

conclusions.

This editorial condenses down to my rather simple rules

for citations. These rules may not be all-comprehensive,

but I have done the best I can to be inclusive. Here they are:

1. Read and comprehend all of the literature that you are

citing in your manuscript

2. Cite the primary literature and the actual papers to

which a particular discovery is attributed; if multiple

citations need to be made, do so

3. Cite the literature that agrees as well as that which

disagrees with your point-of-view; be fair to multiple

points-of-view

4. Be as inclusive as possible, but know where to draw

the line, citing the most pertinent literature and the

original papers

5. Use reviews judiciously in your manuscript and use

them properly

6. Do NOT cite reviews in lieu of citing the original

literature

7. Remember that PubMed goes back to 1966, but many

worthwhile discoveries were made prior to that time

and it is important to be historically accurate in your

citations

8. When citing your own work, do so to support your

point-of-view or to put the current work into the proper

context for the reader. Do not attempt to grow your

own citation base solely on the dreaded ‘‘self-citation’’

Following these simple rules will certainly help limit the

use of improper, superfluous citations because you have

actually read the literature. An additional advantage is that

by reading the literature, you will be able to find those

elusive, yet important papers on your topic of interest. This

adds importance and perhaps makes an Introduction and

Discussion much more relevant and inclusive. By avoiding

merely citing your own work and including work of others

as well as those papers with a different point-of-view, you

are in the end being a good citizen of science and working

to recognize the contribution of your colleagues in the

field. In the end, following these simple rules avoids many

of the issues brought forth in this editorial and in the article

by Dr. Pearce. So if you have been a citation abuser, try

this 8-step program.
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Abstract Policosanol, a well-defined mixture of very

long chain primary alcohols that is available as a nutra-

ceutical product, has been reported to lower blood cho-

lesterol levels. The present studies demonstrate that

policosanol promotes the phosphorylation of AMP-kinase

and HMG-CoA reductase in hepatoma cells and in mouse

liver after intragastric administration, providing a possible

means by which policosanol might lower blood cholesterol

levels. Treatment of hepatoma cells with policosanol pro-

duced a 2.5-fold or greater increase in the phosphorylation

of AMP-kinase and HMG-CoA reductase, and increased

the phosphorylation of Ca??/calmodulin-dependent kinase

kinase (CaMKK), an upstream AMP-kinase kinase. Intra-

gastric administration of policosanol to mice similarly

increased the phosphorylation of hepatic HMG-CoA

reductase and AMP-kinase by greater than 2-fold. siRNA-

mediated suppression of fatty aldehyde dehydrogenase,

fatty acyl-CoA synthetase 4, and acyl-CoA acetyltransfer-

ase expression in hepatoma cells prevented the phosphor-

ylation of AMP-kinase and HMG-CoA reductase by

policosanol, indicating that metabolism of these very long

chain alcohols to activated fatty acids is necessary for the

suppression of cholesterol synthesis, presumably by

increasing cellular AMP levels. Subsequent peroxisomal

b-oxidation probably augments this effect.

Keywords Policosanol � AMP-kinase � Peroxisomes �
HMG-CoA reductase � Hepatoma cells �
Ca??/calmodulin-dependent kinase kinase

Abbreviation

CaMKK Calcium-calmodulin-dependent kinase kinase

Introduction

Policosanol is a well-defined mixture of very long-chain

alcohols (C26-C32) derived most commonly from the wax

of processed sugar cane [1]. A number of early clinical

studies indicated that policosanol at 5–20 mg/day could

lower blood cholesterol levels [2–4], although several more

recent, larger studies have been unable to replicate this

benefit, even with doses up to 80 mg/day [5–7]. Our pre-

vious studies [8] showed that policosanol decreases cho-

lesterol synthesis in rat hepatoma cells by up to 30% at

concentrations relevant to clinical dosing regimens, pro-

viding a possible mechanism to lower blood cholesterol.

This inhibition is mediated at or above HMG-CoA reduc-

tase, the regulatory step in cholesterol synthesis, but poli-

cosanol does not directly inhibit this enzyme nor does it

decrease enzyme levels as measured by immunoquantita-

tion [8]. Similar results were obtained with fibroblasts in

vitro [9, 10], and two studies with whole animals similarly

showed that policosanol treatment decreases hepatic cho-

lesterol synthesis [11, 12]. However, two studies with

hamsters were unable to demonstrate an effect of policos-

anol on cholesterol synthesis in vivo [13, 14].

Policosanol treatment of hepatoma cells increases the

phosphorylation of AMP-kinase at Thr172 [8, 15], a
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modification known to activate this kinase, providing a

possible mechanism by which policosanol might down-

regulate HMG-CoA reductase activity and decrease cho-

lesterol synthesis without directly inhibiting the enzyme or

reducing its expression: AMP-kinase is the principal reg-

ulatory kinase for HMG-CoA reductase, catalyzing the

phosphorylation of HMG-CoA reductase at Ser872 [16].

This phosphorylation decreases HMG-CoA reductase

activity by 70–80% [17] and is thought to provide a rapid

means to modulate cholesterol synthesis in response to

cellular ATP levels and other stimuli. The present studies

were undertaken to test this hypothesis that policosanol

treatment promotes the phosphorylation of HMG-CoA

reductase and to identify the mechanism by which poli-

cosanol activates AMP-kinase.

Materials and Methods

Chemicals

Lesstanol Brand Natural Policosanol OCTA-60 was kindly

provided by Garuda International, Inc. (Lemon Cove, CA).

Alcohol content, determined by gas chromatography/flame

ionization detection (average of two independent determi-

nations), yielded 66% octacosanol (C28), 17% triacontanol

(C30), 6% hexacosanol (C26), 5% dotriacontanol (C32),

2% tetracosanol (C24), and 1% tetratriacontanol (C34).

Tricosanol (C23) and heptacosanol (C27) each constituted

less than 1% of the mixture, and eicosanol (C20), docos-

anol (C22), and nonacosanol (C29) constituted less than

0.1%; total alcohol content was 98%. Dulbecco’s modified

Eagle’s medium (DMEM), penicillin-streptomycin-gluta-

mine (PSG), fetal bovine serum (FBS), and trypsin were

purchased from Invitrogen (Carlsbad, CA). Acadesine

(AICAR), 1,1-dimethylbiguanide hydrochloride (metfor-

min), ionomycin, sodium acetate, and protease inhibitor

cocktail were obtained from Sigma (St. Louis, MO). HALT

phosphatase inhibitor and the BCA protein assay kit were

purchased from Roche Diagnostics (Indianapolis, IN) and

Pierce/Thermo Scientific (Rockford, IL) respectively.

McA-RH7777 rat hepatoma cells were obtained from

American Type Culture Collection (Manassas, VA) and

used between passages 12 and 22.

Cell Culture and Preparation of Lysates

McA-RH7777 rat hepatoma cells were cultured in DMEM

supplemented with 10% FBS and 19 PSG in six-well

plates at 37 �C under a humidified atmosphere of 5% CO2.

After 48 h the medium was replaced with fresh medium

with the addition of policosanol (10–25 lg/ml in 50%

ethanol) and incubation was continued for 3 h. Control

cells received an equal volume of 50% ethanol, which did

not exceed 1% final concentration in the medium. Cells

were washed once with phosphate-buffered saline (pH 7.4),

scraped from the plates, pelleted by low-speed centrifu-

gation, and lysed by two cycles of freeze-thawing (dry ice/

ethanol and 37 �C water bath) in 0.25 M Tris–HCl buffer

(pH 7.5) containing protease and phosphatase inhibitors at

29 standard concentration. The lysates were cleared by

centrifugation (18,3009g, 10 min, at 4 �C) and the super-

natant was stored in aliquots at -80 �C.

Animal Treatments

Experiments involving the use of animals were performed

following protocols approved by the Institutional Animal

Care and Use Committee of the University of Kentucky

and were in accordance with all policies for the use and

care of laboratory research animals as stipulated by the

NIH. Seven-to-eight week-old female C57BL/6 J mice

(*15–17 g) were purchased from Jackson laboratories

(Bar Harbor, ME) and maintained in a temperature-,

humidity-, and light-controlled facility with free access to

water and food for one week prior to experimentation.

After an overnight fast, mice in groups of 5 were gavaged

with 150 ll of policosanol in 50% ethanol in doses of 25,

50 or 100 mg/kg body weight. Control animals received an

equal volume of 50% ethanol only. Access to food was

restored, and at 0, 3, 6, 12, and 18 or 24 h the mice were

euthanized by CO2 asphyxiation and the liver and intestine

were removed and portions promptly frozen in liquid

nitrogen and stored at -80 �C until use.

Preparation of Tissue Homogenates

Hepatic and intestinal homogenates were prepared as fol-

lows: Approximately 25 mg of tissue was transferred into 4

volumes of ice-cold RIPA homogenization buffer (50 mM

Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM PMSF, 1 mM

EDTA, 5 lg/ml aprotinin, 5 lg/ml leupeptin, 1% Triton

X-100, 1% sodium deoxycholate, and 0.1% SDS) and

homogenized using a Potter-Elvehjem homogenizer. The

samples were then subjected to two cycles of freeze–

thawing (dry ice/ethanol and 37 �C water bath) and then

cleared by centrifugation (18,3009g, 10 min, 4 �C). The

supernatant was stored in aliquots at -80 �C. Protein

concentration was determined by BCA assay.

Gel Electrophoresis and Immunoblotting

Thirty micrograms of protein from cell lysate or tissue

homogenate was fractionated by SDS-polyacrylamide gel

electrophoresis on 8% gels and electroblotted to nitrocel-

lulose (Bio-Rad, Hercules, CA). The membrane was
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blocked with 0.05% Tween-20 and 5% defatted milk for

1 h at room temperature and then incubated in this same

buffer with rabbit antibody to total AMP-kinase (anti-

AMPK a-pan, 1:2000; Upstate/Millipore, Billerica, MA) or

to phosphorylated AMP-kinase (anti-phospho-AMPKa,

1:500; Upstate/Millipore) overnight at 4 �C with gentle

shaking. The immunoblot was developed with a secondary

antibody conjugated to horseradish peroxidase for 1 h at

room temperature and the chemiluminescent image (Su-

persignal West Pico Chemiluminescent Substrate, Pierce/

Thermo Scientific) captured by autoradiography on a

Kodak Image Station or on film and analyzed for mean

intensity above background. Band intensity on film was

measured with Image J software on the scanned image with

background subtraction. The same procedure was followed

for detecting total HMG-CoA reductase (anti-HMG-CoA

reductase, 1:1000, Millipore) and phosphorylated HMG-

CoA reductase (anti-phospho-HMG-CoA reductase, 1:500;

Millipore).

Immunoprecipitation

To determine the level of phosphorylation of the kinases

LKB1 and calcium-calmodulin-dependent kinase kinase

(CaMKK), cell lysates or tissue homogenates were incu-

bated for 1 h at 4 �C with 20 ll of mouse monoclonal

antibody to phosphoserine/phosphothreonine/phosphotyr-

osine (Abcam, Cambridge, MA). Antibody conjugates

were precipitated with 35 ll of protein A or G Plus-Aga-

rose (Calbiochem/EMD Chemicals, Gibbstown, NJ) for 1 h

at 4 �C as follows: After centrifugation at 12,0009g for

20 s at 4 �C, the immunoprecipitated phosphoproteins

were released from the agarose beads by heating at 95 �C

for 4 min in 25 ll of 29 gel loading buffer [0.5 M Tris–

HCl, pH 6.8, 4.4% SDS, 20% (v/v) glycerol, 2% (v/v)

2-mercaptoethanol, and bromophenol blue in deionized

water]. After removal of beads by centrifugation at

12,0009g for 20 s at 4 �C, the phosphoproteins were

fractionated by SDS-gel electrophoresis and electroblotted

to nitrocellulose as described above. Phosphorylated pro-

tein content was detected and quantified with an antibody

to LKB1 (anti-LKB1, 1:1000; Sigma Chemical) or CaM-

KK (anti-CaMKK, 1:1000; BD Transduction, San Jose,

CA) followed by a secondary antibody conjugated with

horseradish peroxidase as described above.

siRNA Plasmid Transfection and RT-PCR Analysis

of Expression

Plasmids for the expression of siRNA (SureSilencingTM

shRNA, SABiosciences, Frederick, MD) to fatty aldehyde

dehydrogenase 3A2 (ALDH3A2), peroxisomal acyl-CoA

synthetase long-chain family member 4 (ACSL4), and

peroxisomal acetyl-CoA acyltransferase 1 (b-ketothiolase,

ACAA1) were prepared by standard techniques from

Escherichia coli DH5a and used to transfect hepatoma

cells plated in 6-well plates at a density of 8 9 104 cells

per cm2 as follows: On the day following plating, plasmid

DNA was mixed with Fugene 6 transfection reagent

(Roche Diagnostics) according to the manufacturer’s

instructions at a ratio of 1 lg DNA:5 ll reagent and

complexes were allowed to form for a minimum of 30 min

at room temperature. The cell culture medium then was

replaced with antibiotic-free medium containing 10% FBS

and the transfection mixture was added drop-wise to the

cells with gentle swirling. Four plasmids with unique

siRNA sequences were provided for each gene; all four

were tested for efficacy by RT-PCR as described below

(data not shown), and the plasmid providing the greatest

suppression of mRNA expression for each gene was

selected for use (Table 1). A plasmid containing a scram-

bled siRNA sequence served as the negative control.

Total RNA was isolated from cells with the use of TRIzol

reagent (Invitrogen) at 2, 4, 6, 8, and 10 days post-trans-

fection and the concentration of RNA was determined

spectrophotometrically with the use of a Nanodrop instru-

ment (Thermo Scientific). First strand cDNA synthesis was

performed using 200 units of Superscript II Reverse Trans-

criptase (Invitrogen) with 200 ng of random primers, 1 ll

RNaseOUT (Invitrogen), 5 lg of total RNA, 2 ll of 0.1 M

DTT, and 1 ll of dNTP mix (200 lM each nucleotide) in a

total volume of 12 ll in diethylpyrocarbonate-treated water.

Table 1 siRNA plasmid sequences and PCR primers

Gene GeneID siRNA sequence PCR primers

ALDH3A2 65183 TCACTGATGTTGACCCTAACT Fw: 50-GCGAGAGAAGGACATCTTGG-30

ALDH3A2 65183 GGGAGAGAGTGTTAACAAACT Rv: 50-TCGTCCATCATGGTAAGCAG-30

ACSL4 113976 GAAGGTGGTTATACAGTTCAT Fw: 50-CACCATTGCCATTTTCTGTG-30

Rv: 50-ATAATGCCGCCTTCAGTTTG-30

ACAA1 24157 ATCTCTGTGGGTAACGTACTT Fw: 50-GGTCCAAGGCTGAAGAACTG-30

Rw: 50-CAGTAGAGGGCCTGACTTGC-30

Scrambled control GGAATCTCATTCGATGCATAC
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The reaction was incubated at 25 �C for 10 min, followed by

50 min at 42 �C and then inactivated by incubation at 70 �C

for 15 min. Synthesized single-stranded cDNA was quanti-

fied by Nanodrop measurement. Gene-specific primers for

real-time polymerase chain reaction (PCR) were designed

using Primer 3 software (http://frodo.wi.mit.edu/primer3/)

and are shown in Table 1. Each 20-ll PCR reaction mixture

contained 0.1 lg of single-stranded cDNA or template,

0.5 ll of gene-specific primers (10 lM each), 3 ll of dNTP

mix (200 lM each nucleotide) and 19 SYBR Green PCR

buffer (Applied Biosystems, Carlsbad, CA). Cycling con-

ditions were: 2 min at 50 �C to activate, initial denaturation

for 10 min at 95 �C, followed by 50 cycles of denaturation

for 15 s at 95 �C and 1 min of annealing/extension at 55 �C.

In order to detect nonspecific amplification, dissociation

curves were established for each PCR product. The detection

and quantitation of nucleic acid levels was done by using the

comparative delta-delta ct method [18].

Statistical Analysis

Image intensity values for each blot were normalized,

setting the control (untreated) value at 100 after back-

ground subtraction. Results are presented as the mean and

standard deviation with significance determined by one-

way analysis of variance (ANOVA) with either Dunnett’s

or Tukey’s post-hoc test, setting p \ 0.05, using Prism

(GraphPad Software, La Jolla, CA).

Results

Previous results from our laboratory demonstrated that

policosanol activates AMP-kinase in hepatoma cells [8].

To confirm and extend those findings, we carried out dose-

response and time-course experiments. Policosanol

increased AMP-kinase phosphorylation in hepatoma cells

by more than 2.5-fold after a 3-h treatment (Fig. 1a), with

maximal stimulation occurring between 15–25 lg/ml.

These increases were comparable to those seen with AI-

CAR and metformin, both of which are known to promote

phosphorylation of AMP-kinase and served as positive

controls. No change in the level of total AMP-kinase pro-

tein levels were observed over the 3-hr period of the

experiment. As shown in Fig. 1b, policosanol treatment

rapidly activated AMP-kinase, with an increase in phos-

phorylation evident at 30 min; phosphorylation peaked at

1.5 h and stayed elevated through 3 h.

The activation of AMP-kinase by policosanol was con-

comitant with the phosphorylation of HMG-CoA reductase

in hepatoma cells, as shown in Fig. 2. HMG-CoA reduc-

tase phosphorylation was increased in a dose-dependent

manner with 10–25 lg/ml of policosanol. Treatment of

cells with AICAR or metformin yielded a similar increase

in phosphorylated HMG-CoA reductase. Total HMG-CoA

reductase protein levels did not change over the course of

this experiment.

To extend these studies to whole animals in vivo, the

phosphorylation of AMP-kinase and HMG-CoA reductase
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Fig. 1 Policosanol activates AMP-kinase in vitro. a Phosphorylated

AMP-kinase in hepatoma cells was measured by immunoquantitation

with an antibody specific for the phosphorylated protein after a 3-h

treatment with 10–25 lg/ml of policosanol. The AMP-kinase activa-

tors AICAR and metformin (1 mM each) served as positive controls.

Values represent the mean and standard deviation of three experi-

ments; asterisks indicate values statistically different from control

(ANOVA with Dunnett’s post-hoc test, p \ 0.05). Representative

immunoblots of phosphorylated (P) and total (T) AMP-kinase are

shown below the graph. b AMP-kinase phosphorylation in hepatoma

cells at various times after treatment with 15 lg/ml of policosanol.

Values represent the mean and standard deviation of three experi-

ments; closed symbols are statistically different from the zero-time

value
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was assessed in the livers of mice gavaged with a single

dose of policosanol at 10, 25, 50, and 100 mg/kg. As

shown in Fig. 3, policosanol increased the phosphorylation

of AMP-kinase and HMG-CoA reductase at 25 and 50 mg/

kg by 2 to 4-fold as early as 3 h after dosing. No increase in

phosphorylation was seen at lower (10 mg/kg) or higher

doses (100 mg/kg), and no change in the total AMP-kinase

or HMG-CoA reductase was observed at each of time

points and the dosing regimens tested (data not shown).

Policosanol had no effect on AMP-kinase in the duodenum

of mice gavaged with 25 or 50 mg/kg (data not shown),

suggesting that intestinal cholesterol synthesis, which can

account for up to 25% of circulating cholesterol, is resistant

to suppression by these fatty alcohols.

As AMP-kinase is itself activated by upstream kinases,

we wanted to determine if policosanol acted on these

upstream kinases. The principal AMP-kinase kinase is

LKB1, but AMP-kinase can also be activated by CaMKKb
[19]. As both kinases are activated by phosphorylation, we

monitored their phosphorylation in hepatoma cells and in

mouse liver by immunoblotting after policosanol treatment.

LKB1 phosphorylation was increased about 3-fold in

hepatoma cells by policosanol (Fig. 4), slightly less than

that seen with metformin, a known activator of LKB1,

although neither increase was statistically significant.

LKB1 phosphorylation was not increased in mouse liver

after gavage with policosanol. CaMKK phosphorylation

was increased in hepatoma cells about 2.5-fold by poli-

cosanol, and to a slightly greater extent than that seen with

ionomycin, an activator of CaMKK; both increases were

statistically significant. CaMKK phosphorylation also was

increased up to 4-fold in mouse liver at 6 h post-dosing,

and remained elevated up to 18 h, although these increases

did not reach statistical significance. These results support

the activation of AMP-kinase by policosanol both in cell

culture and in vivo, and suggest that CaMKK contributes to

this activation.

Long-chain fatty alcohols are substrates for the ‘fatty

alcohol cycle’ which converts these alcohols to their corre-

sponding fatty acids [20]. To determine if metabolism of

policosanol by this pathway was necessary for the activation

of AMP-kinase, we used siRNA to suppress the expression

the second enzyme in this pathway, fatty aldehyde dehy-

drogenase 3A2, in hepatoma cells. As shown in Fig. 5, the

siRNA plasmid suppressed ALDH3A2 mRNA expression

nearly completely at 4 and 6 days post-transfection. The

corresponding ability of policosanol to promote AMP-kinase

phosphorylation at 4, 6, and 8 days post-transfection was

reduced by greater than 50% in these cells, and phosphory-

lation of HMG-CoA reductase was nearly extinguished.

These results reveal that the very long chain alcohols that

make up policosanol must be converted to fatty acids in order

to activate AMP-kinase.

To determine if peroxisomal metabolism of policosanol

was also required for activation of AMP-kinase, we used

siRNA to suppress the expression of peroxisomal acyl-CoA

synthetase long-chain family member 4 (ACSL4) and

peroxisomal acetyl-CoA acyltransferase 1 (b-ketothiolase,

ACAA1) in hepatoma cells; these enzymes catalyze the

activation of long-chain fatty acids and the last step in

peroxisomal b-oxidation, respectively. As shown in Fig. 6,

mRNA levels for both enzymes were suppressed by greater

than 80% on days 4 and 6 post-transfection, similar to that

seen with ALDH3A2. The ability of policosanol to stim-

ulate the phosphorylation of AMP-kinase and HMG-CoA

reductase was fully prevented in cells transfected with

either siRNA plasmid. The ability of metformin to activate

AMP-kinase and promote HMG-CoA reductase phos-

phorylation was not affected by these siRNAs, demon-

strating that the AMP-kinase pathway itself was not

impaired by the suppression of peroxisomal fatty acid

catabolism.

As the principal metabolite of fatty acid b-oxidation is

acetyl-CoA, we determined if addition of acetate to cells

would similarly increase the phosphorylation of AMP-

kinase. As shown in Fig. 7a, addition of sodium acetate

(0.12 mM) increased AMP-kinase phosphorylation by 2–3-

fold, similar to that seen with AICAR, metformin, and

policosanol. To determine if acetate activated AMP-kinase
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Fig. 2 Policosanol inactivates HMG-CoA reductase in vitro. Phos-

phorylated HMG-CoA reductase in hepatoma cells was measured by

immunoquantitation with an antibody specific for the phosphorylated

protein after a 3-h treatment with 10–25 lg/ml of policosanol.

AICAR and metformin (1 mM each) served as positive controls.

Values represent the mean and standard deviation of three experi-

ments. Representative immunoblots of phosphorylated (P) and total

(T) HMG-CoA reductase are shown below the graph
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by the same pathway as policosanol, the effect of acetate

treatment on CaMKK phosphorylation and LKB1 phos-

phorylation was measured. As seen with policosanol, ace-

tate increased CaMKK phosphorylation by nearly 3-fold

(Fig. 7b), but did not increase LKB1 phosphorylation

(Fig. 7c).

Discussion

The present studies reveal that the activation of AMP-

kinase by policosanol is dependent upon the oxidation and

peroxisomal metabolism of these very long-chain alcohols.

It was anticipated that these alcohols would be metabolized

by this route [21, 22]; moreover, the ability of long chain

fatty acids to activate AMP-kinase is well established [23].

These findings thus provide a biochemical mechanism to

explain the observed ability of policosanol to decrease

cholesterol synthesis, through the activation of AMP-

kinase and subsequent inactivation of HMG-CoA reductase

[8, 15]. It is worth noting that D-003, a mixture of very

long chain fatty acids also derived from sugarcane wax, has

similarly been shown to decrease cholesterol synthesis in

cultured fibroblasts [24]. These results do not exclude the

possibility that policosanol acts through other HMG-CoA

reductase kinases as well, such as a protein kinase C or a

calmodulin-dependent protein kinase, as both have been

shown to be capable of phosphorylating HMG-CoA

reductase in vitro [25].

Metformin, a widely used drug in Type II diabetes, is a

potent activator of AMP-kinase [26] and is well known to

modestly lower blood lipid levels in patients. The present

results are consistent with the possibility that policosanol

could act via this same mechanism to lower blood choles-

terol levels. However, although we show here that policos-

anol is able to increase the phosphorylation of HMG-CoA

reductase in mouse liver after intragastric administration,

the ability of therapeutically recommended doses of poli-

cosanol to decrease blood cholesterol levels by this pathway

remains in doubt. The doses used in our study, ranging from
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Fig. 3 Policosanol increases the phosphorylation of AMP-kinase and

HMG-CoA reductase (HMGR) in vivo. Mice were gavaged with

policosanol (25 or 50 mg/kg) and phosphorylated AMP-kinase and

HMG-CoA reductase were measured in liver homogenates by

immunoquantitation. Values represent the mean and standard devi-

ation of 2–3 experiments; values that are statistically different from

untreated controls are indicated with asterisks. Statistical significance

was determined by ANOVA with Dunnett’s post-hoc test, p \ 0.05

316 Lipids (2011) 46:311–321

123



10 to 100 mg/kg by body weight, are considerably higher

than those used in clinical studies, where the typical dose is

between 5 to 80 mg per day. Assuming that the typical

patient weighs 70 kg, a minimal 10 mg/kg dose would

require a 35-fold higher dose than that typically used (up to

1 g/d), and this calculation does not consider differences in

intestinal absorption between mice and men. Nonetheless,

long-chain alcohols are a common constituent of human

diets [27], and no significant adverse effects have been noted

for policosanol in animal or clinical studies.

CaMKK is thought to be a principal AMP-kinase kinase

in brain, but is considered to be an alternative to LKB1 in

the liver [28]. In our studies policosanol produced a sta-

tistically significant increase in CaMKK phosphorylation in

hepatoma cells, suggesting that activation of this upstream

kinase by policosanol contributes to the phosphorylation of

AMP-kinase. CaMKK phosphorylation was also increased

4-fold in mouse liver after gavage, although this increase

was not statistically significant. CaMKK also appeared to

be activated by addition of acetate to hepatoma cells, which

would bypass the requirement for peroxisomal metabolism;

either acetate per se, or its activation to acetyl-CoA or

subsequent metabolism would appear to be sufficient to

activate this kinase. Notably, Za’tara et al. [23] have shown

that non-metabolizable analogs of long-chain fatty acids

are also able to activate AMP-kinase, but that this requires

activation with coenzyme A. The CoA synthetases that

activate these fatty acids to acyl-CoAs generate AMP;

AMP is an allosteric regulator of AMP-kinase that facili-

tates its phosphorylation by LKB1, but not, interestingly,

by CaMKK [19, 28]. Thus, b-oxidation of very long chain

fatty acids may not be required if they are present in suf-

ficient abundance to generate elevated levels of AMP by

activation with coenzyme A.

Our studies with siRNA-mediated suppression of fatty

alcohol cycle (ALDH3A2) and peroxisomal enzymes
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Fig. 4 Policosanol activates CaMKK and LKB1. Phosphorylated

LKB1 and CaMKK were immunoprecipitated from hepatoma cell

lysates or mouse liver homogenates with an antibody to phosphoser-

ine/phosphothreonine/phosphotyrosine and then quantified by immu-

noblotting with an antibody to LKB1 or CaMKK. Metformin (1 mM)

served as a positive control and AICAR (1 mM) as a negative control

for the LKB1 assays; ionomycin (1 lg/ml) was a positive control for

the CaMKK assay. Hepatoma cells were incubated with 15 lg/ml of

policosanol for 3 h; mice were gavaged with 50 mg/kg body weight

of policosanol and the livers removed at 6, 12, and 18 h post-dosing.

Values represent the mean and standard deviation of 2–3 experiments;

values that are statistically different from controls are indicated with

asterisks. Statistical significance was determined by ANOVA with

Dunnett’s post-hoc test, p \ 0.05
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(ACSL4, ACAA1) demonstrate that peroxisomal metabo-

lism of policosanol is necessary for the activation of AMP-

kinase in hepatoma cells. This requirement for b-oxidation,

as shown with ACAA1 suppression, suggests that repeated

chain-shortening with subsequent activation by ketothio-

lase is necessary to generate sufficient AMP to increase

AMP-kinase phosphorylation. However, the suppression of

peroxisomal b-oxidation not only blocked the effect of

policosanol, but also reduced the phosphorylation of AMP-

kinase and HMG-CoA reductase below the level seen in

non-suppressed (control) cells. This suggests that peroxi-

somal metabolism contributes to the basal level of AMP-

kinase activation under normal physiological conditions. It

is thus formally possible that the activation of policosanol-

derived fatty acids to acyl-CoAs is sufficient to increase

AMP-kinase phosphorylation and activity, without further

metabolism by b-oxidation, as found by Za’tara et al. [23].

Nonetheless, under normal circumstances the subsequent

peroxisomal metabolism of these activated very long chain

fatty acids would greatly increase the generation of AMP

and amplify this signaling pathway.

This peroxisomal pathway for the activation of AMP-

kinase by policosanol in hepatoma cells can be extrapo-

lated to the liver in an intact animal. However, the

observation made here and earlier [29] that acetate, the

product of b-oxidation, leads to the activation of AMP-

kinase, raises the possibility that policosanol does not

need to be absorbed intact to activate hepatic AMP-kinase.

Although there is good evidence that the very long-chain

alcohols of policosanol are absorbed into the systemic

circulation, the fractional absorption is very low [22, 30,

31]. It can be considered that a significant portion of these

alcohols may be metabolized in the colon by gut bacteria

to generate chain-shortened metabolites, including acetate,

propionate, and butyrate, which are readily absorbed and

transported to the liver [reviewed in 32]. Moreover, a

number of studies have reported that propionate produced

in the gut can decrease hepatic cholesterol synthesis [32].

These chain-shortened metabolites would bypass peroxi-

somal metabolism and serve as direct substrates for

cytosolic acyl-CoA synthases, thereby generating AMP;

the ability of intraperitoneal administration of acetate to

increase AMP levels in hepatocytes and in the liver

[33, 34] supports this hypothesis. It was also reported that
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Fig. 5 siRNA-mediated suppression of fatty aldehyde dehydrogenase

3A2 (ALDH3A2) prevents the increase in phosphorylation of AMP-

kinase and HMG-CoA reductase by policosanol. ALDH3A2 mRNA

was quantified by RT-PCR with the primers listed in Table 1; control

cells contained a plasmid with a scrambled siRNA sequence.

Phosphorylated AMP-kinase and HMG-CoA reductase were mea-

sured by immunoquantitation. Cells were incubated with 15 lg/ml of

policosanol for 3 h as indicated. Values represent the mean and

standard deviation of 2–3 experiments; values that are statistically

different from the corresponding day control (mRNA levels) or the

policosanol-treated control are indicated with asterisks, as determined

by one-way ANOVA with Tukey’s post-hoc test, p \ 0.05. Co
control cells, Ex cells transfected with ALDH3A2 siRNA plasmid;

‘D’ indicates day post-transfection; ‘P’ indicates policosanol

treatment

b

318 Lipids (2011) 46:311–321

123



CoD6

CoD6P

ExD
6M

ExD
4P

ExD
6P

ExD
8P

0

100

200

300

siRNA: scrambled ACSL4

*

*

 H
M

G
R

 p
h

o
sp

h
o

ry
la

ti
o

n

(r
el

at
iv

e 
va

lu
es

)

CoD6 

CoD6P

ExD
6M

ExD
4P

ExD
6P

ExD
8P

0

100

200

300

400

500

siRNA : scrambled ACSL4

*
*

*

A
M

P
-k

in
as

e 
p

h
o

sp
h

o
ry

la
ti

o
n

(r
el

at
iv

e 
va

lu
es

)

CoD6

CoD6P

ExD
6M

ExD
4P

ExD
6P

ExD
8P

0

100

200

300

siRNA: scrambled ACAA1

Policosanol - + -

Metformin - - +

+ + +

- - -

Policosanol - + - + + +

Metformin - - + - - -

A
M

P
-k

in
as

e 
p

h
o

sp
h

o
ry

la
ti

o
n

(r
el

at
iv

e 
va

lu
es

)

CoD6

CoD6P

ExD
6M

ExD
4P

ExD
6P

ExD
8P

0

100

200

300

siRNA: scrambled ACAA1

+ + +Policosanol: - + - + + +

Metformin : - - + - - -

Policosanol - + -

Metformin - - + - - -

* **

H
M

G
R

 p
h

o
sp

h
o

ry
la

ti
o

n
(r

el
at

iv
e 

va
lu

es
)

CoD2
CoD4

CoD6
CoD8

CoD10
ExD

2
ExD

4
ExD

6
ExD

8

ExD
10

0

100

200

300

400

500

* ** *

siRNA: scrambled ACSL4

F
o

ld
 d

if
fe

re
n

ce
 in

 A
S

C
L

4
m

R
N

A
 r

el
at

iv
e 

to
 β

-a
ct

in

CoD2
CoD4

CoD6
CoD8

CoD10
ExD

2
ExD

4
ExD

6
ExD

8

ExD
10

0

100

200

300

4000

8000

* *

siRNA: scrambled ACAA1

F
o

ld
 d

if
fe

re
n

ce
 in

 A
C

A
A

1
m

R
N

A
 r

el
at

iv
e 

to
 β

-a
ct

in

Fig. 6 siRNA-mediated suppression of peroxisomal fatty acyl-CoA

synthetase 4 (ACSL4) or acetyl-CoA acyltransferase 1 (ACAA1)

prevents the increase in phosphorylation of AMP-kinase and HMG-

CoA reductase by policosanol. ACSL4 and ACAA1 mRNA was

quantified by RT-PCR with the primers listed in Table 1; control cells

contained a plasmid with a scrambled siRNA sequence. Phosphor-

ylated AMP-kinase and HMG-CoA reductase were measured by

immunoquantitation. Cells were incubated with 15 lg/ml of

policosanol or 1 mM metformin for 3 h as indicated. Values represent

the mean and standard deviation of 2 experiments; values that are

statistically different from the policosanol-treated control are indi-

cated with asterisks, as determined by one-way ANOVA with

Tukey’s post-hoc test, p \ 0.05. Co control cells; Ex cells transfected

with ACSL4 or ACAA1 siRNA plasmid; ‘D’ indicates day post-

transfection; ‘M’ indicates metformin treatment; ‘P’ indicates poli-

cosanol treatment
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acetate treatment of hepatocytes decreased SREBP-1

mRNA levels [29], which could lead to decreased

expression of HMG-CoA reductase. Taken together, these

observations suggest that there are multiple pathways by

which policosanol might generate elevated hepatic acyl-

CoA and AMP levels to activate AMP-kinase and sup-

press cholesterol synthesis.
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Abstract Apolipoprotein C-III (apoC-III) decreases the

apolipoprotein E (apoE)-mediated uptake of lipoprotein

remnants by the liver, and a high plasma concentration of

apoC-III in VLDL is associated with hypertriglyceridemia

and the risk of coronary heart disease. In this study, we pre-

pared lipid emulsions containing triolein, phosphatidylcho-

line and cholesterol as model particles of lipoproteins, and

examined the roles of apoC-III in apoE-mediated uptake of

emulsions by HepG2 cells. Cholesterol in emulsion particles

enhanced the apoE-mediated uptake via heparan sulfate pro-

teoglycan and LDL receptor-related protein pathways. The

amount of apoE bound to emulsion particles was increased by

the presence of cholesterol at the particle surface, whereas

cholesterol had no effect on the binding amount of apoC-III.

Surface cholesterol alleviated the inhibitory effect of apoC-III

on apoE incorporation into the emulsion surface. However,

ApoC-III almost completely inhibited the apoE-mediated

uptake of cholesterol-containing emulsions despite sufficient

binding of apoE to emulsions. These findings suggest that

apoC-III attenuates the binding of apoE to the lipoprotein

surface and apoE-mediated cellular uptake of lipoprotein

remnants. Furthermore, cholesterol may affect these functions

of apoC-III and apoE involved in the clearance of lipoprotein

remnants.

Keywords Apolipoprotein C-III � Apolipoprotein E �
Cholesterol � Lipid emulsions

Abbreviations

apoC-III Apolipoprotein C-III

apoE Apolipoprotein E

HSPG Heparan sulfate proteoglycan

LRP LDL receptor-related protein

PL Phospholipid

PMC oleate Pyrenemethyl 3b-(cis-9-octadecenoyloxy)-

22,23-bisnor-5-cholenate

PtdCho Phosphatidylcholine

TAG Triacylglycerol

Introduction

Apolipoprotein C-III (apoC-III) in VLDL and LDL is an

independent risk factor for coronary heart disease [1–3].

A high concentration of apoC-III-containing VLDL is asso-

ciated with the delayed catabolism of triacylglycerol (TAG)

in VLDL and hypertriglyceridemia [4, 5]. ApoC-III enhances

the conversion from light LDL to dense LDL [6, 7]. ApoC-

III deficiency (by *50% of normal levels) confers a favor-

able lipid profile and reduced subclinical coronary artery

atherosclerosis [8]. Recently, it has been reported that poly-

morphisms in the apoC-III gene promoter are associated with

plasma apoC-III concentration, plasma TAG concentration,

lipoprotein profile, cardiovascular health, nonalcoholic fatty

liver disease, insulin sensitivity, and longevity [9, 10].
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Apolipoprotein E (apoE), a 299-amino acid plasma

apolipoprotein, is a ligand for the LDL receptor, LDL

receptor-related protein (LRP) and the VLDL receptor, and

binds to cell surface heparan sulfate proteoglycans (HSPG)

[11]. The liver produces the vast majority of plasma apoE,

and apoE promotes the internalization of TAG-rich lipo-

protein remnants by hepatocytes. ApoE knockout mice

have high levels of plasma cholesterol, which is a result of

the impaired clearance of lipoprotein remnants, and readily

develop atherosclerosis [12, 13].

ApoC-III is a 79-amino acid glycoprotein synthesized

mainly in the liver and to a minor extent in the intestine as

a component of chylomicrons, VLDL, LDL and HDL [11].

In normotriglyceridemic subjects, apoC-III is associated

primarily with HDL, whereas there is redistribution of

apoC-III to chylomicrons and VLDL in the postprandial

state and hypertriglyceridemia [14, 15]. Human apoC-III

transgenic mice exhibit markedly elevated levels of chy-

lomicron and VLDL TAG [16]. In addition, a synergistic

interaction between the human apoC-III transgene and

LDL receptor defects produces large quantities of VLDL

and LDL and enhances the development of atherosclerotic

lesions in mice [17]. ApoC-III is known to be a potential

inhibitor of lipoprotein lipase activity [18]. ApoC-III also

inhibits the apoE-mediated hepatic uptake of TAG-rich

lipoproteins through LDL receptor and LRP [19, 20], but

the mechanism of this inhibition has not been characterized

in detail.

Emulsion particles are used as protein-free models for

plasma lipoproteins. Our previous studies demonstrated

that apoC-III reduced the apoE-mediated uptake of

emulsion particles by HepG2 cells [21]. We also showed

that free cholesterol in the emulsion surface enhanced the

apoE-mediated uptake by J774 macrophages by increas-

ing the amount of apoE bound to emulsion particles

[22]. In this study, to elucidate the influence of apoC-III

on apoE-mediated uptake of lipoprotein remnants, we

investigated the uptake of lipid emulsions by HepG2,

human hepatoma, cells and the binding of apoE and

apoC-III to the emulsion surface.

Materials and Methods

Materials

Egg yolk phosphatidylcholine (PtdCho) was generously

provided by Asahi Kasei (Tokyo, Japan). Triolein, cho-

lesterol, heparinase I, and BSA were purchased from

Sigma-Aldrich (St. Louis, MO, USA). 1-Pyrenemethyl 3b-

(cis-9-octadecenoyloxy)-22,23-bisnor-5-cholenate (PMC

oleate) was obtained from Molecular Probes (Eugene, OR,

USA). Bovine lactoferrin was purchased from Wako Pure

Chemicals (Osaka, Japan). All other chemicals used were

of the highest reagent grade.

Preparation of Emulsions

The lipid emulsions were prepared by the method described

previously using a high-pressure emulsifier (Nanomizer

System YSNM-2000AR; Yoshida Kikai, Nagoya, Japan)

[23]. Briefly, mixtures of triolein, PtdCho and free choles-

terol were suspended in 10 mM Tris–HCl buffer (pH 7.4),

containing 150 mM NaCl, 1 mM EDTA, and successively

emulsified under 100 MPa of pressure at 40–60 �C.

Depending on the purpose of the experiment, PMC oleate,

which has been used as a tracer of lipoprotein endocytosis

and as a general nonexchangeable membrane marker

[24, 25], was added to the lipid mixtures at a ratio of 1 mol%

of triolein. After the removal of contaminating vesicles by

ultracentrifugation (55,000g, 60 min), homogeneous emul-

sion particles were obtained. The mean particle diameter of

each emulsions was about 120 nm determined from

dynamic light scattering measurements using a Photal LPA-

3000/3100 (Otsuka Electronics, Hirakata, Japan) equipped

with a He–Ne laser at a wavelength of 632.8 nm. The con-

centrations of triolein, PtdCho and cholesterol were deter-

mined using enzymatic assay kits purchased from Wako. As

a result, we confirmed that the composition of PtdCho and

cholesterol in the isolated emulsions was the same as that in

the starting lipid mixtures, and the isolated emulsions con-

tained the expected amount of cholesterol (molar ratio of

PtdCho/cholesterol = 3/2). The molar ratios of core triolein

to surface PtdCho for isolated triolein-PtdCho and triolein-

PtdCho/cholesterol (3/2) emulsions were 4.76 ± 0.29 and

4.99 ± 0.12, respectively.

ApoE and ApoC-III

Recombinant human apoE (isoform E3) was provided by

PeproTech (London, UK). Recombinant apoE was previ-

ously shown to have similar physical and biological prop-

erties to native human plasma apoE [26]. Purified apoC-III

from human plasma was purchased from Chemicon

(Temecula, CA, USA). To minimize self-association, apoE

and apoC-III were added to 6 M guanidine hydrochloride

solution and dialyzed extensively against Tris–HCl buffer.

Cell Cultures

HepG2 cells were grown in a humidified incubator (5%

CO2) at 37 �C in DMEM supplemented with 10% heat-

inactivated FBS, L-glutamine, penicillin, and streptomycin.

The FBS was replaced with 1% BSA 15 min before each

experiment. Experiments were carried out in DMEM

containing 1% BSA.
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Cell Uptake Assays

The lipid emulsions were preincubated with apoE and apoC-

III at 37 �C for 30 min, allowing sufficient time for equilib-

rium binding [27]. Treatment with heparinase was performed

by preincubating the cells at 37 �C for 45 min in the presence

of 10 units/ml heparinase. HepG2 cells were incubated with

PMC oleate-labeled emulsions (250 lM triolein) containing

apolipoproteins at 37 �C for 2 h. After incubation, the cells

were chilled on ice and washed twice with ice-cold Hepes

buffer containing 0.2% BSA and then washed twice with ice-

cold Hepes buffer alone. Cells were then dissolved in 0.2%

Triton X-100. To evaluate the particle uptake, the fluores-

cence intensity of PMC oleate (excitation 342 nm, emission

377 nm) was measured with a Hitachi F-4500 spectrofluo-

rometer, and the concentration of cellular protein was mea-

sured by the method of Lowry. By this method, uptake means

binding and internalization by the cells.

Apolipoprotein Binding Assay

Lipid emulsions (250 lM triolein) were incubated with apoE

and apoC-III at 37 �C for 30 min, which allowed sufficient

time for equilibrium binding [27]. The mixtures were sub-

jected to ultracentrifugation (55,000g, 60 min) to separate

both emulsions and lipid-bound apolipoproteins from free

apolipoproteins. The concentration of triolein in the top frac-

tion was measured using an enzymatic assay kit. This apoli-

poprotein–emulsion complex was diluted to 2.5 mM triolein

in 1% Triton X-100 and treated with sample buffer. Apoli-

poproteins were separated by 10–20% SDS PAGE. Following

silver staining, the amounts of apoE and apoC-III were

quantified by densitometric scanning calibrated with standard

solution of each apolipoprotein. The binding of apolipopro-

teins had no effect on the size of emulsion particles [28].

Statistical Analysis

The statistical significance of differences between mean

values was analyzed using the non-paired t test. Differences

were considered significant at P \ 0.05. Unless indicated

otherwise, results are given as means ± SE (n = 3).

Results

ApoE-Mediated Uptake of Lipid Emulsions by HepG2

Cells

To investigate the role of cholesterol in the apoE-mediated

uptake of emulsion particles by HepG2 cells, we prepared

two types of emulsions: triolein-PtdCho and triolein-

PtdCho/cholesterol (molar ratio of PtdCho/cholesterol =

3/2). Triolein-PtdCho/cholesterol emulsions were used as

models for lipoprotein remnants. As shown in Fig. 1, apoE

enhanced the uptake of both emulsions by HepG2 cells in a

dose-dependent manner. There was no significant differ-

ence between triolein-PtdCho and triolein-PtdCho/choles-

terol emulsion uptake in the absence of apoE. The uptake of

triolein-PtdCho/cholesterol emulsions was 2.7-fold higher

than that of triolein-PtdCho emulsions in the presence of

4 lg/ml apoE, indicating that the apoE-mediated uptake

was markedly enhanced by the presence of cholesterol at

the emulsion surface.

To examine if known lipoprotein receptors on HepG2

cells are involved in the emulsion uptake, we conducted

experiments using inhibitors of lipoprotein receptors. HSPG

and LRP play important roles in apoE-enriched remnant

uptake, and HSPG participate in the uptake, either associ-

ating with LRP or acting alone as a receptor [29]. Heparinase

released the sulfated glycosaminoglycan side chains from

HSPG [30]. In this study, heparinase treatment significantly

inhibited both triolein-PtdCho and triolein-PtdCho/choles-

terol emulsion uptake by HepG2 cells in the presence of

8 lg/ml apoE (Fig. 2). Lactoferrin interacts with HSPG and

LRP, and inhibits the uptake of lipoprotein remnants by

preventing their binding to HSPG and subsequent transfer to

LRP [31]. In the presence of 8 lg/ml apoE, lactoferrin

(5 mg/ml) also markedly prevented the uptake of triolein-

PtdCho and triolein-PtdCho/cholesterol emulsions by

HepG2 cells (Fig. 2). Thus, HSPG and LRP were mainly

involved in the apoE-mediated uptake of triolein-PtdCho

and triolein-PtdCho/cholesterol emulsions by HepG2 cells.
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Fig. 1 ApoE-mediated uptake of emulsion particles by HepG2 cells.

HepG2 cells were incubated for 2 h at 37 �C with triolein-PtdCho

(open circles) or triolein-PtdCho/cholesterol (3/2) (closed circles)

emulsions (250 lM triolein) in the presence of the indicated amounts

of apoE. Values represent the means ± SE of three measurements.

*P \ 0.05, significantly different from triolein-PtdCho emulsions
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Effects of ApoC-III on ApoE-Mediated Uptake

by HepG2 Cells

We assessed the uptake of triolein-PtdCho and triolein-

PtdCho/cholesterol emulsions by HepG2 cells in the pres-

ence of apoE and apoC-III. Figure 3 shows that the apoE-

mediated uptake of both emulsions decreased with the

apoC-III concentration. The uptake of triolein-PtdCho/

cholesterol emulsions was higher than that of triolein-

PtdCho emulsions in the presence of both apoE and apoC-

III. At a higher concentration (4 lg/ml) of apoC-III, the

cellular uptake of triolein-PtdCho and triolein-PtdCho/

cholesterol emulsions was very low (97.5 ± 0.1 and

95.8 ± 0.2% inhibition, respectively), indicating apoC-III

almost completely abolished the stimulatory effect of apoE

on the emulsion uptake. Possible mechanisms of the inhi-

bition of apoE-mediated uptake by apoC-III are: (1) apoC-

III displaces apoE from emulsion surfaces; (2) apoC-III

directly interacts with apoE bound to emulsion particles.

Binding of ApoE and ApoC-III to Emulsion Particles

To examine the effects of surface cholesterol on the

binding of apoE and apoC-III to the emulsion particles, we

compared the amount of apoE or apoC-III bound to

triolein-PtdCho and triolein-PtdCho/cholesterol emulsions.

In accord with our previous report [22], the incorporation

of cholesterol into the emulsion surface caused a significant

increase in the binding amount of apoE (Fig. 4a). However,

the amounts of apoC-III bound to triolein-PtdCho and

triolein-PtdCho/cholesterol emulsions were nearly the

same (Fig. 4b). These results indicated that the presence of

cholesterol at the emulsion surface enhanced the binding of

apoE. In contrast, the binding amount of apoC-III was not

affected by surface cholesterol.

We next explored the competitive binding of apoE and

apoC-III to emulsion particles. As shown in Fig. 5a, apoC-III

reduced the binding of apoE to triolein-PtdCho and triolein-

PtdCho/cholesterol emulsions. In the presence of 2 lg/ml

apoC-III, the binding of apoE to triolein-PtdCho/cholesterol

emulsions was significantly larger than that to triolein-PtdCho

emulsions, whereas the binding amount of apoC-III was

similar between triolein-PtdCho and triolein-PtdCho/choles-

terol emulsions (Fig. 5b). At 4 lg/ml apoC-III, the apoC-III

binding to triolein-PtdCho/cholesterol emulsions was slightly

higher than triolein-PtdCho emulsions. Figure 5c shows that

the binding amount of apoE was found to correlate inversely

with the binding amount of apoC-III to triolein-PtdCho and

triolein-PtdCho/cholesterol emulsions (r = -0.980 and

r = -0.988, respectively). The slope of the plot for triolein-

PtdCho emulsions (-3.45 ± 0.50) was lower than that

for triolein-PtdCho/cholesterol emulsions (-2.00 ± 0.23),

indicating that apoC-III inhibited the apoE binding to
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Fig. 2 Effects of heparinase and lactoferrin on apoE-mediated uptake

of emulsion particles by HepG2 cells. Treatment with heparinase was

performed by preincubating the cells at 37 �C for 45 min in the

presence of 10 units/ml heparinase (gray bars). HepG2 cells were

incubated for 2 h at 37 �C with triolein-PtdCho or triolein-PtdCho/

cholesterol (3/2) emulsions (250 lM triolein) with 8 lg/ml apoE in

the absence (control; white bars) or presence of 5 mg/ml lactoferrin

(black bars). Results are expressed as the percentage of triolein-

PtdCho emulsion uptake measured in the presence of 8 lg/ml apoE.

Each bar represents the mean ± SE of three measurements.

*P \ 0.05, significantly different from the control
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Values represent the means ± SE of three measurements. *P \ 0.05,
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triolein-PtdCho emulsions more effectively than that to trio-

lein-PtdCho/cholesterol emulsions. ApoC-III decreased the

total binding of apoE and apoC-III to triolein-PtdCho emul-

sions compared to the binding of apoE alone (Fig. 5d). The

total binding amount of apoE and apoC-III to triolein-PtdCho/

cholesterol emulsions was larger than that to triolein-PtdCho

emulsions. The total binding of apoE and apoC-III to triolein-

PtdCho/cholesterol emulsions was not significantly different

from that of apoE alone (Fig. 5d), because the loss of apoE

bound to triolein-PtdCho/cholesterol emulsions by apoC-III

was largely offset by the amount of apoC-III bound to triolein-

PtdCho/cholesterol emulsions (Fig. 5a, b).

Relationship between Cellular Uptake and Binding

of ApoE and ApoC-III

To determine if the binding of apoE or apoC-III is

responsible for the emulsion uptake, we studied the rela-

tionship between the emulsion uptake by HepG2 cells and

the binding amounts of apoE and apoC-III. The apoE and

apoC-III concentrations in the incubation media used in

apolipoprotein binding assays and cell uptake assays are

summarized in Table 1. As shown in Fig. 6a, excluding the

case of triolein-PtdCho/cholesterol emulsions in the pres-

ence of both apoE and apoC-III (closed circle, closed

inverted triangle and closed square), the emulsion uptake

was positively correlated with the amount of apoE bound to

emulsions (r = 0.996). Compared with triolein-PtdCho/

cholesterol emulsions in the presence of 4 lg/ml apoE

(emulsion uptake, 72.7 ± 7.0%; apoE bound, 12.6 ± 0.4

g/mol triolein; closed triangle), the uptake of triolein-

PtdCho/cholesterol emulsions in the presence of 8 lg/ml

apoE and 4 lg/ml apoC-III (closed square) was markedly

lower (6.5 ± 0.3%) despite the fact that similar amount of

apoE bound to the emulsions (12.2 ± 2.0 g/mol triolein).

As depicted in Fig. 6b, at 8 lg/ml apoE, there were inverse

correlations between the emulsion uptake and the binding of

apoC-III (r = -0.997 for triolein-PtdCho and r = -0.987

for triolein-PtdCho/cholesterol emulsions). Thus, apoC-III

bound to emulsion particles may prevent the apoE-mediated

uptake.

Discussion

The concentrations of apoE and apoC-III in human plasma

are 50–80 and 80–120 lg/ml, respectively [9, 10, 32, 33].

Homozygosity of the A-641C allele in the apoC-III gene

promoter is associated with significantly lower serum levels

of apoC-III [9], whereas the variant alleles in the apoC-III

gene promoter (C-482T and T-455C) cause a 30% increase

in the fasting plasma apoC-III concentration compared with

the WT homozygotes [10]. The normal plasma TAG con-

centration is \1.5 mg/ml (\1.69 mM) in the fasting state.

In the present study, the concentrations of apoE (0–8 lg/

ml), apoC-III (0–4 lg/ml) and triolein (250 lM) in the

media were not physiological but optimal conditions to

investigate the functions of apoE and apoC-III [21–23].

In this study, we used the lipid emulsions as protein-free

lipoprotein models. However, the emulsions may not nec-

essarily represent the nature of TAG-rich lipoproteins

owing to the lack of other apolipoproteins, notably apoli-

poprotein B. Apolipoprotein B plays a crucial role in the

maintenance of the lipoprotein structure, the cellular

uptake of lipoproteins through the LDL receptor, and the

development of atherosclerosis [34, 35]. At present, apo-

lipoprotein B cannot be properly reconstituted on emulsion

particles. However, the lipid emulsions are useful to

elucidate the roles of exchangeable apolipoproteins in

lipoprotein metabolism because they enable easy control of

the lipid and protein constituents and the size of the

particles.
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It has been suggested that apoC-III is made of two

helical domains. The N-terminal domain of apoC-III is

important in the modulation of lipoprotein lipase activity,

and the binding of apoC-III to surface phospholipid is

mediated by the C-terminal helix [33, 36]. Gangabadage

et al. [37] have reported the three-dimensional NMR

structure of apoC-III in complex with SDS micelles, in

which 6–10-residue amphipathic helices wrap around the

micelle surface, three positively charged residues line the

polar faces of helices 1 and 2, and an array of negatively

charged residues lines the polar faces of helices 4 and 5 and

the adjacent flexible loop.

It has been demonstrated that apoE contains two inde-

pendently folded domains, the 22-kDa N-terminal domain

and 10-kDa C-terminal domain [11]. The C-terminal

domain has a high affinity for lipid and is responsible for

lipoprotein binding and preference [38, 39]. The N-termi-

nal domain exists in the lipid-free state as a four-helix

bundle and contains the LDL receptor-binding region

[40]. The cluster of arginine and lysine residues located
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Fig. 5 Competitive binding of apoE and apoC-III to emulsion

particles. Triolein-PtdCho and triolein-PtdCho/cholesterol (3/2) emul-

sions (250 lM triolein) were incubated with 8 lg/ml apoE and the

indicated amounts of apoC-III for 30 min at 37 �C. a The amounts of

apoE bound to triolein-PtdCho (open circles) and triolein-PtdCho/

cholesterol (3/2) (closed circles) emulsions in the presence of apoC-

III. b The amounts of apoC-III bound to triolein-PtdCho (open
circles) and triolein-PtdCho/cholesterol (3/2) (closed circles) emul-

sions in the presence of apoE. c Plot of the binding of apoE versus the

binding of apoC-III to triolein-PtdCho (open circles) and triolein-

PtdCho/cholesterol (3/2) (closed circles) emulsions. Regression

line between apoE bound and apoC-III bound to triolein-PtdCho

(r = -0.980) or triolein-PtdCho/cholesterol (3/2) emulsions (r =

-0.988). c Total binding of apolipoproteins to emulsion particles in

the presence of 8 lg/ml apoE alone (open bars) or 8 lg/ml apoE and

4 lg/ml apoC-III (filled bars). Values represent the means ± SE of

three measurements. The absence of an error bar signifies an SE

value smaller than the graphic symbol. *P \ 0.05, significantly

different from triolein-PtdCho emulsions. §P \ 0.05, significantly

different from 8 lg/ml apoE alone
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between residues 136–158 represents the binding site for

LDL receptor. The segment comprising the receptor-

binding portion of apoE (residues 130–149) interacts with

ligand-binding clusters of LRP [41, 42]. Both domains of

apoE contain heparin-binding sites, but the N-terminal site

plays a dominant role in the binding to heparin [43]. The

cluster of positively charged amino acids between residues

136–150 is also involved in the heparin interaction. The

four-helix bundle in the N-terminal domain undergoes a

conformational opening upon lipid binding, leading to the

receptor-active conformation of apoE [11, 44]. In this

conformation, the positive electrostatic potential in the

receptor-binding region of apoE is enhanced [45, 46]. The

leucine zipper motif confers stability to the helix bundle

conformation of the N-terminal domain, which serves to

maintain apoE in a receptor-inactive state [47].

The lipoprotein surface is mainly formed by phospho-

lipids (PL) and cholesterol together with apolipoproteins.

The amount of cholesterol in lipoproteins regulates their

metabolism. The cholesterol/PL ratios in VLDL and LDL

are 0.78 and 0.73, respectively [48]. When chylomicrons

are converted to chylomicron remnants by the action of

lipoprotein lipase, there is an increase in the relative content

of cholesterol in the remnants [49]. The cholesterol/PL ratio

of the remnant fraction of human serum in the postprandial

state is close to 1 [50]. In the present study, triolein-PtdCho/

cholesterol (3/2) emulsions can be applied as a model for

TAG-rich lipoprotein remnants [22]. Emulsions rich in

cholesterol were metabolized like chylomicron remnants

[51]. Cholesterol can distribute between the surface and

core phases in lipid emulsions and lipoproteins. From the

surface-core phase equilibrium, over 80% of cholesterol is

accommodated in the surface phase in TAG-PtdCho

emulsions [52]. Cholesterol induces a motional restriction

of PtdCho and a rigidification of the TAG-PtdCho emul-

sion surface with increasing content [52]. Cholesterol is

associated with surface PL but located deep in the inner

hydrocarbon region [52]. Our previous report showed

that cholesterol enrichment on the emulsion surface led to

PtdCho head group separation and hydration, and markedly

increased the apoE binding maximum without changing the

binding affinity [22]. There was a correlation between the

degree of PL head group separation and the apoE binding

maximum. It was also demonstrated that the acyl chain

packing was not a determining factor in apoE binding,

suggesting that apoE binds to emulsion particles through

Table 1 ApoE and apoC-III

concentrations in incubation

media used in apolipoprotein

binding assays and cell uptake

assays

The molecular masses of apoE

and apoC-III are 34.0 and

8.8 kDa, respectively

ApoE

(lg/ml)

ApoC-III

(lg/ml)

ApoC-III/apoE

molar ratio

Symbols in Fig. 6

Triolein-PtdCho Triolein-PtdCho/cholesterol

4 0 0 Open triangle Closed triangle

8 0 0 Open diamond Closed diamond

8 1 0.483 Open circle Closed circle

8 2 0.966 Open inverted triangle Closed inverted triangle

8 4 1.93 Open square Closed square
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Fig. 6 Relationship between emulsion uptake by HepG2 cells and

apoE binding or apoC-III binding. HepG2 cells were incubated for

2 h at 37 �C with triolein-PtdCho (open symbols) or triolein-PtdCho/

cholesterol (3/2) (closed symbols) emulsions (250 lM triolein) in the

presence of apoE and apoC-III. The concentrations of apoE and apoC-

III in the incubation medium of each symbol are indicated in Table 1.

a Regression line between cellular uptake and apoE binding to

emulsions (r = 0.996) excluding triolein-PtdCho/cholesterol (3/2)

emulsions with 8 lg/ml apoE and various amounts of apoC-III

(closed circle, closed inverted triangle, and closed square). b Regres-

sion line between cellular uptake and apoC-III binding to triolein-

PtdCho (r = -0.997) or triolein-PtdCho/cholesterol (3/2) emulsions

(r = -0.987)
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insertion between the PL head groups but not deep pene-

tration into the hydrocarbon interior [22]. In this study,

cholesterol in the emulsion surface increased the amount of

apoE bound to the particles, but had no effect on the binding

amount of apoC-III (Fig. 4), suggesting that the binding of

apoC-III is insensitive to the degree of PtdCho head group

separation at the emulsion surface. Our current data also

demonstrated that cholesterol reversed the inhibitory effect

of apoC-III on apoE incorporation into the emulsion sur-

face, and increased the total binding of apoE and apoC-III

(Fig. 4). We consider that cholesterol at the emulsion sur-

face increases the number of the apoE binding sites rather

than the apoC-III binding sites.

Our results show that in the presence of apoE and

apoC-III, the uptake of cholesterol-containing emulsions by

HepG2 cells was higher compared with that of cholesterol-

free emulsions (Fig. 3), consistent with the facilitated

uptake of cholesterol-containing emulsions by the liver

[53]. Increased levels of apoC-III on the lipoprotein parti-

cles would displace apoE, which would result in decreased

remnant clearance [54]. It has been proposed that apoCs

induce conformational alteration of the N-terminal domain

of apoE and modulate the receptor binding properties [55].

ApoC-III completely abolishes the apolipoprotein B-medi-

ated binding of lipoproteins to LDL receptor, suggesting

that this inhibitory action of apoC-III on lipoprotein binding

is due to a masking of the receptor domain of apolipoprotein

B by apoC-III [56]. In the present study, we showed that

despite sufficient amount of apoE bound to cholesterol-

containing emulsions, apoC-III almost abolished the cellu-

lar uptake of the emulsions via HSPG and LRP pathways

(Fig. 6a). It is possible that at the cholesterol-containing

particle surface, apoC-III leads to the receptor-inactive

conformation of the apoE-N-terminal domain or masks the

cluster of positively charged amino acids of apoE involved

in the binding to LRP and HSPG, in addition to the atten-

uation of apoE binding to the particle surface.

ApoC-III delays the metabolism of TAG-rich lipo

proteins by inhibiting lipoprotein lipase activity and

apoE-dependent hepatic uptake, which has been suggested

to increase the probability of cholesterol deposition of

lipoprotein particles in the vessel wall [3, 4]. ApoC-III may

inhibit apoE incorporation into the lipoprotein surface and

apoE-mediated cellular uptake of lipoprotein particles

through HSPG and LRP pathways. In addition, cholesterol

at the surface of lipoprotein remnants would modulate

these atherogenic functions of apoC-III.
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Abstract Oxidative stress is thought to play an important

role in atherogenesis. The statin group of cholesterol-

lowering drugs have been shown to reduce cardiovascular

events and possess antioxidant properties. We aimed to

assess the effects of simvastatin on a novel measure of

prooxidant–antioxidant balance (PAB) in dyslipidemic

patients. The PAB assay can measure the prooxidant bur-

den and the antioxidant capacity simultaneously in one

assay, thereby giving a redox index. We treated 102

dyslipidemic individuals with simvastatin, or a placebo in

a double-blind, cross-over, placebo-controlled trial. PAB

values were measured before and after each treatment

period. Seventy-seven subjects completed the study. We

found that statin therapy was associated with a significant

reduction in PAB values (P \ 0.001). This effect appeared

to be independent of the cholesterol-lowering effects of

statins. We conclude that serum PAB values are decreased

by simvastatin therapy. Regarding previous reports on the

elevation of PAB in conditions associated with oxidative

stress, the PAB assay, along with other markers of oxida-

tive stress, may be applied to estimate the extent of oxi-

dative stress in patients, assessment of the antioxidative

efficacy of medication such as statins and perhaps also for

the identification of those individuals who need antioxidant

therapy.

Keywords Simvastatin � Prooxidant–antioxidant

balance (PAB) � Dyslipidemia
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NF-jB Nuclear factor kappa-light-chain-enhancer of

activated B cells

NO Nitric oxide

ox-LDL Oxidized low density lipoprotein cholesterol

PAB Prooxidant–antioxidant balance

ROS Reactive oxygen species

SAS Statistical analysis software

SD Standard deviation

TC Total cholesterol

TG Triglycerides

TMB 3,30,5,50-Tetramethylbenzidine

Introduction

Oxidative stress is an imbalance between the production of

pro-oxidants and antioxidant defenses in favor of pro-oxi-

dants. Oxidative stress is usually related to the increased

formation of reactive oxygen species (ROS), and is thought

to play an important role in the pathogenesis of cardio-

vascular disease (CVD) and its complications. Recently

oxidative stress [1] and inflammation [2] have been pro-

posed to be significant risk factors for CVD, and the lipid

oxidation hypothesis provides one mechanism by which

oxidative stress may be implicated [3].

It is also suggested that oxidative stress may be a strong

and independent prognostic predictor of cardiovascular

events [4].

Low density lipoprotein cholesterol (LDL-C) has been

associated with several pro-atherothrombotic processes

through the development of endothelial dysfunction,

inflammation and foam cell formation [5]. Indeed, indi-

viduals with relatively normal LDL levels but high expo-

sure to oxidative stress such as those with hypertension [6],

are at increased risk of developing CVD via the formation

of pro-inflammatory and pro-atherogenic molecules asso-

ciated with the formation of oxidized-LDL (ox-LDL).

Ox-LDL has been shown to accumulate in the arterial wall

and this is associated with the development of endothelial

dysfunction [7, 8]. Thus, reduction in plasma levels of LDL

and ox-LDL may represent a useful approach for pre-

venting from atherosclerotic diseases.

Statins are a group of lipid-lowering agents which block

the rate limiting step in cholesterol biosynthesis, the con-

version of 3-hydroxy-3-methylglutaryl-coenzyme A

(HMG-CoA) to mevalonic acid. The LDL-cholesterol

lowering property of statins is associated with a reduction

of cardiovascular endpoints including definite coronary

events (specified as nonfatal myocardial infarction or death

from coronary heart disease), definite nonfatal myocardial

infarctions; death from definite plus suspected coronary

heart disease and death from all cardiovascular causes [9].

However, it has been argued that the benefits obtained with

statin therapy in patients with a wide range of cholesterol

levels may be due to their ‘‘pleiotropic’’ non-cholesterol-

lowering effects. These pleiotropic effects of statins

include: improving endothelial function, decreasing oxi-

dative stress (by lowering ROS production and increasing

the resistance of LDL-C to oxidation), inhibiting platelet

adhesion, reducing inflammation, and enhancing the sta-

bility of atherosclerotic plaques [10].

Until now, many methods have been developed that can

separately determine the total pro-oxidant and antioxidant

capacities and are therefore hard, time consuming, expen-

sive, and imprecise. We have recently used a simple, rapid

and inexpensive method [11] to measure the PAB directly,

by using 3,30,5,50-tetramethylbenzidine (TMB) and two

different kinds of reaction, an enzymatic reaction where the

chromogen TMB is oxidized to a colored cation by perox-

ides, and a chemical reaction in which the colored TMB

cation is reduced to a colorless compound by antioxidants. A

redox index is thereby derived from these two reactions. The

assay has been calibrated against the most significant known

oxidants and antioxidants and its response has been found to

be a linear decrease against antioxidants and a linear increase

against oxidants. The method was also, validated in depth by

other known oxidative stress markers [11]. In this study, we

aimed to evaluate the effect of simvastatin on PAB values by

a modified PAB assay [12] in a randomized, double blind,

cross-over trial in dyslipidemic patients.

Methods

Subjects

One hundred and two men and women, aged 20–88 who

were not originally taking lipid-lowering agents were

recruited from the lipid clinics at the Qaem hospital,

Mashhad, Iran. In addition to a history of not taking statins,

other inclusion criteria were any of the following condi-

tions (based on the NCEP-ATP III guidelines [13]): (1)

patients with \2 risk factors (except diabetes mellitus) for

coronary heart disease (CHD) and 160 mg/dL \ LDL-

C \ 190 mg/dL, or (2) patients with C2 risk factors

(except diabetes mellitus) for coronary heart disease

(CHD) and 130 mg/dL \ LDL-C \ 160 mg/dL. Cardio-

vascular risk factors were defined as age [65 years,

hypertension (defined as taking any anti-hypertensive

medication; or systolic blood pressure C140 mmHg or

diastolic blood pressure C90 mmHg), diabetes mellitus

(defined as fasting blood sugar (FBS) C 126 mg/dL),

positive family history of CVD, smoking, male sex and

obesity [defined as body mass index (BMI) C 30 kg/m2].
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The exclusion criteria were; malignancy or history of

malignancy, infections, connective tissue disorders or

treatment with immunomodulatory drugs (e.g. corticoste-

roids), liver or renal disease, leukocytosis (white blood cell

count [10,000 109/L), thrombocytosis (platelet count

[450,000 109/L) and anemia (hematocrit \40%). Each

subject gave informed written consent to participate in the

study, which had previously been approved by the Mash-

had University of Medical Science Ethics Committee. In

addition, subjects were advised to continue their normal

medication schedule.

Study Design

This study was designed as a randomized, double blind,

cross-over trial in which each patient received simvastatin

or a placebo and then crossed over to the alternate regimen.

Each treatment period was 30 days and there was a 2-week

washout interval in between the regimens. The dose of

simvastatin and all other medication remained unchanged

during the experimental period, and the patients were

advised not to change their lifestyle during the study. At

the first visit, patients were randomized for one of two

treatment regimens, 51 patients were provided with sim-

vastatin 40 mg/day for 30 days and other 51 patients

received a placebo (simply prepared by filling empty cap-

sules—which were matched for size and color with sim-

vastatin capsules—with starch instead of simvastatin) for

30 days. After another 2-week wash-out period, patients

crossed over to the other form of treatment.

Anthropometric Measurements

Anthropometric parameters including weight, height, and

BMI were measured. Weight was measured with the sub-

jects dressed in light clothing after an overnight fasting

using a standard scale. BMI was calculated as weight (kg)

divided by height squared (m2).

Blood Sampling

Blood samples were collected four times for each subject

(before and after starting each period). Blood samples for

laboratory assays were obtained on the day of sampling

after 12 h of fasting. Following venipuncture, blood sam-

ples were collected in Vacutainer� tubes and centrifuged at

10,000g for 15 min at 4 �C. After separation, aliquots of

serum were frozen at -80 �C until analysis.

Routine Biochemical Analysis

A full fasted lipid profile comprising total cholesterol, tri-

glycerides, high-density lipoprotein cholesterol (HDL-C)

and LDL-C was determined for each subject. Serum lipid

and FBS concentrations were measured enzymatically with

the use of commercial kits.

Chemicals

TMB powder (3,30,5,50-tetramethylbenzidine, Fluka), per-

oxidase enzyme (Applichem: 230 U/mg, A3791,0005,

Darmstadt, Germany), chloramine T trihydrate (Appli-

chem: A4331, Darmstadt, Germany), hydrogen peroxide

(30%) (Merck). These chemicals and all the other reagents

used were reagent grade and were prepared in double

distilled water.

Prooxidant–Antioxidant Balance (PAB) Assay

A modified PAB assay was applied based on a previously

described method [11, 12]. The standard solutions were

prepared by mixing varying proportions (0–100%) of

250 lM hydrogen peroxide with 3 mM uric acid (in

10 mM NaOH). TMB powder (60 mg) was dissolved in

10 mL DMSO. For preparation of the TMB cation, 400 lL

of the TMB/DMSO solution was added to 20 mL of acetate

buffer (0.05 M buffer, pH 4.5), and then 70 lL of fresh

chloramine T (100 mM) solution was added to this 20 mL.

The solution was mixed well and incubated for 2 h at room

temperature in a dark place. Then 25 U of peroxidase

enzyme solution was added to 20 mL of TMB cation

solution, dispensed in 1 mL and stored at -20 �C. In order

to prepare the TMB solution 200 lL of TMB/DMSO was

added to 10 mL of acetate buffer (0.05 M buffer, pH 5.8)

and the working solution was prepared by mixing 1 mL

TMB cation with 10 mL of TMB solution. This working

solution was incubated for 2 min at room temperature in a

dark place and used immediately. Ten microliters of each

sample, standard or blank (distilled water) were mixed with

200 lL of working solution in each well of a 96-well plate,

which was then incubated in a dark place at 37 �C for

12 min. At the end of the incubation time, 100 lL of 2 N

HCl was added to each well, and the optical density (OD)

was measured in an ELISA reader at 450 nm with a ref-

erence wavelength of 620 or 570 nm. A standard curve was

provided from the values relative to the standard samples.

The values of the PAB are expressed in arbitrary units, this

is the percentage of hydrogen peroxide in the standard

solution. The values of the unknown samples were then

calculated based on the values obtained from the above

standard curve.

Statistical Analysis

Values were expressed as means ± SD or, in the case of

non-normally distributed data, as median and inter-quartile
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range. The comparison between pre and post treatments

was done using the paired t test or the Wilcoxon signed

rank test. Data obtained from independent variables ana-

lyzed using Student’s t test (for those with normal distri-

bution) or Mann–Whitney U test (for those without normal

distribution). Categorical data were compared using v2 test.

Correlations between changes in serum PAB and LDL-C

levels were assessed using the Pearson correlation coeffi-

cient. Mixed model analysis of variance for 2 9 2 cross-

over studies were fitted when assumption for normality

were met. All analysis were performed with the Statistical

Analysis Software (SAS version 8). A two-sided P value of

\0.05 was considered statistically significant.

Results

From 102 subjects who entered our study, 25 (24.5%) did

not complete the study, leading to a final sample size of 77

(78.18%). The reasons for drop-outs were non-compliance

with the study protocol (n = 21), drug intolerance (n = 2)

and moving to anothercity (n = 2) (Fig. 1). To rule out the

possibility of a carryover effect from one treatment period

to the other treatment period, we compared baseline values

before the first treatment period to those before the second

treatment period. No significant difference was found in the

analysis (P [ 0.05). The mean age and BMI of subjects

were 46.61 ± 13.95 and 29.94 ± 6.08, respectively, with

72.1% being female. The prevalence of smoking, diabetes

mellitus and hypertension were 7.0, 14.0 and 9.3%,

respectively.

Effect of Administration of Simvastatin Versus Placebo

on Weight, BMI and FBS

FBS was not significantly affected by simvastatin nor by

the placebo (P [ 0.05). However, mean baseline values for

BMI and weight were significantly different between the

first and second periods of treatment (P = 0.019 and

P = 0.003, respectively) (Table 1).

Assessed for eligibility
(n=114)

Did not meet inclusion criteria
(n=12)

Non-compliance with study protocol 
(n=1)

Moving to another city (n = 1) 

Allocated to intervention
(n = 51)

Non-compliance with study protocol 
(n = 3)

rug intolerance (n = 2) D

Allocated to intervention
(n = 51)Allocation 

Follow-up of the 

first period 

Enrollment 

Randomized

Follow-up of the 

second period 

Non-compliance with study protocol
(n = 6)

Movinng to another city (n = 1)

Non-compliance with study protocol 
(n = 11)

Analyzed (n = 38) Analyzed (n = 39)Analysis 

Wash-out  

period 

Fig. 1 Flow chart of the trial
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Effect of Administration of Simvastatin Versus Placebo

on Lipid Parameters

As expected, total cholesterol, LDL-C and triglycerides

were reduced significantly after 4-weeks of treatment

with simvastatin (P \ 0.001). However, HDL-C did not

change significantly with either treatment (P [ 0.05)

(Table 1).

Effect of Administration of Simvastatin Versus Placebo

on PAB Values

Treatment with simvastatin 40 mg/day for 4 weeks caused

a statistically significant reduction in the mean PAB values

(P \ 0.001) (Fig. 2).

Correlation Between Changes in PAB Values

with Changes in LDL-C Levels

Statistical analysis showed that there was no significant

correlation between changes in PAB values and serum

LDL-C levels in any of the periods, neither in the placebo-

statin nor in the statin-placebo group (P [ 0.05, Table 2).

The only exception was a significant correlation between

PAB changes and serum total cholesterol changes in the

placebo-statin group (P \ 0.05, Table 2).

Discussion

In the present study we found that simvastatin therapy for

4 weeks caused a statistically significant reduction in mean

PAB values, showing that statin therapy may be associated

with a reduction in levels of oxidative stress. Our finding

confirms the results of other studies evaluating the effect of

statins on plasma measures of oxidation status. Fluvastatin

therapy was found to reduce superoxide radical generation

Table 1 Effect of simvastatin and placebo therapy in two groups of subjects

Study groups First Period Second Period Period effecta Treatment

effect (S vs. P)Pre treatment Post treatment Pre treatment Post treatment

FBS (mg/dl) Statin–placebo 86.46 ± 19.52 85.58 ± 17.12 81.28 ± 15.83 81.09 ± 13.65 (P [ 0.05) (P [ 0.05)

Placebo–statin 104.36 ± 47.61 101.71 ± 45.86 103.5 ± 45.55 99.10 ± 33.28

Weight (kg) Statin–placebo 71.59 ± 22.02 72.42 ± 19.24 73.80 ± 18.60 75.27 ± 18.55 (P = 0.003) (P [ 0.05)

Placebo–statin 78.04 ± 16.63 77.17 ± 16.30 76.99 ± 15.50 76.71 ± 16.41

BMI (kg/m2) Statin–placebo 28.83 ± 6.18 28.30 ± 6.19 28.95 ± 5.90 29.09 ± 5.91 (P = 0.019) (P [ 0.05)

Placebo–statin 31.12 ± 6.41 30.83 ± 6.36 30.33 ± 7.41 31.25 ± 6.04

TC (mg/dl) Statin–placebo 203.02 ± 36.11 152.48 ± 41.60 181.69 ± 30.65 182.38 ± 37.64 (P [ 0.05) (P \ 0.001)

Placebo–statin 193.32 ± 39.65 191.06 ± 38.04 194.85 ± 37.75 160.37 ± 60.81

LDL-C (mg/dl) Statin–placebo 131.44 ± 28.46 87.35 ± 35.01 119.75 ± 26.44 121.09 ± 23.86 (P [ 0.05) (P \ 0.001)

Placebo–statin 118.38 ± 30.48 115.22 ± 35.03 121.75 ± 28.25 92.50 ± 46.48

HDL-C (mg/dl) Statin–placebo 44.08 ± 10.80 43.31 ± 12.19 40.36 ± 13.34 41.79 ± 14.97 (P [ 0.05) (P [ 0.05)

Placebo–statin 42.40 ± 11.92 42.64 ± 13.32 44.55 ± 12.42 45.96 ± 14.58

TG (mg/dl) Statin–placebo 137.23 ± 65.07 118.87 ± 57.20 128.11 ± 58.17 126.54 ± 59.14 (P [ 0.05) (P \ 0.001)

Placebo–statin 156.00 ± 84.11 151.35 ± 76.98 156.65 ± 93.07 132.37 ± 93.13

Values are expressed as means ± SD for normally distributed data and median and interquartile range. Statin-placebo group took statin at first,

while placebo-statin group received statin following placebo

BMI body mass index, FBS fasting blood sugar, TC total cholesterol, HDL high-density lipoprotein, LDL low-density lipoprotein, TG triglyc-

erides, PAB prooxidant–antioxidant balance
a Defined as comparison of mean values between the first and second periods

Statin-Placebo Placebo-Statin
0

50

100

150

First period baseline
First period final
Second period baseline

Second period final

P
A

B
 (

A
U

)

Fig. 2 Effect of simvastatin versus placebo on serum PAB values.

Period effect: P [ 0.05; treatment effect: P \ 0.001
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and the susceptibility of LDL to oxidation in cholesterol-

fed rabbits [14]. Moreover, simvastatin was reported to

lower superoxide generation in human macrophages [15].

Furthermore, oxidative stress of different patients has been

shown to decrease after treatment with atorvastatin, sim-

vastatin, pravastatin, fluvastatin, and lovastatin [16–18]. In

addition, treatment with these statins was followed by a

prolonged lag time of LDL oxidation [19–21]. Statin

therapy also causes a significant reduction in plasma levels

of ox-LDL [17] and it has also been reported that in

hypercholesterolemia or mixed type hyperlipidemia, ator-

vastatin can increase total plasma antioxidant status, lead-

ing to a lower LDL oxidation capacity [19].

There appear to be several mechanisms whereby statins

may reduce oxidative stress. Apart from their hypocho-

lesterolemic effects and the subsequent reduction of oxi-

dation substrate, statins are known to exert radical

scavenging activity and decrease the generation and release

of ROS through different mechanism such as inhibition of

Rac1GTPase and NADPH-oxidase [22].

Nicotinamide adenine dinucleotide phosphate (NADPH)

oxidases are as one of the important sources of superoxide

in human coronary artery, and their activities have been

reported to be increased in patients with CVD [23]. Statins

have been reported to reduce NADPH dependant super-

oxide formation by monocyte-derived cell lines in culture

[24]. Atorvastatin has been reported to inhibit angiotensin

II-induced superoxide formation by NADPH oxidase in

rats in vivo [25]. Statin therapy has been also suggested to

inhibit ox-LDL induced NADPH oxidase expression and

superoxide anion formation [26]. The anti-inflammatory

properties of statins make them able to inhibit macrophage

growth and foam cell formation stimulated with ox-LDL

[27], leading to a reduction in influx of inflammatory cells,

which consecutively results in a decreased release of ROS

and the LDL oxidation.

Statins may also act as an antioxidant via different

mechanisms, for instance, there are some reports, though

not consistent, indicating that statins are able to increase

the activity and/or expression of antioxidant enzymes such

as catalase, paraoxonase and glutathione peroxidase, while

decreasing those of NADPH oxidase [28–31]. It is also

reported that statins can increase the release of NO [32],

and also several statins have the ability to increase eNOS

expression in the blood vessels of treated animals [33],

resulting in the restoration of endothelial function. More-

over, atorvastatin has been reported to increase paraoxon-

ase activity and decrease the enhanced cellular uptake of

ox-LDL of monocytes differentiating into macrophages

[34]. Finally some statin metabolites are considered to

possess antioxidant properties and prevent lipid peroxida-

tion [35] (Fig. 3).

In our study, we did not find a significant correlation

between changes in PAB values with changes in serum

levels of LDL-C, implying that antioxidant activity of

statins may be at least partly due to other pleiotropic

properties rather than just lipid-lowering effects of these

drugs. It is suggested that the underlying cholesterol

independent effects relates to the inhibition of isoprenoid

intermediates of the cholesterol synthesis pathway [36].

The aforementioned studies together with the findings of

the present study support the notion that oxidative stress

could be used as a significant risk predictor in the athero-

sclerotic process. Statins have pleiotropic properties as

endothelial protective, anti-inflammatory, and antioxida-

tive agents, and suggest that other markers such as

Table 2 Correlations between changes in serum PAB and LDL-C

levels

LDL-C Total cholesterol

r p r p

Placebo–statin

First period 0.197 [0.05 0.335 \0.05

Second period 0.005 [0.05 -0.016 [0.05

Statin–placebo

First period 0.050 [0.05 0.031 [0.05

Second period -0.356 [0.05 -0.360 [0.05

Correlations were assessed using the Pearson correlation coefficient

PAB prooxidant–antioxidant balance

Fig. 3 Some antioxidant mechanisms of statins. Statins inhibit the

assembly of NAD(P)H oxidase in both vascular cells and phagocytes,

thus preventing the formation of superoxide (O2
�2). Bi-directional

arrows associated with gene expression indicate upregulation of

expression of antioxidant enzymes (eNOS and catalase) and down-

regulation of oxidants (NAD[P]H components and cyclooxygenase-

2). Permission from Drugs of Today [41] [Drugs of Today

2004;40(12):975–989. Copyright � 2004 Prous Science, S.A. All

rights reserved.]
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C-reactive protein, oxidative biomarkers and isoprenoid

intermediates might be used in conjunction with serum

cholesterol levels to assess the therapeutic benefits of statin

therapy better.

In previous studies using the PAB assay, it was reported

to be elevated in a number of conditions associated with

oxidative stress including diabetes mellitus [11], coronary

artery disease [12], acute coronary syndrome [37], exfo-

liative glaucoma [38], and stroke [39]. PAB values have

been also reported to decrease following antioxidant vita-

mins (E and C) [11] and selenium consumption [40]. The

PAB assay may be useful as a CVD risk predictor [12, 37]

and could help to identify patients with higher oxidative

stress in order to introduce interventions for the prevention

of vascular disease earlier. In the present study, we showed

that this assay may serve as a useful method to assess the

effect of statin therapy in CVD, indicating that the PAB

assay, along with other known markers of oxidative stress,

may be used to estimate the extent of oxidative stress in

high-risk groups, identify subjects who need antioxidant

therapy, and evaluate the antioxidative efficacy of different

supplements and medications. Finally, further clinical

research is required based on a larger healthy population,

as well as on various physiological and pathological states

associated with oxidative stress, and by multiple labora-

tories in order to substantiate the potency of the assay to

become a clinical laboratory test.

Study Limitations

The present study had several limitations. First, 25 subjects

did not complete the study due to non-compliance with the

study protocol or drug intolerance. Second, simvastatin was

administered at a dose of 40 mg/day for a limited period

(30 days), and longer term studies are necessary to show

that this effect is sustained. Finally, using several doses of

statins could have been useful to determine whether the

observed effects of simvastatin are dose-dependent and

whether higher doses exert more dramatic effects.
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Abstract Ezetimibe effectively reduces low-density lipo-

protein cholesterol (LDL-C). In this study, we tested the

hypothesis that ezetimibe monotherapy may also decrease

markers of oxidative stress in subjects with hypercholester-

olemia. Subjects with hypercholesterolemia and no evidence

of cardiovascular disease were randomly allocated to open-

label ezetimibe monotherapy 10 mg/day (EZT group) or

therapeutic lifestyle changes (TLC group). At baseline and

12 weeks post-treatment serum lipoprotein and apolipo-

protein levels as well as oxidative stress parameters,

including oxidized LDL (ox-LDL), 8-isoprostanes (8-epi-

PGF2a) and reactive oxygen metabolites (d-ROMs) levels,

were blindly determined. A total of 60 patients were inclu-

ded; 30 in each group. Despite a significant decrease in

ox-LDL levels (by 20.8%, p \ 0.001 vs. baseline; p \ 0.001

vs. TLC group) in the EZT group no change in the ratio

ox-LDL to LDL-C was noticed following ezetimibe treat-

ment. No significant change in 8-epiPGF2a and d-ROMs

levels was observed in the EZT group. Of note, a significant

decrease in 8-epiPGF2a and d-ROMs levels (by 20.4% and

18.2%, respectively, p \ 0.01 vs. baseline for both), was

noted among patients in the EZT group who exhibited ‘high

oxidative stress’ at baseline. No change in any of oxidative

stress parameters was noted in the TLC group. Ezetimibe

may decrease markers of oxidative stress in hypercholes-

terolemic subjects. This benefit may be more profound

among patients who exhibit ‘high oxidative stress’ at

baseline.

Keywords Ezetimibe � Oxidative stress � Oxidized LDL �
8-Isoprostanes � Reactive oxygen metabolites �
Pleiotropic actions � Hypercholesterolemia

Abbreviations

ANCOVA Analysis of covariance

Apo Apolipoprotein

d-ROMs Reactive oxygen metabolites

EZT Ezetimibe

HDL-C High-density lipoprotein cholesterol

HOMA Homeostasis model assessment

LDL-C Low-density lipoprotein cholesterol

NCEP National Cholesterol Education Program

Ox-LDL Oxidized low-density lipoprotein

RISCC Ratio of ingested saturated fat and

cholesterol to calories

TC Total cholesterol

TAG Triacylglycerol

TLC Therapeutic lifestyle changes

8-epiPGF2a 8-Isoprostane

Introduction

Lowering levels of low-density lipoprotein cholesterol

(LDL-C) plays an important role in cardiovascular disease

prevention and comprises the main target of hypolipidemic

therapy [1]. Statins are considered the most effective drugs

in terms of improving serum lipid profile [2]. Treatment

with statins has been associated with improved outcomes
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either in the primary or the secondary prevention of

cardiovascular disease [3]. This benefit has been attrib-

uted not only to the lipid-lowering potency, but also

to various pleiotropic anti-atherosclerotic properties of

these drugs (namely anti-inflammatory, anti-oxidative and

anti-thrombotic) [4].

Ezetimibe potently inhibits the intestinal absorption of

cholesterol from dietary and biliary sources by blocking the

Niemann–Pick C1-like 1 protein for cholesterol transport

[5]. Clinical studies showed that ezetimibe either as

monotherapy or in combination with statins decreases

LDL-C levels and beneficially modifies serum lipid profile

[6, 7]. However, there is a lack of convincing evidence that

ezetimibe may prevent cardiovascular disease [8–11]. It

also remains questionable whether ezetimibe shares some

of the pleiotropic properties of statins [12].

Oxidative stress, mostly by giving rise to endothelial

dysfunction and pro-inflammatory processes, plays a major

role in atherogenesis [13]. Several biomarkers, including

oxidized LDL (ox-LDL), 8-isoprostane (8-epiPGF2a) and

reactive oxygen metabolites (d-ROMs), are useful for the

assessment of oxidative stress in clinical practice [14].

Hyperlipidemia and increased oxidative stress often coexist

and their combined unfavorable effects may result in

increased atherogenicity [13].

To date, limited data suggest that ezetimibe may reduce

various markers of oxidative stress [15–17]. As with other

possible pleiotropic actions, it remains unclear whether these

effects are associated with the LDL-C lowering capacity of

this drug. In the present study, we sought to investigate the

effects of ezetimibe monotherapy on serum markers of oxi-

dative stress in subjects with primary hypercholesterolemia.

Materials and Methods

Study Population

Subjects with mild-to-moderate hypercholesterolemia

consecutively attending the Outpatient Lipid Clinic of the

University Hospital of Ioannina, Ioannina, Greece, were

included in the present study. Exclusion criteria consisted

of: (1) age \18 years, (2) coronary heart disease (unstable

angina, acute myocardial infarction, coronary artery bypass

graft, or percutaneous transluminal coronary angioplasty

within the last 3 months), (3) type 2 diabetes [fasting blood

glucose [126 mg/dL (6.93 mmol/L)], (4) renal function

impairment as defined by serum creatinine levels higher

than 1.8 mg/dL (158.4 lmol/L) and/or total protein urinary

(UTpr) excretion [150 mg/24 h, (5) liver disease (as

defined by alanine and/or aspartate aminotransferase lev-

els [3 times the upper limit of normal in more than two

consecutive measurements), (6) raised thyroid-stimulating

hormone (TSH) levels ([5 IU/mL), (7) childbearing

potential for women, (8) psychiatric disease with defects in

judgement, (9) known allergic reaction to ezetimibe, (10)

heavy alcohol consumption ([3 drinks per day) or (11)

lipid-lowering therapy (including statins, fibric acid

derivatives, nicotinic acid, cholestyramine, or x-3 fatty

acids) or other treatment that could possibly affect lipid

metabolism, renal or hepatic function, as well as parame-

ters examined in this study.

After a 6 week dietary lead-in, eligible patients were

randomly allocated to receive either open-label ezetimibe

10 mg/day (EZT group) or continue therapeutic lifestyle

changes (TLC group). Compliance with study medication

was assessed at week 12 with questionnaires and pill count;

patients were considered compliant if they took 80–100%

of the prescribed number of tablets. All patients gave

written informed consent and the study protocol was

approved by the Institutional Ethics Committee.

In order to validate the measurements of oxidative stress

markers and distinguish patients with ‘high oxidative stress’

at baseline, we evaluated a ‘control group’ of 30 subjects

who were selected among volunteers attending a Primary

Care Family Screening Program. The same exclusion criteria

were applied to the control group.

Clinical Evaluation

At baseline as well as 12 weeks post-treatment body

weight and height measurements were performed in every

individual to calculate body mass index [BMI = body

weight (in kilograms)/height (in m2)]. Waist circumfer-

ence and blood pressure measurements were also

obtained. A food record rating score was calculated from

3-day diaries kept by participants to assess compliance to

dietary intervention throughout the study. The mean total

daily intake of energy, carbohydrates, protein, fat, satu-

rated fat, and cholesterol was calculated from these dia-

ries by a modified Nutritionist V diet analysis (First

Databank, San Bruno, CA, USA), which was amended to

include traditional Greek recipes. From these data, the

dietary RISCC (ratio of ingested saturated fat and cho-

lesterol to calories) rating was determined [18]. The

RISCC rating condenses the saturated fat, cholesterol, and

energy intakes into one value, which summarizes the

serum lipoprotein-raising potential of a diet [18]. For

example, the RISCC rating of a typical diet (fat intake of

35–40% of total energy) is between 24 and 28. All par-

ticipants were instructed to keep a dietary pattern similar

to that of the NCEP (National Cholesterol Education

Program) Step I diet, which is characterized by a reduced

fat intake scoring from 13 to 18[19]. Stability in RISCC

ratings over time provides evidence for stability of

background dietary patterns.
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Laboratory Investigations

Blood samples were obtained at baseline and after

12 weeks following a 12-h overnight fast to determine

serum lipid and non-lipid metabolic parameters as well as

oxidative stress markers. All samples were blindly assessed

with regard to treatment allocation.

Non-Lipid Metabolic Parameters

Serum glucose, insulin, creatinine, creatine kinase, amino-

transferases, and thyroid function tests were performed

shortly after blood sampling by use of conventional methods.

The Homeostasis Model Assessment (HOMA) a marker of

insulin resistance (IR) [HOMAIR = insulin (lU/mL) 9

glucose (mg/dL)/405] was also assessed.

Lipid Determinations

Measurements of serum lipids [total cholesterol (TC),

triacylglycerols (TAG) and high-density lipoprotein cho-

lesterol (HDL-C)] were performed shortly after blood

sampling. The concentrations of TC and TAG were

determined enzymatically on the Olympus AU 600 clinical

chemistry analyzer (Olympus Diagnostica, Hamburg,

Germany). HDL-C was determined by a direct assay

(Olympus Diagnostica, Hamburg, Germany). LDL-C was

calculated using the Friedewald formula.

For the determination of apolipoprotein (apo) variables,

samples were frozen and stored at -80 �C, and all samples

were analyzed in the same run at the end of the study.

ApoA1, apoB, apoE and Lp(a) were measured with a

Behring Nephelometer BN100, and reagents (antibodies

and calibrators) from Dade Behring Holding GmbH

(Liederbach, Germany). The apoA1 and apoB assays were

calibrated according to the International Federation of

Clinical Chemistry (IFCC) standards.

Oxidative Stress Markers

To assess oxidative stress, serum levels of 8-epiPGF2a,

ox-LDL and d-ROMs were measured. Serum levels of

8-epiPGF2a were determined by means of a competitive

ELISA using a commercially available kit (Cayman Chemi-

cals, Ann Arbor, MI, USA), as previously described [20]. This

method has a specificity of 100% for 8-epiPGF2a, while

having minimal cross-reactivity with other compounds,

mostly 8-isoPGF3a. Concentrations of ox-LDL were

assayed with the noncompetitive immunoassay (Mercodia

AB, Uppsala, Sweden), which uses an antibody (4E6) that

was obtained after immunization of mice with copper-

oxidized LDL [21, 22]. As a measure of the equilibrium

between free radical production and antioxidant defense,

serum levels of d-ROMs were determined using a com-

mercial kit (d-ROMs test Diacron International, Grosseto,

Italy) on a Free Radical Analytical System (FRAS 4,

Diacron, Grosseto, Italy) [23–25]. The reactive oxygen

metabolites, primarily hydroperoxides are able to generate

alkoxyl and peroxyl radicals in the presence of iron

released from plasma proteins by an acidic buffer in

accordance to the Fenton’s reaction. Such radicals are, in

turn, able to oxidize an alkyl-substituted aromatic amine

(N,N-diethyl-para-phenylendiamine) to the corresponding

radical cation, which can be quantified spectrophotomet-

rically at 505 nm. The concentration of d-ROMs is posi-

tively directly correlated with color intensity and is

expressed as Carratelli Units (1 CARR U = 0.08 mg

hydrogen peroxide/dL). In normal subjects carr U values

range from 250 to 300 [23, 24].

Statistical Analysis

It was estimated that a sample size of 54 would give a 95%

power to detect a 15% difference in the reduction of

8-epiPGF2a between the 2 groups at an alpha of 0.05. We

included 60 patients allowing for a drop-out rate of *10%.

Preliminary analysis was performed to ensure no vio-

lation of the assumptions of linearity and normality. The

Shapiro–Wilk test was used to evaluate whether each

parameter followed a Gaussian distribution. Values are

expressed as mean ± standard deviation (SD) and median

(range) for normally and non-normally distributed vari-

ables, respectively. In-group comparisons of continuous

variable values prior to and post-treatment were performed

by a paired two-tailed Student’s test for parametric vari-

ables and Wilcoxon’s ranks test for non-parametric dis-

tributed ones.

Relationships between variables were assessed by the

Pearson’s and Spearman correlations coefficients for

parametric and non-parametric variables, respectively.

Analysis of covariance (ANCOVA), adjusted for baseline

values, was used for comparisons between treatment

groups. Logarithmic transformations were performed for

non-parametric variables. All comparisons were also held

into subgroups of hypercholesterolemic patients either

exhibiting ‘high oxidative stress’ or ‘normal oxidative

status’ at baseline. In hypercholesterolemic patients, ‘high

oxidative stress’ was defined as levels of 8-epiPGF2a equal

or greater than the mean value of 8-epiPGF2a plus a

standard deviation in controls.

Differences were considered significant at a value of

p \ 0.05. All analyses were carried out with SPSS 16.0

(SPSS Inc, Chicago, IL, USA).
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Results

Demographics

A total of 60 subjects were enrolled, 30 in the EZT group

and 30 in the TLC group. The demographic, clinical and

laboratory characteristics of the study population are

shown in Table 1. No differences between the EZT and

TLC group were recorded with regard to baseline clinical

and laboratory parameters.

Safety and Compliance

All patients completed the study protocol without any

withdrawals. Small elevations of aminotransferase activi-

ties (\3 times the upper limit of normal) were observed

in two patients in the EZT group and of creatine kinase

(\5 times the upper limit of normal) in one patient in the

same group. Enzyme activities returned to normal with

continuing treatment in all cases. Mean compliance was

above 90% during the study period.

Clinical Evaluation

No alterations in clinical parameters, including BMI, waist

circumference and blood pressure were noted in either

group. Likewise, RISCC scores remained unchanged at the

end of the follow-up in both treatment arms (data not

shown).

Changes in Lipids and Apolipoproteins (Table 1)

TC and LDL-C levels were reduced by 13.2 and 18.1%,

respectively, following ezetimibe treatment (p \ 0.001 vs.

baseline and p \ 0.001 vs. TLC group for both compari-

sons) (Table 1). No significant change with regard to

HDL-C and TAG levels was observed in the EZT group.

A decrease in non-HDL-C levels by 14.5% was recorded

(p \ 0.001 vs. baseline and p \ 0.05 vs. TLC group) in the

EZT group (Table 1). None of these variables was signif-

icantly altered from baseline in the TLC group. Ezetimibe

induced significant reductions in apoB and apoE levels by

16.5% (p \ 0.001 vs. baseline and p \ 0.01 vs. TLC

Table 1 Baseline demographic, clinical and laboratory parameters of the study population as well as changes in these parameters at the end of

the 12-week follow-up

Variable Ezetimibe group (N = 30) TLC group (N = 30) Controls (N = 30)

Baseline Week 12 Change % Baseline Week 12 Change % Baseline

Age (Years) 59 ± 9 – 56 ± 10 – 53 ± 10

Gender, male (%) 13 (43) – 14 (47) – 15 (50)

Current smokers (%) 8 (27) 8 (27) 0.0 9 (30) 9 (30) 0.0 9 (30)

TC (mg/dL) 258 ± 56 224 ± 49 -13.2***,� 247 ± 38 238 ± 22 -4.1 202 ± 32

TAG (mg/dL) 144 (50–373) 139 (48–284) -4.1 137 (74–281) 131 (58–301) -3.9 80 (45–169)

HDL-C (mg/dL) 60 ± 14 58 ± 13 -3.3 59 ± 14 59 ± 10 -0.4 51 ± 9

LDL-C (mg/dL) 169 ± 43 138 ± 36 -18.1***,� 163 ± 32 158 ± 27 -3.1 136 ± 26

Non-HDL-C (mg/dL) 197 ± 46 169 ± 40 -14.5***,� 191 ± 51 187 ± 38 -2.3 147 ± 31

ApoA1 (mg/dL) 167 ± 23 157 ± 18 -6.1 162 ± 19 158 ± 24 -2.1 152 ± 22

ApoB (mg/dL) 125 ± 37 105 ± 41 -16.5***,� 120 ± 28 114 ± 32 -5.5 89 ± 17

ApoE (mg/L) 46 (24–138) 38 (21–115) -15.4*,� 51 (20–112) 43 (32–100) -7.2 24 (10–52)

Ox-LDL (U/L) 108 ± 25} 86 ± 25 -20.8***,� 103 ± 32} 96 ± 27 -5.7 42 ± 15

8-epiPGF2a (pg/mL) 71 (30–273)} 61 (43–195) -15.2 74 (23–302)} 70 (34–159) -4.2 45 ± 19

d-ROMs (carr U) 380 ± 98} 343 ± 45 -10.0 375 ± 85} 358 ± 99 -4.4 281 ± 29

To convert values for TC, LDL-C, non HDL-C and HDL-C levels to mmol/L, multiply by 0.02586; to convert TG levels to mmol/L multiply by

0.01129

TLC therapeutic lifestyle changes, TC total cholesterol, TAG triacylglycerols, HDL-C high-density lipoprotein cholesterol, LDL-C low-density

lipoprotein cholesterol, apo apolipoprotein, ox-LDL oxidized low-density lipoprotein, 8-epiPGF2a 8-isoprostane, d-ROMs reactive oxygen

metabolites

* p \ 0.05 versus baseline, **p \ 0.01 versus baseline, ***p \ 0.001 versus baseline
� p \ 0.05 for the comparison with the TLC group, �p \ 0.001 for the comparison with the TLC group
} p \ 0.01 for the comparison with the control group
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group) and 15.4% (p \ 0.001 vs. baseline and p \ 0.01 vs.

TLC group), respectively, while apoA1 concentration

remained unchanged (Table 1). No change in apolipopro-

tein levels was noted in the TLC group.

Evaluation of Baseline Oxidative Stress

in Hyperlipidemic Patients and Controls

Hyperlipidemic patients exhibited higher levels of ox-LDL,

8-epiPGF2a and d-ROMs as compared with controls

(p \ 0.01 for all comparisons) (Table 1). ‘High oxidative

stress’ as assessed by increased baseline 8-epiPGF2a levels

(i.e., C64 pg/mL) was noted in 17/30 patients of the EZT

group and 18/30 patients of the TLC group (57 vs. 60%,

respectively, p = NS for the comparison between groups).

Changes in Oxidative Stress Markers

A significant reduction of ox-LDL levels by 20.8% was

observed following ezetimibe treatment (p \ 0.001 vs.

baseline and p \ 0.001 vs. TLC group) (Table 1). However,

ezetimibe treatment, by producing comparable decreasing

effects on ox-LDL and LDL-C levels, did not affect the ratio

of ox-LDL to LDL-C (from 0.64 ± 0.23 to 0.62 ± 0.21,

p = NS). No significant alterations in 8-epiPGF2a and

d-ROMs levels were noted in the EZT group after 12 weeks

of treatment (Table 1). No change was observed in the

TLC group in any of the above measured oxidative stress

markers.

Correlations of Oxidative Stress Markers

Baseline ox-LDL levels were correlated with baseline TC

(r = 0.72, p \ 0.001), non-HDL-C (r = 0.74, p \ 0.001),

LDL-C (r = 0.65, p \ 0.001) and apoB (r = 0.77,

p \ 0.001) levels. The post-treatment decrease in ox-LDL

levels observed in the EZT group was positively correlated

with age (r = 0.50, p \ 0.05), baseline levels of ox-LDL

(r = 0.41, p \ 0.05) as well as with the decreases in TC

(r = 0.48, p \ 0.05) and LDL-C levels (r = 0.57,

p \ 0.01). Baseline levels of 8-epiPGF2a were significantly

correlated with baseline TC levels (r = 0.41, p \ 0.05).

Only baseline 8-epiPGF2a levels (r = 0.52, p \ 0.05) were

correlated with the reduction in 8-epiPGF2a concentration

following ezetimibe treatment, which was independent of

any post-treatment changes in lipid and apolipoprotein lev-

els. Baseline d-ROMs concentration was correlated with

baseline TAG (r = 0.43, p \ 0.05), non-HDL-C (r = 0.43,

p \ 0.05) and Lp(a) (r = 0.60, p \ 0.01) levels. The

decrease in d-ROMs levels in the EZT group was positively

correlated with age (r = 0.498, p \ 0.05) and inversely with

baseline TC levels (r = -0.57, p \ 0.01).

Differential Changes of Oxidative Stress Parameters

in Ezetimibe-Treated Patients Exhibiting ‘High’

or ‘Normal’ Oxidative Stress at Baseline (Table 2)

Both groups exhibited similar serum lipid profile at base-

line. No differential effect of ezetimibe on serum lipid and

apolipoprotein levels was observed between groups. In

patients who exhibited ‘high oxidative stress’ at baseline

(n = 17) ezetimibe treatment significantly reduced ox-

LDL levels by 19.1% (p \ 0.01 vs. baseline), whereas the

ratio of ox-LDL to LDL-C did not change (from

0.64 ± 0.31 at baseline to 0.63 ± 0.29 post-treatment,

p = NS). In the same subgroup of patients ezetimibe was

associated with a significant decrease in the levels of

8-epiPGF2a and d-ROMs by 20.4 and 18.2% (p \ 0.01 vs.

baseline for all comparisons), respectively. Spearman’s

correlations coefficients revealed that the post-treatment

decreases in 8-epiPGF2a and d-ROMs levels in the ‘high

oxidative stress’ patients was independent of any change in

lipid and apolipoprotein levels. The decrease in d-ROMs

levels was significantly associated only with baseline

d-ROMs concentration (r = 0.68, p \ 0.05).

In the subgroup of patients with ‘normal oxidative

stress’ at baseline (n = 13) ezetimibe treatment was asso-

ciated with a significant decrease of ox-LDL levels by

18.9% (p \ 0.01 vs. baseline). This decrease was not sig-

nificantly different from that observed in patients with

‘high oxidative stress’. Contrarily to the patients with ‘high

oxidative stress’, no post-treatment changes in 8-epiPGF2a

and d-ROMs levels were observed among hyperlipidemic

patients with ‘normal oxidative stress’ at baseline

(p \ 0.05 for the comparison between groups). Also, TLC

resulted in no significant changes in any of the examined

oxidative stress markers in patients with either ‘normal’

(n = 12) or ‘high’ (n = 18) oxidative stress at baseline.

Discussion

The present study provides evidence that a 12-week eze-

timibe treatment may reduce oxidative stress markers in

subjects with primary hypercholesterolemia. This benefit is

reflected by a decrease in the levels of 8-epiPGF2a and

d-ROMs, which was observed among patients with ‘high

oxidative stress’. Decreases in ox-LDL levels following

ezetimibe treatment were closely related with the degree of

LDL-C lowering. Therefore, the levels of ox-LDL to LDL-

C ratio did not change. No differential effect of ezetimibe

on ox-LDL was detected in patients with either ‘high’ or

‘normal’ oxidative stress at baseline.

Ezetimibe is a potent inhibitor of cholesterol intestinal

absorption and effectively decreases LDL-C levels. How-

ever, it remains uncertain whether this drug may affect
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atherosclerosis progression or improve clinical outcomes

[8–11]. Given the potency of ezetimibe to effectively

reduce LDL-C levels, the possible pleiotropic antiathero-

sclerotic actions of ezetimibe have been posed under

question [12]. Several studies have come with contradic-

tory results with regard to the effect of ezetimibe on

inflammatory markers and endothelial function indices [12,

26, 27]. The anti-oxidative potential of this drug is also

under consideration. In this study, we tested the hypothesis

that ezetimibe treatment may decrease markers of oxidative

stress in subjects with primary hypercholesterolemia.

Markers used for the evaluation of oxidative stress were

ox-LDL, 8-epiPGF2a and d-ROMs.

Ox-LDL, the product of oxidative modification of LDL,

when impedes into the arterial wall induce endothelial

dysfunction and gives rise to a cascade of inflammatory

and proliferative processes leading to atherosclerotic pla-

que formation [14, 28]. High levels of ox-LDL have been

recognized as an independent risk predictor for cardio-

vascular disease [29]. Ezetimibe treatment significantly

decreased ox-LDL levels in our study (by 20.8%,

p \ 0.001) an observation that accords with recently pub-

lished results showing that ezetimibe treatment reduced

ox-LDL levels in 30 hyperlipidemic patients after a

3-month period [30]. Our results further showed that there

is a significant positive correlation of post-treatment

change in ox-LDL levels with the corresponding changes

in LDL-C. Consequently, the ratio of ox-LDL to LDL-C

remained unchanged, implying that the ezetimibe-induced

decrease in ox-LDL levels may be primarily attributed to

its effect on LDL-C levels.

8-epiPGF2a result from free-radical attack of cell

membrane phospholipids or circulating LDLs. 8-epiPGF2a

levels comprise a marker of lipid peroxidation and have

been recognized as one of the most valid markers of in vivo

oxidative stress. Increased levels of 8-epiPGF2a have been

associated with increased risk for cardiovascular disease

[31]. In our study a significant decrease of 8-epiPGF2a

levels was observed in patients with ‘high oxidative stress’

(by 20.4%, p \ 0.01 vs. baseline). This effect of ezetimibe

was independent of the degree of LDL-C lowering. Our

findings are consistent with a decrease in 8-epiPGF2a

levels associated with a 3-month ezetimibe treatment in 30

hyperlipidemic patients in the previously mentioned study

[30].

The d-ROMs test is a novel available test for the

determination of organic peroxides [31]. High concentra-

tions of lipid peroxides may produce an imbalance between

nitric oxide and reactive oxygen species in vascular

endothelium. This process results in endothelial dysfunc-

tion which comprises a critical step in the atherosclerotic

process [32]. In the present study, ezetimibe induced a

small (by 10%) but not significant decrease in d-ROMs

levels. Of note, this decrease was significant in patients

Table 2 Differential changes of laboratory parameters in ezetimibe-treated patients with ‘high’ or ‘normal’ oxidative stress at baseline

Variable High oxidative stress (n = 17) Normal oxidative stress (n = 13)

Baseline Week 12 Change % Baseline Week 12 Change %

Age (Years) 60 ± 9 – – 59 ± 9 – –

Gender, male (%) 7 (41) – – 6 (46) – –

Current smokers (%) 5 (29) 5 (29) – 3 (23) 3 (23) –

TC (mg/dL) 259 ± 27 222 ± 35 –12.9* 245 ± 35 204 ± 36 -14.2*

TAG (mg/dL) 164 (119–212) 146 (129–284) –5.7 126 (50–373) 122 (48–224) -3.0

HDL-C (mg/dL) 61 ± 11 60 ± 13 –2.4 59 ± 12 57 ± 14 -3.4

LDL-C (mg/dL) 172 ± 33 140 ± 25 –17.2** 161 ± 27 128 ± 31 -20.5**

Non-HDL-C (mg/dL) 198 ± 50 169 ± 41 –14.9** 189 ± 53 163 ± 45 -14.1**

ApoA1 (mg/dL) 172 ± 45 162 ± 41 –5.8 170 ± 49 160 ± 52 -6.2

ApoB (mg/dL) 130 ± 32 109 ± 27 –15.5** 128 ± 27 108 ± 19 -15.2**

ApoE (mg/L) 43 (24–138) 38 (21–129) –15.1* 47 (24–135) 37 (30–135) -19.4*

Ox-LDL (U/L) 110 ± 37 88 ± 27 –19.1** 103 ± 25 84 ± 22 -18.9**

8-epiPGF2a (pg/mL) 102 (69–273) 83 (43–288) –20.4**,� 50 (30–58) 56 (48–93) ?5.1

d-ROMs (carr U) 391 ± 86 318 ± 97 –18.2**,� 374 ± 77 352 ± 56 -5.9

To convert values for TC, LDL-C, non HDL-C and HDL-C levels to mmol/L, multiply by 0.02586; to convert TG levels to mmol/L multiply by

0.01129

TC total cholesterol, TAG triacylglycerols, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, apo apo-

lipoprotein, ox-LDL oxidized low-density lipoprotein, 8-epiPGF2a 8-isoprostane, d-ROMs reactive oxygen metabolites

* p \ 0.05 versus baseline, **p \ 0.01 versus baseline
� p \ 0.05 for the comparison between groups
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with ‘high oxidative stress’ at baseline (by 18.2%, p \ 0.01

vs. baseline). This effect was independent of any post-

treatment change in lipid parameters. The ezetimibe-related

reduction of d-ROMs in our study is comparable to that

induced by a 22-week ezetimibe treatment (by 11%) in 14

high-risk patients with hypercholesterolemia who were on

stable treatment with statins [16].

Study Limitations and Strengths

Limitations of the current study include the open-label

design, the absence of a ‘true’ placebo group and the rela-

tively short duration. Also, it should be acknowledged that it

is very difficult to correctly quantify lipid peroxides and is

impossible to quantify reactive oxygen species in vivo, due

to their reactivity. We determined ox-LDL, dROMs and

8-epiPGF2a levels which are only markers of oxidative

stress. In addition, 8-epiPGF2a levels would depend on

the amount of arachidonic acid in the diet. To this regard, the

determination of arachidonic acid would be useful and the

concentration of 8-epiPGF2a should have been expressed

per equivalent of plasma 20:4.

On the other hand, we assessed oxidative stress by the

determination of various parameters, we included a TLC

group and we blindly assessed endpoints.

Conclusion

In patients with primary hypercholesterolemia ezetimibe

may reduce markers of oxidative stress, including ox-LDL,

8-epiPGF2a and d-ROMs levels, especially in those who

exhibit ‘high oxidative stress’ at baseline. This action of

ezetimibe, especially the decrease in ox-LDL levels, could

be at least partially mediated through its lipid-lowering

potency. However, the possibility that ezetimibe may

decrease 8-epiPGF2a and d-ROMs levels independently of

its lipid-lowering capacity cannot be excluded. Further

studies are needed to explore the underlying mechanisms

for the anti-oxidative actions of ezetimibe.
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Abstract Women with diabetes are faced with a higher

risk of dyslipidemia and cardiovascular disorders than men

with diabetes. We aimed to study the role of gender and

menopausal status in serum Lp(a) levels in patients with

type 2 diabetes. We quantified serum Lp(a) levels in a group

of 477 patients with type 2 diabetes (men, premenopausal

and postmenopausal women with diabetes), as well as in

105 controls. We stratified the patients into two groups of

low Lp(a) levels (Lp(a) \35 mg/dl) and elevated Lp(a)

levels (Lp(a)[35 mg/dl). Patients with diabetes had higher

serum Lp(a) levels than the controls. Serum Lp(a) levels

was significantly higher in women with diabetes than men

with diabetes. Lp(a) levels did not differ between male and

females in the control group. Premenopausal and post-

menopausal women with diabetes did not differ signifi-

cantly in serum Lp(a) levels. The odds ratio of having a

serum Lp(a) level higher than 35 was 5.85 in premeno-

pausal women with diabetes, 5.08 in postmenopausal

women with diabetes, 2.41 in men with diabetes and 1.9 in

the women in the control group compared to the men in the

control group, after adjustment for age and BMI. This

observational study clearly indicated that serum Lp(a)

levels were significantly higher in women and men with

diabetes. The increase in women was independent of

menopause. The level of serum Lp(a) had no correlation

with lipid parameters in men or women.

Keywords Lipoprotein(a) � Type 2 diabetes �
Dyslipidemia � Women � Menopause

Abbreviation

Apo (B) Apoprotein B-100

BMI Body mass index

HDL-C High density lipoprotein cholesterol

LDL-C Low density lipoprotein cholesterol

Lp(a) Lipoprotein(a)

TG Triglyceride

VLDL Very low density lipoprotein cholesterol

Introduction

While cardiovascular disease mortality is currently

decreasing in the general population [1], mortality in

women with diabetes is increasing [2]. Both metabolic

syndrome and diabetes pose a significant increase in the

risk of mortality in postmenopausal women [3]. However,

the traditional risk factors for coronary heart disease like,

hypertension, elevated serum cholesterol, smoking habit

and diabetes dyslipidemia [4], do not explain the excessive

prevalence of coronary heart disease among women with

diabetes [5–7].

M. Nakhjavani (&) � A. Morteza � A. Esteghamati �
O. Khalilzadeh � A. Zandieh � R. Safari

Endocrinology and Metabolism Research Center (EMRC),

Vali-Asr Hospital, Tehran University of Medical Sciences,

P.O. Box: 13145-784, Tehran, Iran

e-mail: nakhjavanim@tums.ac.ir

A. Morteza

e-mail: aafsaneh03@gmail.com

A. Esteghamati

e-mail: esteghamati@tums.ac.ir

O. Khalilzadeh

e-mail: khalilzadeh@razi.tums.ac.ir

A. Zandieh

e-mail: ali_zandieh3@yahoo.com

R. Safari

e-mail: s_reza406@yahoo.com

123

Lipids (2011) 46:349–356

DOI 10.1007/s11745-010-3513-1



Lipoprotein a [Lp(a)] is a modified form of low density

lipoprotein in which apoprotein B-100 [apo (B)] is linked

to a unique glycoprotein, named apoprotein (a) [8]. It is

mainly determined genetically, depending on apoprotein

(a) genotype [9, 10]. The direct association between serum

Lp(a) levels and the risk of cardiovascular disorders is well

established [11, 12]. Elevated levels of serum Lp(a) is also

associated with an increased risk of coronary heart disease

in patients with diabetes [13, 14]. It is also a predictor of

non-proliferative retinopathy in these patients [15–19].

Lp(a) is present in the arterial wall at sites of atheroscle-

rosis in humans and results in both atherogenesis and

thrombosis (3). Elevated levels of Lp(a) are associated with

aortic dissection [20], occlusion of large cerebrovascular

arteries [21] and silent cerebrovascular infarction in

hemodialysis patients [22].

To date, we are unaware of any study demonstrating the

impact of diabetes and menopausal status on serum Lp(a)

levels. This is debatable due to the wide variability of

serum Lp(a) levels in the general population, its highly

skewed distribution and the role of gender particularly on

its association with diabetes [23–26]. In this observational

study, we aimed to evaluate serum Lp(a) levels, in males,

premenopausal and postmenopausal females with diabetes.

Method

We performed a cross-sectional analysis of the serum

samples of 477 patients with type 2 diabetes who were

consecutively selected from the diabetes clinic of Vali-Asr

hospital affiliated with Tehran University of Medical Sci-

ence plus 105 controls. Controls were healthy volunteers

from the patients’ concomitants or hospital staff. Healthy

controls were selected from those without any known

disease including type 2 diabetes, hyperlipidemia, ischemic

heart disease, and malignancy. The patients were divided

into 3 groups of 115 women in premenopausal state, 144

women in postmenopausal state and 218 men. Diabetes

was diagnosed according to the criteria of the American

Diabetes Association [27]. Exclusion criteria were preg-

nancy, acute or chronic renal failure, glomerulonephritis,

congestive heart failure, thyroid disorders, acute infections,

stroke, diabetic ketoacidosis, non-ketonic hyperosmolar

diabetes and hospital admission in recent months. The age

of menopause and the time of elapse after menopause were

recorded in the questionnaire. None of the studied partic-

ipants had overt diabetes complications; none of the stud-

ied patients had a history of ischemic heart disease. The

frequency of insulin therapy was similar between men and

women with type 2 diabetes (15–20%). Based on our

clinical experience, we rarely have diabetic patients on

either oral contraceptive agents or hormone replacement

therapy. Therefore, we think this will not influence on our

results. The groups were also matched according to statin

therapy. Nearly 40–60% of the patients were on statin

therapy. Furthermore, our clinical experiences indicate that

niacin treatment may reduce Lp(a) levels at a very high

doses. None of the participants in our study were using

niacin at high doses.

Demographic and anthropometric data including age,

sex, duration of diabetes, height, weight in light clothing

and blood pressure in the sitting position were recorded.

Blood pressure was remeasured twice after an average of

5 min. The body mass index (BMI; kg/m2) was calculated

according to the Quetelet formula. All participants gave

written informed consent before participation. The research

was carried out according to the principles of the Decla-

ration of Helsinki; the local ethics review committee of

Tehran University of Medical Science approved the study

protocol.

Blood Samples

Blood samples were collected after 12 h of fasting and,

serum creatinine, fasting blood sugar (FBS), total choles-

terol, triglycerides (TG), high density lipoprotein choles-

terol (HDL-C), low density lipoprotein cholesterol (LDL-C)

and HbA1C were measured. Glucose measurements [intra-

assay coefficient of variants (CV) 2.1%, inter-assay CV

2.6%] were carried out using the glucose oxidase method.

Cholesterol, HDL-C, LDL-C and TG were determined using

direct enzymatic methods (Parsazmun, Karaj, Iran). HbA1C

was estimated by high-pressure liquid chromatography

(HPLC) Method. Apo (B) and Lp(a) were measured by

multiple standard non-linear immunoturbidimetry with a

Cobas-Mira device. All the kits used were supplied by

Parsazmun Co., Karaj, Iran.

Statistical Analysis

The statistical package SPSS 16 for Windows (Chicago, IL,

USA), was used for analysis. The Kolmogorov–Smirnov

test was employed to test the normality of the variables in

each group. Variables distributed normally are presented as

means ± standard deviation of mean (SD). Variables with

skewed distribution are presented as the median [inter-

quintile range]. For comparison of serum Lp(a) level, lipid

profile and other variables between patients with type 2

diabetes and controls and also between men and women

within in each group, Mann–Whitney U test (for variables

deviated from normal distribution), and student t tests (for

normally distributed variables), were employed. Partial

correlation coefficients were calculated to demonstrate the
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association of serum Lp(a) and apo (B) level with other

studied variables, after adjustment for age and BMI.

Plasma Lp(a) levels vary over 100 fold in the population,

ranging from \0.1 mg/dl to [100 mg/dl [21]. Threshold

levels of serum Lp(a) for the development of atheroscle-

rosis varies from 20 to 45 mg/dl [21]. To provide a mea-

sure of association of high Lp(a) levels and cardiovascular

risk factors the patients were stratified into two groups of

low Lp(a) levels (\35 mg/dl) and elevated Lp(a) levels

([35 mg/dl). Logistic regression analysis was employed to

predict the odds of a patient having a serum Lp(a) level

higher than 35 mg/dl in each group, after adjustment for

age and BMI. General linear models were employed to

study serum Lp(a) levels in premenopausal and postmen-

opausal state when controlling for age, duration of diabetes

and BMI. Significance was set at p \ 0.05.

Results

Demographic data of participants are shown in Table 1.

The mean of age, BMI, total cholesterol, LDL-C and dia-

stolic blood pressure was similar for patients and controls.

Patients with diabetes had significantly higher serum Lp(a),

apo (B), TG and HDL-C levels than the controls (Table 1).

Men and women in the control group were similar in all

studied variables except that the women had a higher

HDL-C level. There was a significant difference between

men and women with diabetes in BMI, lipid profile and

diastolic blood pressure. Women with diabetes had higher

serum Lp(a) levels than men with diabetes (Table 1). The

distribution of serum Lp(a) levels in controls, men with

diabetes, premenopausal and postmenopausal women with

diabetes are illustrated in Fig. 1.

Postmenopausal women had significantly higher levels

of apo (B), LDL-C, total cholesterol, and systolic blood

pressure than premenopausal women, however, they did

not differ significantly in serum Lp(a), FBS, TG, HDL-C,

diastolic blood pressure and HbA1C levels (Table 2).

Serum Lp(a) levels did not differ significantly between

premenopausal and postmenopausal women with diabetes,

even after adjusting for age, duration of diabetes and BMI.

There were no difference sin serum Lp(a) levels before

(n = 29) and after (n = 36) menopause in controls.

Partial correlation analysis demonstrated that serum

Lp(a) levels had a significant correlation with FBS in men

and women of control group, when controlling for age and

BMI (Table 3). It did not have any significant correlation

with the lipid profile, HbA1c, systolic and diastolic blood

pressure in the studied groups.

The Lp(a) level was more than 35 (mg/dl) in 31% of

women in the control group, 21% of men in the control

Table 1 Characteristics of the participants

Control (n = 105) Diabetes (n = 477) P value

Men (n = 40) Women (n = 65) Men (n = 218) Women (n = 259)

Age (years) 52.8 ± 7.6 53.3 ± 7.8 56.5 ± 11.6 53.7 ± 10.19 NS

Body mass index (kg/m2) 26.8 [25.6–28.3] 27.8 [26.4–29.1] 25.8 [24.3–26.1] 28.1 [27.3–29.5]* NS

Duration of diabetes (years) – – 9.77 ± 7.1 8.1 ± 7.1 –

Lp(a) (mg/dl) 16.5 [17.0–29.34] 18 [24–42] 25.50 [31.3–51.1] 42 [46.3–58.6]** \0.001

Apo (B) (mg/dl) 97.3 ± 23.3 97.2 ± 30.2 100.86 ± 26.58 117.8 ± 30.2** \0.001

Cholesterol (mg/dl) 202.6 ± 31.7 201.95 ± 40.3 192.03 ± 5.215 233 ± 63.9** NS

Triglyceride (mg/dl) 161 [149.2–196.1] 132 [129–193] 157.5 [159.7–194.1] 191 [211–251]** \0.001

HDL-C (mg/dl) 37.3 ± 13.97 46.3 ± 14.9* 40.6 ± 14.05 47.2 ± 15.4** \0.001

LDL-C (mg/dl) 130.9 ± 29.6 127.8 ± 35.3 117.13 ± 4.085 141 ± 48.8** NS

HbA1c (%) – – 9.1 [8.6–9.9] 9.4 [9.0–9.8] \0.001

FBS (mg/dl) 92.0 [87.7–95.6] 91.6 [89.0–95.3] 195 [187.5–215.6] 192 [190.7–213.2] \0.001

Creatinine (mg/dl) 0.90 ± 0.15 0.94 ± 0.21 0.98 ± 0.09 0.91 ± 0.14 \0.001

Systolic blood pressure (mmHg) 120 [117–127.6] 130 [121.5–131.8] 129.0 [125.6–131.9] 130 [129.8–135.8] \0.001

Diastolic blood pressure (mmHg) 80.0 [78.4–84.3] 80.0 [73.3–82.4] 80.3 [75.2–79.4] 80.0 [79.1–82.9]* NS

Variables distributed normally are expressed as means ± SD, otherwise median [interquartile range]. Normally distributed variables were

compared using the t test and variables deviating from the normal distribution were compared using the Mann–Whitney U test for comparison of

men and women

P values were calculated for comparison of patients with type 2 diabetes and controls

NS not significant

* P \ 0.05, ** P \ 0.01, when comparing women with men in diabetes and control groups

Lipids (2011) 46:349–356 351

123



group, 41% of men with diabetes, 58% of premenopausal

women and 58% of postmenopausal women (Fig. 2).

Logistic regression analysis was employed to predict the

odds ratio of patients having a serum Lp(a) level higher

than 35 mg/dl in each group, when adjusted for age and

BMI. The odds ratio of having a serum Lp(a) level higher

Fig. 1 The distribution of

serum lipoprotein(a) level in

control subjects, men with

diabetes, premenopausal and

postmenopausal women with

diabetes

Table 2 Characteristics of

women with diabetes according

to menopausal status

Variables distributed normally

are expressed as means ± SD,

otherwise the median

[interquartile range]

* P \ 0.05, ** P \ 0.01,

*** P \ 0.001 when comparing

premenopausal with

postmenopausal women

Premenopausal (n = 115) Postmenopausal (n = 144)

Age (years) 42.7 ± 5.7 59.7 ± 7.19**

Body mass index (kg/m2) 28 [28.2–35.5] 28.1 [27.3–29.5]*

Duration of diabetes (years) 6.7 ± 5.38 9.8 ± 7.8**

Lp(a) (mg/dl) 42 [41.3–54.6] 41 [47.4–63.1]

Apo (B) (mg/dl) 112.8 ± 18.2 120.4 ± 30.6*

Cholesterol (mg/dl) 203 ± 44.7 241 ± 65.5**

Triglyceride (mg/dl) 186 [179–222] 184 [185–215]

HDL-C (mg/dl) 46.5 ± 14.4 47.7 ± 15.09

LDL-C (mg/dl) 132 ± 38.36 147 ± 48.37*

HbA1c (%) 9.0 [8.4–9.8] 9.6 [9.0–10.1]

FBS (mg/dl) 180 [179.15–207.8] 200 [193.7–217.7]

Creatinine (mg/dl) 0.88 ± 0.15 0.93 ± 0.13

Systolic blood pressure (mmHg) 120 [120.8–129.1] 130 [133.4–140.2]**

Diastolic blood pressure (mmHg) 78.4 [76.2–81.8] 80 [80.3–84.32]
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than 35 was 5.85 in premenopausal women with diabetes,

5.08 in postmenopausal women with diabetes, 2.41 in men

with diabetes and 1.9 in women of the control group

compared to men of the control group, when adjusting for

age and BMI (Table 4).

Discussion

In this observational study, we present results that clearly

indicate that the frequency distribution of Lp(a) levels in

our studied population was highly skewed and ranged from

very low toward high levels, which was more notable in

patients with diabetes (Fig. 1). Patients with diabetes had

higher serum Lp(a) levels than the controls. We showed

that serum Lp(a) levels were higher in women with dia-

betes than men with diabetes. There was no gender dif-

ference in serum Lp(a) levels in the control group. Serum

Lp(a) levels were higher in men with diabetes than men

and women in the control group. The risk of having a

serum Lp(a) levels above 35 (mg/dl) did not change

according to menopausal status.

There are controversial reports on the effect of diabetes on

serum Lp(a) levels. In agreement with our findings, some

studies have shown increased levels of serum Lp(a) in

patients with diabetes [28–30]. Koschinsky et al. [28] dem-

onstrated higher levels of serum Lp(a) in patients with dia-

betes. Similarly, Labudovic et al. [29] showed increased

serum Lp(a) levels in patients with diabetes which predicted

the risk of atherosclerosis in these patients. Serum Lp(a)

concentration also decreased by insulin treatment in non-

obese patients with type 2 diabetes [30]. Some earlier case

control studies found no difference in serum Lp(a) levels

between patients with diabetes and controls [31–33]. Rain-

water et al. [34] demonstrated lower serum Lp(a) levels

in patients with type 2 diabetes. A recent meta-analysis,

showed a lower serum Lp(a) level in patients with diabetes

compared to controls [35]. They analyzed the results of 35

studies of which none were specifically focused on the

populations with type 2 diabetes. The reference value of

Lp(a) levels was determined to be 12.6 (4.9–32.1) which is in

line with Lp(a) levels in our control group. They approxi-

mated that patients with diabetes have about 11% (4–17%)

lower serum Lp(a) levels compared to the reference values.

However, this result is not in line with most of the studies

which have directly measured serum Lp(a) levels in patients

with diabetes [28–30], including the present study.

Table 3 Partial correlation coefficients of lipoprotein(a) and apolipoprotein (B) with other studied variables after adjustments for age and BMI

Control women Control men Premenopausal women

with diabetes

Postmenopausal women

with diabetes

Men with

diabetes

Lp(a) Apo (B) Lp(a) Apo (B) Lp(a) Apo (B) Lp(a) Apo (B) Lp(a) Apo(B)

Lp(a) (mg/dl) 0.1 0.27 0.20 0.06 0.13

Apo (B) (mg/dl) -0.01 0.27 0.20 0.07 0.12

FBS (mg/dl) -0.54* -0.26 -0.84* -0.56 -0.04 0.11 0.00 0.01 0.07 0.13

HbA1c (%) -0.31 0.34 -0.38 0.08 0.18 0.15 0.129 0.07 -0.06 0.00

Cholesterol (mg/dl) -0.04 0.77** -0.61 0.60 0.13 0.86*** 0.13 0.91*** 0.09 0.73***

HDL-C (mg/dl) 0.36 0.02 0.17 -0.27 0.10 0.39 0.13 0.46*** -0.03 0.08

LDL-C (mg/dl) -0.09 0.73** -0.26 0.66 0.04 0.81 0.15 0.88*** 0.11 0.71***

Triglyceride (mg/dl) -0.41 0.42 -0.62 -0.70 0.24 0.39 -0.01 0.55*** 0.01 0.31***

Diastolic blood pressure (mmHg) 0.36 0.57* 0.44 0.51 -0.06 0.01 0.11 0.04 -0.01 0.02

Systolic blood pressure (mmHg) -0.29 0.37 0.80 0.05 -0.06 0.07 0.05 0.08 0.04 0.08

* P \ 0.05, ** P \ 0.01, *** P \ 0.001

Fig. 2 Frequency of patients according to lipoprotein(a) level in 1
men with diabetes, 2 premenopausal women with diabetes, 3
postmenopausal women with diabetes, 4 women in the control group,

5 men in the control group. The numbers above the bars represent the

percentage of participants with a high serum level of lipoprotein(a)
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High serum Lp(a) levels are a powerful risk factor for

coronary artery disease both in the general population and

patients with diabetes [14, 36–39]. Since women with

diabetes have a higher rate of mortality from cardiovas-

cular disorders than men [7], it could be hypothesized that

increased levels of serum Lp(a) in women with diabetes,

may be one of the mechanisms for this observation. On the

other hand, one could think that these results are affected

by the gender effect on serum Lp(a) levels which is dem-

onstrated by population based studies [40]. We showed that

the odds ratio of having a serum Lp(a) level higher than 35

was 5.85 in premenopausal women with diabetes, 5.08 in

postmenopausal women with diabetes, 2.41 in men with

diabetes and 1.9 in women of the control group compared

to men of the control group, when adjusting for age and

BMI. Therefore, if our findings are confirmed by large

longitudinal studies, serum Lp(a) levels could be consid-

ered as a powerful marker of coronary artery disease in

men and especially in women with diabetes.

Previous studies have suggested that the postmeno-

pausal state in women is associated with higher plasma

LDL-C, VLDL, TG, apo (B) and lower HDL-C concen-

trations than premenopausal women of comparable age

[41, 42]. However, we did not found any study addressing

the question whether menopausal status has any effect on

serum Lp(a) levels in patients with diabetes or not. In the

current study, we clearly demonstrated that, irrespective of

other lipid measures, serum Lp(a) levels do not differ

between pre- and postmenopausal women, even after

adjusting for duration of diabetes, age and BMI. This is

notable because some experimental studies have shown an

effective role for estrogen in lowering serum Lp(a) levels

[43]. Nakagani et al. showed that ovariectomy increases

serum Lp(a) levels in transgenic mice, whereas a continued

replacement of 17 beta estradiol reverses the changes. They

suggested that estrogen negatively regulates both plasma

Lp(a) levels and Lp(a)-induced vascular remodeling [43].

In a large prospective study conducted by Shilpack et al.

[44] Lp(a) was an independent risk factor for recurrent

coronary heart disease in postmenopausal women and

treatment with estrogen and progestin lowered its serum

levels. Similar studies have also shown that estrogen

therapy improves serum Lp(a) levels in the postmeno-

pausal state [45–47]. Whether these findings are caused by

the impact of diabetes or other confounding factors such as

accelerated aging in premenopausal women with diabetes

[48], has to be studied in the future.

In conclusion, we have shown a profound increase of

serum Lp(a) levels in women with type 2 diabetes, irre-

spective of menopausal state. This may add to the under-

standing of the lipid metabolism in patients with diabetes.

The limitations of the study are those inherent in a cross-

sectional analysis which precludes the determination of the

direction of causality. Nonetheless, this study took the

advantage of a relatively large sample size and close

similarity between groups in most of the affecting vari-

ables. Evaluating the association of the serum Lp(a) level

with microalbuminuria in patients with diabetes may be an

interesting topic for future studies.
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Abstract The aim of this study was to investigate the

effects of GCKR polymorphism on the prevalence of

overweight and obesity in Chinese female subjects using a

gene-wide tagging- single nucleotide polymorphism

(tSNP) strategy. We conducted a genetic association study

in the Taizhou Retiree Women Cohort, a sub-cohort of

the Taizhou longitudinal study. We genotyped four tSNPs

(rs4425043, rs780094, rs814295, and rs8179206) of the

GCKR gene using the Taqman assay in 2,851 female

subjects and investigated their associations with over-

weight and obesity. Odds ratios and their 95% confidence

intervals (CIs) were derived from ordered logistic

regression model. We observed significant association

between rs4425043 and body-mass-index-defined over-

weight and obesity. The frequencies of A allele of the

rs4425043 exhibited a significant increasing trend from

normal weight (13.20%), overweight (15.08%), to obese

subjects (17.10%) (P = 0.006). Individuals with the GA

or AA genotypes showed a 31% excessive risk to develop

overweight or obesity (95% CI: 1.12–1.52, P = 0.001). In

addition, we observed significantly increased levels of

fasting plasma glucose associated with variations of both

rs780094 and rs814295 (5.03, 5.09, and 5.15 mmol/L for

rs780094 AA, GA and GG genotypes, respectively, and

5.03, 5.11, and 5.20 mmol/L for rs814295 AA, GA and

GG genotypes, respectively). In conclusion, a novel

polymorphism (rs4425043) in the GCKR gene increases

the risk of overweight and obesity in Chinese women.

Previous report that other polymorphisms in the GCKR

gene are associated with glucose levels have also been

confirmed.

Keywords Chinese Han � GCKR � Overweight � Obesity �
Polymorphism � Women
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Introduction

Overweight and obesity are important modifiable risk

factors for cardiovascular disease and associated condi-

tions, including type 2 diabetes, hypertension, hypercho-

lesterolemia, coronary heart disease, and stroke [1].

Excessive body weight is also associated with an increased

risk for other health consequences, such as osteoarthritis,

gall bladder disease, and some cancers [2, 3]. In Europe,

the prevalence of obesity in women varies from 6.2 to

36.5% [4]. In recent decades, with the rapid economical

growth in China, the prevalence of overweight and obesity

has been increasing [2, 5]. In 2006, the prevalence of

obesity was 7.2%, representing a 3.6-fold increase from

1996 [6].

Obesity demarcates an imbalance between energy intake

and energy expenditure, and excess energy has been stored

in fat cells that enlarge and increase in number resulting in

elevated secretion of free fatty acids and numerous pep-

tides [7]. Glucokinase (GCK) is a key regulatory enzyme in

the pancreatic-cells, and it plays a crucial role in deter-

mining the threshold for glucose-stimulated insulin secre-

tion [8]. GCK activity, at least in the liver, is closely

regulated by the glucokinase regulatory protein (GCKR)

[9]. The GCKR gene is localized on chromosome 2p23.2–3

[10], a genomic region previously linked to metabolic traits

like fat mass and circulating lipid concentrations [11].

Animal studies indicated that GCKR-knockout mice show

a parallel loss of GCK protein levels and activity in the

liver, leading to altered glucose metabolism and impaired

glycemic control [12].

Recently, a single nucleotide polymorphism (SNP)

rs780094 in the GCKR gene was found to be associated

with metabolic phenotypes in Caucasians or Japanese [13–

18]. To appraise systematically the effect of GCKR genetic

variation on these phenotypes, we conducted a genetic

association study using a gene-wide tagging-SNP (tSNP)

strategy. This method might save cost since only a small

proportion of tSNPs of the studied gene give sufficient

information to capture most of the haplotype structures in

the high linkage disequilibrium (LD) regions [19].

Subjects and Methods

Study Subjects

The Taizhou longitudinal study (TZL), which was initiated

in July 2007, was an open-ended prospective study with

very broad research aims. The design and baseline char-

acteristics of the study have been described previously

[20]. The Taizhou Retiree Women Cohort is a sub-cohort

of the TZL. This sub-cohort includes women who were

born between 1944 and 1958 (aged 50–64 years). After

baseline survey, 7,786 retired women without a history of

cancer, stroke, and myocardial infarction were recruited for

long-term followed up includes Taizhou is a prefecture of

Jiangsu province in China. From the perspective of popu-

lation size and economic development, Taizhou is a mid-

sized city in China. The women in Taizhou retire at least

5 years earlier in age than men. Like women living in other

mid-sized cities of China, the retired women in Taizhou are

subject to much lower stress in life than their male coun-

terparts. The Taizhou Retiree Women Cohort survey aims

to investigate the relationship between the women’s life-

style and the incidence of metabolic and cardiovascular

diseases.

A random sample of 2,851 women from the above-

mentioned Taizhou Retiree Women Cohort was drawn for

this genetic association study. Subjects who reported a

history of autoimmune diseases, tuberculosis, and abnor-

mal thyroid function, were excluded from this study since

these conditions may affect the level of metabolic pheno-

types. The study was approved by the Human Ethics

Committee of Fudan University. Written informed consent

was obtained from all participants.

Protocol and Measurements

All participants had a face-to-face interview and a physical

examination. Body weight and height were measured to

calculate the BMI (the ratio of weight in kg to the square of

height in m). The waist circumference (WC) was measured

midway between the caudal point of the costal arch as

palpated laterally and the iliac crest. A blood specimen was

drawn after overnight fasting and subjected to centrifuga-

tion within 3 h and analyzed within 8 h for measuring

triglycerides (TG) and fasting plasma glucose (FPG). The

normal weight group, overweight group, obesity group

were defined as 18.5 up to 23.9, from 24 to 27.9,

and greater than 28 kg/m2, respectively, according to the

Chinese criteria [21]. Hypertriglyceridemia was defined as

TG C 1.7 mmol/l. Type 2 diabetes mellitus was defined as

FPG C 7.0 mmol/l.

Selection of tSNPs

Haplotype-tagging SNPs of the GCKR gene were selected

using the Chinese Han sample in Beijing, China, available

from the International HapMap databank (public data

release 21 a/phase II, Jan. 2007; http://www.hapmap.

org/cgi-perl/gbrowse/hapmap_B35/). To identify common

haplotype tSNPs, eligible SNPs were entered into the tag-

ger program that has been implemented in Haploview

version 3.32 [22]. We defined the common variants as

those with a heterozygosity of [5% and set a threshold of

358 Lipids (2011) 46:357–363
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0.8 for the LD analysis r2. In total, four tSNPs (rs4425043,

rs780094, rs814295, rs8179206) in the GCKR gene cap-

turing 13 genotyped alleles were selected.

Genotyping

Blood samples were collected in EDTA-containing recep-

tacles and genomic DNA was extracted using a standard

method. Genotyping of the selected tSNPs was conducted

using the Taqman assay (Applied Biosystems, Foster City).

Sample DNA (10 ng) were amplified by PCR following the

recommendations of the manufacturer. Fluorescence was

detected using an ABI 7900HT and the alleles were scored

using sequence detection software (Applied Biosystems,

Foster City, CA, USA). Allele-specific probes used in the

TaqMan assay were designed for each of the polymorphic

sites. The genotyping success rates for GCKR rs4425043,

rs780094, rs814295, rs8179206 were 97.9, 99.7, 99.2 and

98.1%, respectively. Sequencing was implemented to test

the validity of genotyping.

Statistical Analysis

The deviation from the Hardy–Weinberg expectation for

the variants was tested by a Chi-square statistic. Differ-

ences of mean BMI, WC, FPG, TG across genotype groups

were tested using an ANOVA method. Allelic and geno-

typic frequencies were compared among the normal

weight, overweight, and obesity groups using the Chi-

square test or Fisher’s exact test. The odds ratios (ORs) and

the corresponding confidence intervals (95% CIs) were

estimated by ordered logistic regression models under the

dominant genetic model assumption, to test the association

between SNPs and BMI-defined overweight/obesity where

appropriate due to the low frequency of a minor allele. The

three categories of dependent variable were treated as

ordered values (normal weight as 0, overweight as 1, and

obesity as 2), and probabilities modeled were cumulated

over the lower ordered values. A score test was used for

testing the proportional odds assumption. For haplotype

construction, the genotype data were used to estimate inter-

marker linkage disequilibrium by measuring pairwise D0

and r2 and by defining LD blocks. Haplotype inferring and

haplotype association testing were conducted using the

Haploview software [22]. All analyses were performed

using SAS statistical software (release 8.2, SAS Institute

Inc, Cary, NC, USA).

Results

The clinical and metabolic characteristics of the studied

subjects by BMI categories are summarized in Table 1.

Compared with normal weight subjects, the overweight and

obesity subjects had significantly higher WC, FPG, and TG.

Genotypes at all loci were consistent with Hardy–Weinberg

expectation. Allelic and genotypic frequencies of the four

tSNPs for the overweight, obesity and normal weight sub-

jects are shown in Table 2. The allelic and genotypic fre-

quencies at rs780094, rs814295 and rs8179206 did not differ

significantly among overweight, obesity, normal weight

subjects. However, the rs4425043 was significantly associ-

ated with body mass indices (BMI) defined as overweight/

obese. The frequency of the A allele of the rs4425043

increased from normal weight subjects (13.20%), over-

weight (15.08%) subjects, to obese subjects (17.10%).

Individuals with the GA or AA genotypes had a 31%

excessive risk (95% CI: 1.12–1.52, P = 0.001) of develop-

ing overweight or obesity (normal weight subjects as con-

trols) or developing obesity (subjects of normal weight or

overweight as controls) in a dominant model of A allele. The

significance remained after adjusting for age, or further

adjusting for FPG, and TG (Table 3).

We further explored whether the tSNPs affect the level

of metabolic phenotypes in the subjects who had a BMI

less than 28 kg/m2. We further excluded those subjects

whose TG C 1.7 mmol/l and/or FPG C 7.0 mmol/l. As

shown in Table 4, rs780094 and rs814295 variations were

significantly associated with increased FPG levels

(P = 0.034 and P = 0.002, respectively). The level of

Table 1 Clinical characteristics of the studied subjects

Variables Body mass index P#

18.5–23.9 24–27.9 C28

Number of subjects 1,115 1,019 717 –

Age (year, mean ± SDa) 57.65 ± 3.99 57.77 ± 3.99 57.81 ± 3.96 0.673

Waist circumference (cm, mean ± SD) 76.30 ± 5.70 84.54 ± 5.30 93.55 ± 6.49 \0.001

Fasting plasma glucose (mmol/L, mean ± SD) 5.13 ± 0.91 5.35 ± 1.03 5.48 ± 1.80 \0.001

Triglycerides (mmol/L, mean ± SD) 1.53 ± 1.00 1.80 ± 1.02 1.82 ± 1.08 \0.001

a SD standard deviation
# P values were inferred from the ANOVA test
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FPG increased with the copy of the minor G allele for both

variants (the FPG levels were 5.03, 5.09, and 5.15 mmol/L

for AA, GA and GG genotypes of rs780094 and 5.03, 5.11,

and 5.20 mmol/L for AA, GA and GG genotypes of

rs814295, respectively).

LD analysis of rs4425043, rs780094, rs814295,

rs8179206 revealed that the SNP rs780094 was in moderate

LD with rs814295 which were about 2 kb apart (D0 = 0.97,

r2 = 0.51). Haplotype analysis of rs780094 and rs814295

did not find major haplotypes conferring the risk of over-

weight/obesity (data not shown).

Discussion

In this study, we explored the relationship between four

tSNPs in the GCKR gene and the risk of overweight/

obesity defined by BMI in the Taizhou Retiree Women

Cohort. We observed a dose–response effect of A allele in

rs4425043 conferring an increased risk for overweight or

obesity. To the best of our knowledge, this is the first study

to correlate GCKR-rs4425043 with the risk of overweight

and obesity in Chinese females.

GCKR, including 19 coding exons, spans 26.8 kb on

chromosome 2. SNP rs4425043 is located at the 16th intron

of the GCKR gene. The functional significance of

rs4425043 is still unknown. As can be calculated from the

data of Han Chinese (CHB) in the International Hapmap

database, rs4425043 tags five SNPs located in a region

from the 5th to the 11th intron. This positive SNP is likely

a genetic marker which is in LD with a casual variant

located within this region. It is noteworthy that we did not

find significant association of this polymorphism with BMI

levels in the non-obese female subjects. Different modi-

fying effects of this polymorphism on the pathological

status of obesity and physiologic level of BMI may be the

explanation. Since only 1,356 non-obesity subjects were

included in the association analysis for quantitative traits,

false-negative association of rs4425043 with BMI levels

may also be an alternative explanation due to insufficient

statistical power.

Recently, two important SNPs in the GCKR gene were

reported to be associated with specific metabolic pheno-

types. SNP rs780094, located at intron 16 of the GCKR

gene, is in strong LD with a non-synonymous SNP

rs1260326 (P446L) located at exon 15 [13]. In two genome

Table 2 The distribution of genotype and allele frequency of GCKR
in studied subjects

Polymorphisms Body mass index P�

18.5–23.9 24–27.9 C28

rs4425043

GG 822 (75.34) 717 (71.63) 475 (67.95) 0.018

GA 250 (22.91) 266 (26.57) 209 (29.90) –

AA 19 (1.74) 18 (1.80) 15 (2.15) –

G 1,894 (86.80) 1,700 (84.92) 1,159 (82.90) 0.006

A 288 (13.20) 302 (15.08) 239 (17.10) –

rs780094

AA 336 (30.19) 275 (27.12) 188 (26.29) 0.191

GA 537 (48.25) 530 (52.27) 382 (53.43) –

GG 240 (21.56) 209 (20.61) 145 (20.28) –

A 1,209 (54.31) 1,080 (53.25) 758 (53.01) 0.686

G 1,017 (45.69) 948 (46.75) 672 (47.00) –

rs814295

AA 506 (45.75) 474 (46.88) 343 (48.31) 0.664

GA 483 (43.67) 446 (44.11) 300 (42.25) –

GG 117 (10.58) 91 (9.00) 67 (9.44) –

A 1,495 (67.59) 1,394 (68.94) 986 (69.44) 0.446

G 717 (32.41) 628 (31.06) 434 (30.56) –

rs8179206

AA 1020 (93.32) 936 (92.31) 653 (94.50) 0.344

GA 72 (6.59) 75 (7.40) 36 (5.21) –

GG 1 (0.09) 3 (0.30) 2 (0.29) –

A 2,112 (96.61) 1,947 (96.01) 1,342 (97.11) 0.216

G 74 (3.39) 81 (3.99) 40 (2.89) –

Due to missing values of genotyping data, the numbers in the columns

did not add up to the total numbers of subjects in each phenotype

category
� P values were inferred from the Chi-square test or Fisher’s exact

test

Table 3 Odds ratios for overweight or obesity associated with GCKR rs4425043 polymorphism

rs4425043 BMI OR (95% CI) Adj-OR (95%CI)a Adj-OR

(95%CI)b

18.5–23.9 24–27.9 C28

GG 822 (75.34) 717 (71.63) 475 (67.95) 1.0 (ref) 1.0 (ref) 1.0 (ref)

GA/AA 269 (24.66) 284 (28.37) 224 (32.05) 1.31 (1.12–1.52) 1.30 (1.12–1.52) 1.30 (1.12–1.52)

Odds ratios were derived from ordered logistic regression models. Due to missing values of genotyping data, the numbers in the columns did not

add up to the total numbers of subjects in each phenotype category
a Adjusted for age
b Further adjusted for age, fasting plasma glucose, and triglycerides
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wide association studies, the A allele of rs780094 was

found in association with decreased concentration of

plasma glucose and increased TG in Caucasians [14, 15].

Later, the A allele of rs780094 was found to be linked to

decreased risk of type 2 diabetes in Japanese [16]. In 12

independent cohorts comprising 45,000 individuals of

Caucasians, Asians, and African Americans, SNP rs780094

was found to be associated with decreased concentration of

plasma glucose but increased TG level [17]. Sparsø et al.

observed that the A allele of rs780094 polymorphism is

associated with elevated fasting serum triacylglycerol,

reduced fasting and OGTT-related insulinemia, and a

reduced risk of type 2 diabetes. More recently Qi et al. [23]

observed that the A allele of rs780094 is associated with a

reduced risk of diabetes, and a decreased risk of BMI

related obesity in Chinese subjects. Further, it was also

associated with increased TG levels and decreased BMI

and WC in this study [23]. A potential explanation of the

different effects on glucose and TG observed in these

studies is the opposite and overriding effects of increased

glucose utilization and glycolytic flux on liver glucose and

lipid metabolism [17]. Similar to these studies, we

observed that the A allele of rs780094 decreased the level

of plasma glucose (FPG was 5.15, 5.09, and, 5.03 for GG,

GA, and AA, respectively). However, we did not observe

that the rs780094-A allele increases the level of TG, as the

aforementioned studies did [19–23]. We also did not

observe that the rs780094-A allele increases the BMI and

WC, as Qi et al. observed [23]. Genetic and phenotypic

heterogeneity of these traits may be a reason for the lack of

significant associations in our study. The lack of statistical

power due to insufficient sample size, differences in gender

(our sample comprised only women) and age (the ages of

our sample ranged from 50 to 64 years) from other studies

may also be other possible reasons.

In this study, we observed another SNP, rs814295, to

be associated with the FPG level (FPG was 5.03, 5.11,

and, 5.20 for AA, GA, and GG of rs814295, respectively).

This SNP is located at the 17th intron of the GCKR gene

and is in moderate LD with rs780094 (r2 = 0.50), which

is located at intron16. We could not exclude the possi-

bility that the glucose decreasing effect of both the A

allele of rs814295 and the A allele of rs780094 results

from the effect of rs1260326 (P446L), which is in strong

LD with rs814295. However, since there were only 69

diabetes subjects in the study, we did not have the sta-

tistical power to explore the effect of rs780094 and

rs81429 on the prevalence of diabetes. Fortunately,

Taizhou Retiree Women Cohort is an ongoing prospective

study of old women which will be used to validate the

genotype–phenotype association discovered in the base-

line cross-sectional studies. The present study had other

Table 4 Clinical phenotypes according to GCKR genotypes in 1,356 subjects without obesity, diabetes (fasting plasma glucose C7.0 mmol/L),

and hypertriglyceridemia (triglyceride C1.7 mmol/L)

Phenotype Genotype P�

Major homozygote Heterozygote Minor homozygote

rs4425043 GG GA/AA – –

Na 984 345 – –

BMI (kg/m2) 23.38 ± 2.27 23.49 ± 2.38 – 0.435

Waist circumference (cm) 79.02 ± 6.77 79.53 ± 7.07 – 0.237

Fasting plasma glucose (mmol/L) 5.09 ± 0.59 5.07 ± 0.56 – 0.597

Triglycerides (mmol/L) 1.16 ± 0.31 1.17 ± 0.29 – 0.667

rs780094 AA GA GG –

Na 373 677 300 –

BMI (kg/m2) 23.26 ± 2.25 23.51 ± 2.31 23.26 ± 2.30 0.128

Waist circumference (cm) 78.84 ± 6.66 79.39 ± 7.04 78.94 ± 6.61 0.396

Fasting plasma glucose (mmol/L) 5.03 ± 0.56 5.09 ± 0.57 5.15 ± 0.67 0.034

Triglycerides (mmol/L) 1.18 ± 0.31 1.16 ± 0.31 1.17 ± 0.29 0.799

rs814295 AA GA GG –

Na 598 598 148 –

BMI (kg/m2) 25.41 ± 2.31 25.41 ± 2.31 25.25 ± 2.16 0.721

Waist circumference (cm) 79.19 ± 6.97 79.10 ± 6.81 79.23 ± 6.54 0.966

Fasting plasma glucose (mmol/L) 5.03 ± 0.56 5.11 ± 0.58 5.20 ± 0.65 0.002

Triglycerides (mmol/L) 1.17 ± 0.31 1.16 ± 0.31 1.16 ± 0.29 0.833

a Due to missing values of genotyping data, the numbers in the row did not add up to the total number of 1,356 subjects
� P values were derived from t test or ANOVA test
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limitations. For example, we did not consider the effects

of dietary intake or physical activity on the studied met-

abolic phenotypes since we did not include measurement

of these factors in this Retiree Women Subcohort. For-

tunately, we did include these exposures in the commu-

nity based sub-cohort of TZL, which can be analyzed in

future studies.

In summary, we have reported a novel polymorphism

(rs4425043) in the GCKR gene linked to the risk of over-

weight or obesity in Chinese women. We also confirmed

the previous finding that polymorphisms in the GCKR gene

are associated with the glucose level in a Chinese women

cohort. Since our cross-sectional case–control design was

based only on a baseline stage of an ongoing prospective

study, our exploratory results need to be validated in future

prospective studies.
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Abstract Contrary to other long chain saturated fatty

acids (SFA), fats high in stearic acid do not raise plasma

cholesterol concentrations, however, a slight elevation in

inflammatory markers, plasma fibrinogen and interleukin-6

(IL-6), has been observed in the fasting state. The effect of

stearic acid on inflammation in the postprandial state has

not yet been reported. We conducted a single blind cross-

over, randomized, postprandial study to compare the

effects of a fat load of cocoa butter high in stearic acid and

olive oil in ten healthy women. The test meals contained

1 g of fat per kg body weight (mean 62 g). Blood samples

were collected at 0 (fasting), 4 and 6 h. Both diets resulted

in a significant increase in serum triacylglycerol (TAG)

concentration over time (P = 0.003) and a decrease in

serum IL-6 concentration after 4 h followed by an increase

to post absorptive values after 6 h (P \ 0.001); whereas

serum high sensitivity C-reactive protein (hsCRP) con-

centration was not affected. There was no difference

between diets in effects on serum TAG, hsCRP and IL-6

concentrations and no association between postprandial

lipemia and inflammatory markers. High intake of dietary

fats increase postprandial serum TAG, however, may not

affect inflammatory markers postprandially. Thus, fat rich

in stearic acid does not seem to increase postprandial

inflammation.

Keywords Postprandial lipemia � C-reactive protein �
Interleukin-6 � Stearic acid � Triacylglycerol

Abbreviations

hsCRP High-sensitivity C-reactive protein

IL-6 Interleukin-6

OL Olive oil

CB Cocoa butter

%E Percentage of energy

TAG Triacylglycerol

TNF-a Tumor necrosis factor-a
SFA Saturated fatty acids

MUFA Monounsaturated fatty acids

PUFA Polyunsaturated fatty acids

BMI Body mass index

CAM Cellular adhesion molecules

Introduction

It is recognized that fats high in stearic acid are considered

more beneficial than other long chain saturated fatty acids

(SFA), as they do not raise plasma cholesterol concentra-

tion [1–3]. In addition, earlier studies from our group and

others demonstrated that stearic acid given as a synthetic,

interesterified fat resulted in a lower postprandial lipemia

and factor VII coagulant activity than test fats high in

unsaturated fatty acids [4, 5]. However, stearic acid may

lead to a slight but consistent increase in fasting plasma

fibrinogen, a marker of inflammation [6, 7]. A single study

demonstrated a slight increasing effect of stearic acid

compared to carbohydrate on fibrinogen, as well [8]. The

main regulator of hepatic synthesis of acute phase reactants
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such as C-reactive protein (CRP) is associated with future

cardiovascular disease in apparently healthy individuals

[9–12]. In the postprandial state, as well as in the fasting

state, inflammatory events may increase atherogenesis. It

was reported that an increase in plasma IL-6 was observed

in response to postprandial lipemia in humans, however, no

changes could be detected in plasma cell adhesion mole-

cules (CAM) concentrations after a high fat meal [13].

Specific dietary fats may influence the expression of

inflammatory markers in postprandial state differently.

Results from a study investigating influence of postprandial

TAG-rich lipoprotein on lipid mediated gene expression

demonstrated that intake of butter compared to refined

olive oil increased postprandial mRNA expression of tumor

necrosis factor-a (TNF-a) in smooth muscle cell of the

human coronary artery [14]. This is in agreement with a

decrease in postprandial IL-6 and TNF-a concentrations in

mononuclear cells after consuming olive oil and walnut

meals compared to butter meal [15]. A recent study in

healthy men, however, concluded that acute changes in the

dietary content of saturated and unsaturated fatty acids had

no adverse effect on postprandial circulation of the adi-

pose-related factors such as adiponectin, IL-6, TNF-a, or

hsCRP [16], although a transient increase in IL-6 after 6 h

was observed after both type of fats.

The detrimental effects of hydrogenated fats to health

have been confirmed by extensive epidemiological and

clinical studies. The mandatory ‘trans fatty acids’ labelling

on packaged food products effective on 2006 has driven the

food manufacturers to look for alternatives for hydroge-

nated vegetable oils. Hence, fats high in stearic acid may

be used as a suitable replacement for hydrogenated vege-

table oils with similar functionality by proving its health

effects. To the best of our knowledge, no study has been

conducted to examine the effect of a high stearic acid fat,

cocoa butter (CB) as SFA source compared to olive oil

(OL) on serum hsCRP and IL-6. Thus, we performed a

pilot study to investigate the postprandial effect of olive oil

and cocoa butter on serum TAG, hsCRP and IL-6 in

healthy women.

Materials and Methods

Study Design

We conducted a randomized, crossover, postprandial study

with refined OL and CB. The study participants (n = 10)

were given two test meals separated by a minimum of

3 days. After an overnight fast, participants reported to the

study center at 8:00 a.m. A venous blood sample was taken

and the participants consumed test meals within 15 min.

Blood samples were drawn at 4 and 6 h after the meal had

begun. The participants were instructed to maintain same

level of physical activity throughout the study period. They

were allowed to consume water ad libitum. The Scientific

Ethics Committee of the City of Copenhagen and Freder-

iksberg Municipality approved the research protocol

(protocol no. HB-2008-056 additional protocol). All par-

ticipants gave informed consent before the study was

commenced.

Subjects

We recruited ten female participants from Department of

Human Nutrition, Faculty of Life Sciences, University of

Copenhagen, Denmark by advertisement. The participants

were apparently healthy as indicated by interview, non-

smoking, not taking medication and without history of

cardiovascular diseases. Baseline characteristics of study

participants are presented in Table 1. The study partici-

pants were advised to consume low fat diet and refrained

from alcohol intake the day proceeding the study day. All

participants recorded their food intake the evening before

blood samples were drawn. To ensure the participants

consume the same meals for dinner the evening before each

intervention day, they were instructed to record all foods

eaten for dinner the night before the first test meal, and to

eat the same the evening before the second meal.

Test Diet

The test meals contained 1 g of fat per kg body weight

(mean 62 g). The study participants consumed a high fat

meal which consisted of OL or CB with the following %E:

fat 76, carbohydrate 21 and protein 3, respectively. The

nutrient composition of both test meals is shown in

Table 2. OL consisted mainly of oleic acid (73.3% wt),

whereas both oleic acid (34.1% wt) and stearic acid

(34.7% wt) were the major fatty acids composition in CB.

The high-fat meals were prepared using instant mashed

potatoes (Coop Danmark, Hadsten, Denmark). Each test

Table 1 Baseline characteristics of study participants (n = 10)

Variable Value

Age (years) 38.2 ± 10.7 (25.0–64.0)

Body weight (kg) 61.8 ± 5.5 (55.1–73.0)

BMI (kg/m2) 20.9 ± 1.3 (19.5–23.8)

Triacylglycerols (mmol/L) 0.70 ± 0.20 (0.33–0.89)

hsCRP (mg/L) 0.95 ± 0.24 (0.05–3.10)

IL-6 (mg/L) 0.81 ± 0.57 (0.29–1.43)

Values are means ± SD (range)

BMI body mass index, hsCRP high-sensitivity C-reactive protein,

IL-6 interleukin-6
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meal consisted of 1 g test fat and 1 g mashed potato

powder per kg body weight of the participant and was

mixed with 3 ml of boiling water per g of mashed potato

powder. The average energy intake per test meal was

2.6 MJ with 76% E fat. For OL refined olive oil was pro-

vided by Karlshamns BV, Zaandijk, The Netherlands

whereas for CB cacao butter was provided by Urtekram

A/S International, Mariager, Denmark.

Blood Collection

We collected venous fasting blood into plain tubes in the

morning at 8:00 a.m. and after 4 and 6 h after the test meal.

The tubes were clotted for 30 min and centrifuged at

2,2009g for 15 min at 4 �C. Aliquots of serum were har-

vested and stored at -80 �C until analyses.

TAG, hsCRP

Serum TAG was analyzed using enzymatic procedure

(ABX Pentra Triglycerides CP kit) on an ABX Pentra

autoanalyzer, Horiba Group, France. We measured serum

hsCRP concentrations according to the procedure of a high

sensitivity latex-enhanced immunoturbidimetric assay

(ABX Pentra CRP CP kit) using ABX Pentra autoanalyzer,

Horiba Group, France. The intra assay CV for TAG was

3.1% (n = 6) and 5.0% (n = 6) for hsCRP.

IL-6

We measured IL-6 using an enzyme-linked immunosorbent

assay (ELISA) kit (Quantikine HS6000, R&D System

Europe). All samples were assayed in duplicate within a

plate. A standard procedure of ELISA was performed

according to manufacturers’ instruction. Intra assay value

was 5.3% (n = 31).

Statistics

Outcome variables were analyzed using mixed model

ANCOVA and baseline values were used as covariates.

Variables were set as fixed effect and participant ID was

random effect. Data was log-transformed to obtain variance

homogeneity. Descriptive data of baseline characteristics

of study participants are presented as means ± SD (range),

and other data are presented as mean ± SEM. All analyses

were conducted using SAS 9.0, SAS Institute, Cary, NC,

USA. Age, BMI and the order in which the participants

received the test meals were tested for influence on the

results, and were found to have no influence. hsCRP

measurements from one participant after one test meal

(cocoa butter) were excluded from the analyses due to

increased hsCRP values which reflected a cold; this

exclusion did not influence the results. Two values from

one test meal (cocoa butter, 4 and 6 h) were not detectable.

In regard to IL-6 data were log-transformed to obtain

variance homogeneity. One observation was excluded from

the analysis (6 h, olive oil) to obtain variance homogene-

ity; this exclusion did not change the results.

Results

No drop-out or non-compliance was reported. There was a

significant increase in plasma TAG over time for both test

meals (P = 0.003), but there was no difference in response

between the two test meals (P = 0.41) (Fig. 1a). There was

no significant difference between the effects of the two test

meals (P = 0.53) on the postprandial hsCRP response

(Fig. 1b). A significant difference in plasma IL-6 was

found over time after both meals (P \ 0.001), but there

was no difference between the two test meals (P = 0.19)

for IL-6 (Fig. 1c). Likewise, it was necessary to exclude

one very high observation from the analysis (OL, 6 h) to

obtain variance homogeneity. This did not change the

overall results.

Discussion

Although the fatty meals induced a considerable increase in

postprandial lipemia the pro-inflammatory marker hsCRP

was not activated after either of the two test fats in our

study. This agrees with findings by others, a single study

with a mixture of SFA, MUFA and PUFA [17], with the

effects in healthy participants in trials including fat loads

either low or high in SFA [16, 18], together with a study

Table 2 Nutrient composition of test diets

Nutrient OL CB

Calorie (MJ/100 g) 2.6 2.6

Carbohydrates (%E) 21.3 21.3

Protein (%E) 2.6 2.6

Fat (%E) 76.1 76.1

SFA 11.8 47.7

C16:0 9.0 20.2

C18:0 2.1 26.4

MUFA 56.5 26.1

C18:1 55.8 26.0

PUFA 7.8 2.3

C18:2 7.3 2.2

C18:3 0.5 0.1

OL olive oil, CB cocoa butter, SFA saturated fatty acids, MUFA
monounsaturated fatty acids, PUFA polyunsaturated fatty acids
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including participants with the metabolic syndrome in

which ratio n-6/n-9 was modified [19]. Taken together

results from these studies indicate that high fat meals

irrespective of fatty acid composition do not increase

postprandial hsCRP values.

With regard to IL-6 we observed a transient decrease

after 4 h followed by an increase to postabsorptive values.

The response pattern with a lack of increase in IL-6 over

the day in our study is not in agreement with observations

from other studies on fat load, which reported a postpran-

dial increase in IL-6 in healthy individuals [13, 16, 18,

20–22]. It is noteworthy that also intake of carbohydrate

was shown to increase IL-6 [21] and specifically potatoes

raised IL-6 more compared to all bran meal [20]. In

addition, there were no differences in the rate at which IL-6

concentrations increased after fatty meals compared with

water [19]. Haack et al. [23] reported that diurnal variations

of IL-6 levels may be confounded by blood drawing pro-

cedures. It is unknown why the postprandial response in

IL-6 differed between our study and studies by others. We

speculate, if the postprandial increase in IL-6 reported in

more studies is due to diurnal variation, and that oleic acid

(and stearic acid), the two dominating fatty acids of the test

fats in our study, may have had a more neutral or even an

attenuating role in regard to plasma IL-6. The cocoa butter

meal contained 26.4% E as stearic acid, but also 20% E

palmitic acid and 26% E oleic acid (Table 1). Since cocoa

butter contains as much oleic acid as stearic acid, there is

no objective reason to suppose that stearic acid in the cocoa

butter meal could play the same neutral or attenuating role

as that of oleic acid in the olive oil meal. Accordingly, it

may be supposed that oleic acid at 26% E in the cocoa

butter meal (only twice less compared to the olive oil meal)

was sufficient by itself to prevent postprandial increases of

inflammation markers. The two meals essentially differed

by their ratio of total SFA to MUFA. A rationale for this

idea is finding from in vitro studies. Thus, contrary to

results from human intervention studies a different gene

expression in pro-inflammatory markers after consumption

of different dietary fat types was reported. Butter compared

to olive oil and walnut increased postprandial mRNA

expression of TNF-a and IL-6, in human coronary artery

cells [15]. Another study reported an increased expression

of inflammatory genes, TNF-a after butter compared to

olive oil and vegetable/fish oil [14]. A recent in vitro study

demonstrated that presence of as little as 1/10 ratio of oleic

acid to that of stearic acid attenuates stearic acid-included

pro-inflammatory responses in endothelial cells by reduc-

ing cellular stearic acid incorporation and NF-jB activa-

tion [24]. It is therefore, possible that a lack of differences

between cocoa butter and refined olive oil on serum TG,

IL-6 and hsCRP is mainly due to attenuation of stearic
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Fig. 1 Mean change of serum. a TAG, b hsCRP and c IL-6 from

baseline ± SEM. Baseline values were included as covariates.

a There was no difference in the effect of the test meals (Mixed

model ANCOVA), but a significant increase was found over time for

both test meals (P = 0.003), but there were difference between the

two test meals (P = 0.41). b There were no significant difference

between the effect of the two test meals (P = 0.53) on the

postprandial hsCRP response. c A significant difference was found

over time for both test meals (P \ 0.001), but there were no

difference between the two test meals (P = 0.19)
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acid-induced responses by the presence of substantial

amounts of oleic acid in the cocoa butter. However, there is

no previous evidence suggests that fatty acid quality affects

postprandial IL-6 response or other inflammatory markers

in human studies. In addition, although dietary fatty acid

composition may regulate gene regulation to some extend,

observed differences from in vitro studies may not be

applicable to the in vivo situation.

We hypothesized that there would be an association

between the postprandial lipemia and inflammatory mark-

ers, as suggested by others [21], however, we were not able

to confirm this relation. This lack of association agrees

with the results in healthy individuals [13], which did not

demonstrate significant correlations between postprandial

plasma TAG and IL-6, and CAMs. Based on our results

and the results by others who included inflammatory

markers as CAMs and TNF-a, we suggest that postprandial

increase in plasma TAG may not be the only player during

postprandial activation. Interestingly, the increased

inflammatory activity reported induced by high fat meals

was partly inhibited by antioxidant vitamins in one study

[21], which may be due to some involvement of oxidative

mechanism. Although there may be some affiliation the

role of increased postprandial lipemia on pro-inflammatory

activation is at the present not fully elucidated and lipemia

may not be the main player in regard to inflammatory

markers as agreed by others [16, 19].Taken together there

are rather few studies on acute effect of dietary fatty acid

composition on pro-inflammatory markers in humans, and

although available data suggest that there may be some

activation of fat load, this is not always the case. Moreover,

this activation is not demonstrated to be dependent on fat

quality in humans. More human intervention studies are

needed to clarify a possible relation.

Conclusion

In our study, fat loads with cocoa butter high in stearic acid

did not increase hsCRP and IL-6, both markers of inflam-

mation compared to olive oil postprandially. There was no

difference in postprandial response in plasma TAG and

inflammatory markers after intake of cocoa butter and olive

oil. In addition, we were not able to confirm any associa-

tion between postprandial lipemia and markers of inflam-

mation in healthy women. Overall, the study is an

explorative pilot study which may inspire others to perform

a larger study within this important research field. A larger

sample size study may be warranted to observe a signifi-

cant change in postprandial lipemia
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Abstract Macrophages in arterial walls accumulate lipids

leading to the development of atherosclerotic plaques.

However, mechanisms underlying macrophage lipid accu-

mulation and foam cell formation are often studied without

accounting for risk factors such as dyslipidemia. We

investigated the effect of varying concentrations of tri-

glyceride (TG) within physiological range on macrophage

fatty acid (FA) accumulation and expression of cholesterol

efflux proteins. Human monocytes were cultured in media

supplemented with 10% sera containing low (0.7 mmol/L)

to high (1.4 mmol/L) TG. The resulting macrophages were

harvested after 10 days for analysis of FA content and

composition and expression of genes involved in lipid

metabolism. Exposure to higher TG and lower HDL con-

centrations in media increased macrophage lipid content.

Macrophages exposed to higher TG had increased total FA

content compared with controls (876 lg/mg protein vs.

652 lg/mg protein) and greater proportions of C16:0,

C18:1 and C18:2. Macrophage expression of both ABCA1

and ABCG1 cholesterol efflux proteins were reduced when

higher TG concentrations were present in the media.

Expression of scavenger receptor CD36, involved in lipo-

protein uptake, was also downregulated in macrophages

exposed to higher TG. Culturing macrophages in condi-

tions of higher versus lower TG influenced macrophage FA

content and composition, and levels of regulatory proteins.

Replicating in vitro levels of dyslipidemia encountered in

vivo may provide an informative model for investigation of

atherogenesis.

Keywords Dyslipidemia � Triglyceride � Macrophage �
Fatty acids � Unsaturated fatty acids � Atherogenesis
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Introduction

Atherosclerosis is the pathology underlying cardiovascu-

lar disease (CVD) and accounts for up to 50% of deaths

in those with CVD [1]. A central step in atherogenesis

occurs when monocytes adhere to endothelium and

transmigrate into the subendothelial space where they

differentiate into macrophages and express scavenger

receptors CD36 and scavenger receptor-A (SR-A). These

scavenger receptors take up lipids in the form of modi-

fied low-density lipoprotein (LDL) [2] and also regulate

the uptake of free fatty acids (FA) [3]. Macrophage

lipoprotein uptake is balanced by cholesterol efflux reg-

ulated by members of the ATP-binding cassette trans-

porter family A1 and G1 (ABCA1 and ABCG1) [4].

Progression of foam cell formation to fatty streak and

atherosclerotic plaque development reflects the cumula-

tive effects of cholesterol and fatty acid accumulation

from very low density lipoprotein (VLDL) and LDL

uptake, balanced against anti-atherogenic cholesterol

efflux into the reverse cholesterol pathway via apolipo-

protein A-1 (apoA-1) and high-density lipoprotein (HDL)

[4]. Hyperlipidemia especially hypercholesterolemia cou-

pled with low HDL is a major risk factor for CVD [5].

Accumulating evidence suggests that elevated triglyceride

(TG) levels are an independent risk factor for CVD [6].

However, the mechanisms by which hypertriglyceridemia

increases development or progression of atherosclerosis are

not fully understood.

Monocytic cell lines such as THP-1 and U937 which

are differentiated into macrophages by the addition of

phorbol 12-myristate 13-acetate provide a model of

foam cell formation and lipid metabolism. However,

they are not necessarily representative of the processes

occurring in vivo [7, 8]. Human-derived macrophages

(hMDMs) are more representative models, however,

they tend to be cultured under generic conditions or

with supplementation of modified LDL to supraphysio-

logical levels to create a model of the diseased/patho-

logical state [9, 10]. Data are lacking to demonstrate

the effects of variation in lipid concentrations particu-

larly TGs within the physiological range on mechanisms

of macrophage lipid accumulation. To better understand

how hypertriglyceridemia occurring might modulate

macrophage lipid accumulation, we examined hMDMs

grown in an environment which reflected varying

degrees of hypertriglyceridemia encountered in vivo.

We sought to test the hypothesis that subtle changes in

TG levels would increase macrophage lipid accumula-

tion altering FA content and composition and regulating

proteins involved in both lipid uptake and cholesterol

efflux.

Materials and Methods

Reagents

Chemicals and reagents used are listed below with the

supplier. All solvents were high performance liquid chro-

matography grade (Mallinckrodt). Enhanced chemilumi-

nescence (ECL) reagent; Full range Rainbow Molecular

Weight Marker (GE healthcare, formerly Amersham

Biosciences). RPMI 1640; L-glutamine; penicillin/strepto-

mycin; phosphate buffered saline (PBS) (Invitrogen).

Heptadecanoic acid and Nile red (SIGMA). Peroxisome

proliferator-activated receptor c (PPARc) rabbit polyclonal

antibody; SR-A; stearoyl-CoA desaturase (SCD) and beta-

actin (goat polyclonal antibodies); RIPA lysis buffer (Santa

Cruz). ABCA1; ABCG1; and CD36 (rabbit polyclonal

antibody) (Novus Biologicals). Bio-Rad Protein Assay; bis-

acrylamide 30%; bovine serum albumin (BSA) (Bio-Rad).

Aprotinin; Phenylmethylsulfonyl fluoride; FastStart SYBR

Green Master mix (Roche Diagnostic). Glutaraldehyde;

and analytical- or HPLC-grade solvents (Merck, formally

BDH). TRIsure (Bioline).

Cell Culture and Serum Preparation

Human-derived macrophages were grown at 37 �C in a 5%

CO2 atmosphere. hMDMs were prepared from white buffy

coat concentrates from healthy donors as described [11].

Briefly buffy coats obtained from the Australian Red Cross

Blood Service (ARCBS) were diluted with PBS, layered

over Ficoll-Paque and centrifuged for 30 min at 1,0009g at

room temperature. The white blood cell layer was col-

lected, pelleted at 7009g for 10 min at 4 �C, washed and

re-suspended in RPMI media to allow purification of

monocytes by adhesion. Monocytes at a concentration of

1.5 9 106 cells/mL were cultured in RPMI-1640 medium

containing 10% (v/v) heat-inactivated whole human serum

from healthy volunteers for 2 days. The cells were washed

and incubated for a further 8 days in RPMI 1640 con-

taining 10% (v/v) heat-inactivated pooled serum supple-

mented with penicillin/streptomycin 100 U/100 lg/mL and

L-glutamine (2 mM) with replacement of media every

3 days. For experiments, serum was prepared using heat-

inactivated pooled fresh frozen plasma (FFP) which was

stood for 30 min and centrifuged at 16,0009g for 10 min

before collection of the serum supernatant. The sera were

pooled into four groups (A, B, C and D) according to

varying TG, HDL and total cholesterol concentrations

(Table 1). FFP was kindly provided by Transfusion Med-

icine, Fremantle Hospital. The protocol was approved by

the South Metropolitan Area Health Service Human

Research Ethics Committee.
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Nile Red Staining and Visualization of Lipids

Nile red stains neutral lipids such as TG and cholesterol

esters and can be visualized with fluorescence micros-

copy. After 8 days incubation in experimental media,

hMDMs were washed with PBS. Glutaraldehyde (1.5%)

was added to each well and left to incubate at 4 �C for

5 min to fix cells. The wells were washed several times

with PBS before Nile red in PBS (100 ng/mL) was

added to each well and left to incubate at room tem-

perature for 5 min. The cells were washed with PBS

before visualization under fluorescence microscopy at

yellow gold fluorescence (excitation 450–500 nm, emis-

sion [528 nm).

Fatty Acid Extraction and Gas Chromatography

On day 10 of culture, total FA content and FA composition

for both media and hMDMs were extracted and measured

by gas chromatography (GC) as previously described [11].

Samples were analyzed in a gas chromatograph (Hewlett

Packard 5890) using a 25 cm BPX70 capillary column

(SGE Scientific) of 0.35 mm internal diameter. The FA

quantified were C16:0, C18:0, C18:1, C18:2 and C20:4. As

SCD converts stearic acid (C18:0) to oleic acid (C18:1),

the ratio of C18:1 to C18:0, known as the desaturation

index, was calculated as an indicator of macrophage SCD

activity where an increased ratio would indicate increased

activity [12].

Biochemical Analysis

Fasting glucose, serum total cholesterol (TC), HDL-cho-

lesterol and TGs were measured using the Cobas Integra 800

analyser (Roche Diagnostics, Australia) following assay

methodologies previously described [11]. LDL-cholesterol

levels were calculated using the formula LDL = TC –

HDL - (TG/2.22) [13].

Macrophage RNA Extraction

Total RNA was isolated on day 10 of culture using TRIsure

reagent, according to the manufacture’s instructions. RNA

samples were treated with DNase I (DNA-freeTM Kit;

Ambion, Inc.) and stored at -80 �C. The quantity and

quality of RNA was determined on a NanoDrop 1000

Spectrophotometer (Thermo Fisher Scientific).

Reverse Transcription and Quantitative Real Time-PCR

First strand cDNA was synthesised from 1 lg of total RNA

using oligo(dT)20 primers with the SuperScriptTM III First-

Strand Synthesis System for RT-PCR (Invitrogen). Quan-

titative real time-PCR was performed on the Corbette

Rotorgene system (Rotorgene Research, Australia). Each

20 ll PCR reaction amplified 1 ll of cDNA using FastStart

SYBR Green Master mix and gene-specific primers. The

sequences of the primers used were as follows: ABCA1:

50-AGACGC AACACAAA AGTGG-30 and 50-TGG

GTAGCTCAGCCGAACAG-30, ABCG1: 50-GAGGGATT

TGGGTCTGAAC-30 and 50-GCAGCCTTCCATGGAC

GA-30, SCD: 50-ATGCCG GCCCACTTGCTG-30 and

50-CGAATGTCGTCTTCCAAG-30, CD36: 50-CTGGGG

CTGTCATTGGTG-30 and 50-TGTGGATTTTGCACAT

CA-30, LPL: 50-GAGCCAA AAGAAGCAGCAAAA-30

and 50-CCACGGTGCCATACAGA G-30, LXRa: 50-CC

CTGTGCCTGACATTCC-30 and 50-AGCAGGGCTGTG

GGCTCT-30, PPARc: 50-TCT CTCCGTAATGGAAGA

CC-30 and 50-GCATTATGAGACAT CCCCAC-30 and

b-actin: 50-CTGGCACCACA CCTTCTA-30, and 50-GGT

GGT G AAGCTGTAGCC-30. Standard curves were cre-

ated using serial dilutions of reference plasmids containing

full-length cDNA transcripts of ABCG1 (pcDNA4/myc

-His.hABCG1 kindly provided by Dr. I Gelissen, Univer-

sity of New South Wales, Australia), PPARc (pCR3.

1.hPPARc1 kindly provided by Prof. B Spiegelman, Dana-

Farber Cancer Institute, Boston) and b-actin (pMET-mb-

actin kindly provided by Dr. S Busfield, University of

Western Australia, Australia) or partial cDNA transcripts

of ABCA1, SCD, CD36 (cloned into the pCRII-TOPO

vector, Invitrogen) and LPL mRNAs (cloned into the

pGEM—T Easy vector, Promega). Melting point analysis

and ethidium bromide-stained gel electrophoresis were

performed to confirm PCR product purity and size.

Western Analysis

On day 10 hMDMs were lysed in a buffer containing

50 mM Tris pH 7.4, 2% SDS, 5 mM EDTA, 1 mM DTT,

2 lg/ml aprotinin and 0.5 mM phenylmethylsulfonyl-

fluoride, incubated on ice for 1 h, centrifuged at 14,000 rpm

Table 1 Biochemical analysis of pooled-sera with varying TG, HDL

and cholesterol concentrations, termed A, B, C and D

A B C D

Triglyceride (mmol/L) 0.75 0.85 1.05 1.4

Cholesterol (mmol/L) 4.8 4.3 3.35 3.15

HDL (mmol/L) 1.2 0.9 1.15 0.8

LDL (mmol/L) 3.26 3.02 1.72 1.71

Monocytes were differentiated into macrophages in culture media

containing 10% normal human sera for 2 days followed by culturing

in media containing 10% sera of either A, B, C and D for a further

8 days. Pooled-sera A represented a control lipid profile, B, C and D

represented profiles with higher TG and lower HDL levels
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for 10 min at 4 �C and stored in aliquots at -80 �C. Protein

concentration was quantified using BCA protein assay kit

(Pierce) and measuring absorbance at 580 nm. SDS-PAGE

was performed using 50 lg of protein lysate per lane

followed by semi-dry blot transfer. Membranes were

blocked with 5% skim milk powder in TBS-T (20 mM Tris

pH 7.4, 150 mM NaCl, 0.1% Tween-20) before sequential

incubations with antibodies to detect CD36, SCD, ABCA1

and ABCG1. Actin was used as a loading control. ECL

was performed with GE Healthcare ECL Western blot-

ting detection reagents according to the manufacturer’s

protocol.

Statistical Analysis

Data are presented as either means ± standard deviation

(SD) or means ± standard error of the means (SEM) of

means from multiple independent experiments. Analysis

was performed using one-way ANOVA. A two-tailed p value

of\0.05 was considered significant.

Results

Lipid Content and Composition of Sera and Media

Eight units of FFP were processed and pooled into four sera

conditions (A, B, C and D) with varying TG, HDL and cho-

lesterol levels (Table 1). Conditions A to D were arranged

according to increasing concentrations of TG (0.74–

1.39 mmol/L), decreasing levels of HDL (1.2–0.8 mmol/L)

and decreasing levels of cholesterol (4.79–3.14 mmol/L).

The media used to culture hMDMs was supplemented with

10% of the pooled sera for each condition A–D. There were

no significant differences in total FA content of the media

between each of the conditions A–D (Fig. 1i). The media

contained more saturated FAs than monounsaturated, and

polyunsaturated FAs (Fig. 1ii). Media from condition D had

less palmitic acid (C16:0) than media from condition A

(117 ± 10 vs. 131 ± 5 ng/lg media, p = 0.008) (Fig. 1ii).

Media from condition B had more stearic acid (C18:0) than

media from condition A (109 ± 11 vs. 94 ± 8 ng/lg media,
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Fig. 1 Macrophages were cultured in media with 10% of sera A

(white bar), B (light grey bar), C (dark grey bar) and D (black bar)

and FA extraction performed on day 10. i and iii; total fatty acid

content of media and cells, respectively. ii and iv; specific fatty acid

composition of media and cells, respectively. Results for media are

expressed in ng total FA content/lL media or nmol/L of individual

FA and shown as mean ± SD of three independent experiments done

in duplicates. Results for hMDM are expressed in ng total FA content/lg

protein or nmol of individual FA/lg protein and shown as mean ± SE of

five independent experiments done in triplicates. FA, fatty acids;

C16:0, palmitic acid; C18:0, stearic acid; C18:1, oleic acid, C18:2;

linoleic acid; C20:4, arachidonic acid. One-way ANOVA versus

condition A; *p \ 0.05
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p = 0.017) (Fig. 1ii). Media from condition C had

less arachidonic acid (C20:4) than media from condi-

tion A (2.2 ± 0.4 vs. 4.3 ± 0.9 ng/lg media, p = 0.003)

(Fig. 1ii).

Effect of Dyslipidemia on Macrophage Lipid

and Fatty Acid Content

During the period of culture in vitro, monocytes became

adherent, increased in size and changed shape from being

spheroid to being flatter with some macrophages being round

and some being spindle-shaped in tissue culture. To test

monocyte differentiation into macrophages, cells were

incubated with latex bead particles and phagocytosis of latex

beads occurred consistent with macrophage function

(Fig. 2i). Macrophages also consistently showed strong

CD68 immunostaining after 10–14 days of culture (Fig. 2ii,

iii). Macrophages were cultured with the four pooled sera

(A–D) with varying TG, HDL and cholesterol levels, and

stained with nile red on day 10 or after 8 days in experi-

mental media. Macrophages cultured in conditions B, C and

D stained more intensely than controls A indicating more

lipid accumulation (Fig. 2a–d). Macrophages grown in the

four conditions were harvested and total FA content assayed

via GC for quantitative analysis (Fig. 1iii, iv). Total fatty

acid content was increased in macrophages grown in

conditions B, C, D compared to A with D containing sig-

nificantly more FAs compared to A (876 ± 102 vs.

652 ± 55 ng/lg protein, p = 0.02, respectively) (Fig. 1iii).

Effect of Dyslipidemia on Macrophage Fatty Acid

Composition

Human-derived macrophages had a different FA profile to

the media in which they were cultured in. Compared to the

media, hMDMs had proportionately more monounsaturated

and polyunsaturated FAs (Fig. 1ii vs.iv). The increase in

total FA content in hMDMs cultured in conditions B, C and

D was evident in the increase of individual FA C16:0,

C18:0, oleic (C18:1) and C18:2 compared to hMDMs

cultured in condition A (Fig. 1iv). The amount of C16:0 in

hMDMs cultured in conditions C and D was significantly

higher than hMDMs cultured in condition A (261 ± 30 and

240 ± 33 vs. 186 ± 16 ng/lg protein, p = 0.04 and 0.03,

Fig. 2 Macrophages exhibited phagocytosis of latex beads (i) and

immunostaining for negative control (ii) or the macrophage marker

CD68 (iii). Macrophages were grown in media conditions A, B, C and

D with varying concentrations of TG and HDL, and were stained with

Nile red on day 10 to demonstrate differences lipid content (a–d)
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respectively) (Fig. 1iv). There was a trend for the amounts

of C18:0 and C18:1 in hMDMs grown in conditions B, C,

and D to be higher than A (Fig. 1iv). The amount of C18:2

in macrophages grown in conditions B, C and D were

higher than A, however, only conditions B and D were

significantly increased compared to A (97 ± 12 and

83 ± 11 vs. 53 ± 7 ng/lg protein, p = 0.03 and 0.005,

respectively) (Fig. 1iv). All conditions contained similar

amounts of C20:4 (arachidonic acid) (Fig. 1iv).

Increased Ratio of C18:1 to C 18:0 FAs

in Macrophages Exposed to Elevated TG

As SCD converts stearic acid (C18:0) to oleic acid (C18:1),

the ratio of C18:1 to C18:0 was calculated as an indicator

of macrophage SCD activity where an increased ratio

would suggest increased activity [12]. There was no sig-

nificant change in the ratio of C18:1/18:0 in media, how-

ever, the ratio of C18:1/18:0 was significantly increased in

macrophages grown in condition D compared to A

(0.74 ± 0.11 vs. 0.60 ± 0.10, p = 0.004).

Gene Expression in Macrophages Exposed

to Varying TG Levels

RNA extracted from hMDMs cultured in conditions A–D

was analysed using reverse transcription and real-time PCR

(Table 2). mRNA levels were normalized to b-actin and

expressed as a ratio relative to condition A. ABCA1,

ABCG1, SCD and CD36 mRNA levels in hMDMs cultured

in conditions B, C and D were found to be significantly

reduced compared to condition A (Table 2). LXRa and

PPARc mRNA levels in hMDMs cultured in conditions C

and D were significantly reduced compared to condition A

(Table 2). There were no significant changes in LPL

mRNA levels in hMDMs cultured in conditions A–D

(Table 2).

Protein extracted from macrophages cultured in condi-

tions A to D were analyzed using Western analysis. Both

representative blots as well as quantitative data from repli-

cate experiments of ABCA1, ABCG1, SCD and CD36 pro-

teins are shown in Fig. 3. Protein levels were normalized to

actin and expressed as a ratio relative to condition A. ABCA1

protein was significantly decreased in conditions B and C

compared to conditions A (0.45 ± 0.07 and 0.35 ± 0.12 vs.

1.0 ± 0.23, p = 0.04 and 0.03, respectively) (Fig. 3).

Protein levels of ABCG1 were reduced in conditions B, C

and D compared to A (0.60 ± 0.10; 0.42 ± 0.05 and

0.55 ± 0.12 vs. 1.0 ± 0.04, p = 0.004;\0.001 and 0.005,

respectively) (Fig. 3). There were no significant changes in

macrophage SCD protein levels (Fig. 3). Protein levels of

CD36 were significantly decreased in conditions B and C

compared to A (0.54 ± 0.08 and 0.65 ± 0.07 vs. 1.0 ±

0.03, p = 0.0002 and 0.001, respectively).

Discussion

Cultured macrophages are an accepted model for eluci-

dating cellular mechanisms relevant to atherosclerosis [9, 10],

however, these models have not been used previously to

evaluate contributions of subtle dyslipidemia to modulate

foam cell formation. Our study addresses an important

issue of whether or not exposure to varying levels of TG in

culture media would alter the phenotype of macrophages in

relation to lipid accumulation. We found that macrophages

exposed to sera with higher levels of TG had increased

lipid content and altered expression of regulatory proteins,

both plausible mechanisms which could contribute to foam

cell formation and hence atherogenesis and CVD in

patients with hypertriglyceridemia. Of note, these pheno-

typic differences were observed in macrophages grown in

media containing varying concentrations of TG. Levels of

TG in the sera (A–D) were within the physiological range

and were further diluted 1:10 in the culture media.

Higher TG concentrations in the experimental media

resulted in macrophages with greater intracellular lipid

content compared with macrophages exposed to lower

levels of TG. We have previously shown that macrophages

cultured in autologous serum from patients with type 2

diabetes and controls, had significant differences in FA

composition [11]. In that study, serum levels of TC and

HDL between control and diabetic men and women were

comparable whereas TG concentrations of subjects with

diabetes had almost twice that of controls. However, the

limited amount of blood sampled from each individual

restricted the number of macrophages that could be grown

Table 2 Expression ABCA1, ABCG1, SCD, CD36 LXRa, PPARc
and LPL in hMDMs cultured for 2 days in media with 10% normal

human sera and a further 8 days in media supplemented with 10%

sera A–D

A B C D

ABCA1 1.00 ± 0.06 0.73 ± 0.04* 0.48 ± 0.02* 0.44 ± 0.04*

ABCG1 1.00 ± 0.09 0.37 ± 0.04* 0.13 ± 0.01* 0.21 ± 0.02*

SCD 1.00 ± 0.04 0.60 ± 0.08* 0.48 ± 0.09* 0.63 ± 0.13*

CD36 1.00 ± 0.04 0.73 ± 0.03* 0.73 ± 0.02* 0.71 ± 0.01*

LXRa 1.00 ± 0.05 0.97 ± 0.04 0.76 ± 0.04* 0.78 ± 0.02*

PPARc 1.00 ± 0.02 0.93 ± 0.08 0.75 ± 0.03* 0.78 ± 0.03*

LPL 1.00 ± 0.03 0.98 ± 0.08 1.01 ± 0.03 0.95 ± 0.05

mRNA expression was analysed by reverse transcription and real-

time PCR. b-actin was used as a loading control and results were

normalized to control A = 1.0. Results are expressed as mean ± SE

of 2 independent experiments performed in triplicates. One-way

ANOVA versus condition A; *p \ 0.05
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and hence the experimental work possible in that study.

Furthermore, it was unclear whether the differences in

macrophage FA composition were due to the origin of the

macrophages from patients with and without diabetes or

resulted from the differences in TG concentration in serum.

By using a common source of monocytes, differentiating

these cells over 2 days in the presence of normal human

serum and exposing them to experimental sera from days 2

to 10, we found that relatively modest differences in TG

concentrations in culture media resulted in significant

changes in macrophage fatty acid composition and reduced

expression of genes involved in lipid metabolism. There-

fore, while the present study utilised pooled sera (A–D) for

experiments rather than serum samples from multiple

donors, advantages of this approach were that experimen-

tal conditions were constant, results were confirmed in

multiple independent experiments each performed with

replicates and characterization of the macrophage pheno-

type was more extensive, extending to analysis of FA

content and composition, mRNA levels and protein levels

via Western analysis. While the results are attributable to

exposure to the different experimental sera, additional

studies would be needed to confirm that sera from different

individuals would yield similar results.

The role TG in CVD has been debated but higher TG is

now accepted as a risk factor for coronary heart disease [6].

Increased plasma TG levels appear to increase risk of

cardiovascular events independently of LDL concentra-

tions [6, 14]. The effect of varying TG within serum in

culture media to promote FA accumulation provides a

mechanistic link between higher TG levels and athero-

sclerosis. The predominant class of lipoproteins in hyper-

triglyceridaemic serum is chylomicrons and VLDL which

contains chylomicron remnant-like particles (CRLP).
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Fig. 3 Macrophages were grown for 2 days in 10% normal human

serum 8 days in media supplemented with conditions A (white bar), B

(light grey bar), C (dark grey bar) and D (black bar) before analysis.

Protein lysates were analysed by Western blot and protein expression of

ABCA1 (i), ABCG1 (ii), SCD (iii) and CD36 (iv) measured. hMDM

treated with T0901317, which increases expression of ABCA1,

ABCG1 and SCD was used as positive control. Results are shown as

a representative blot from one experiment done in duplicates. b-actin

was used as a loading control and results were normalized to control

A = 1.0. Results were expressed as mean ± SD of three independent

experiments performed in duplicates. One-way ANOVA versus

condition A; *p \ 0.05
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CRLP are pro-atherogenic being able to induce macro-

phage to form foam cells without prior oxidation [15].

Therefore, our work is consistent with previous studies in

which CRLP enriched with saturated and monounsaturated

FA are taken up more rapidly by macrophages, resulting in

greater lipid accumulation of saturated FA [16]. The find-

ings that ABCA1 as well as ABCG1 mRNA and protein

levels decreased are consistent with the observation of

Moore et al. [17] in which lipid accumulated after exposure

of macrophages to CRLP is resistant to efflux. Of note,

total FA content in the various media was stable even

though the TG levels varied. This is likely due to the fact

that cholesterol level (mainly cholesterol esters) was lower

in the group with higher TG as was HDL which contains

substantial amounts of FA in the form of phospholipids and

diacylglycerol.

Compositional analysis of FA revealed that hMDMs

cultured in the presence of sera with higher TG had more

C16:0 and to a certain extent more C18:0 than those with

low TG. These differences are of interest given the range of

cellular and metabolic functions which are influenced by

saturated FA (for review, see [18]). Reverse cholesterol

transport (RCT) is believed to be the primary mechanism

by which HDL and its major protein apoA-I protect against

atherosclerosis [4]. While all cells are capable of effluxing

cholesterol, cholesterol efflux from macrophages critical

step of RCT [4]. ABCA1 and ABCG1 mediate the trans-

port of cholesterol and phospholipids from macrophages to

apoA-1 and eventually HDL in the reverse cholesterol

pathway. Unsaturated FA palmitoleate, oleate, linoleate,

and arachidonate but not the saturated FA palmitate and

stearate decrease ABCA1 expression in cells by increasing

its protein degradation rate [19]. Furthermore, these

unsaturated FA were shown to accelerate ABCA1 protein

turnover through phospholipase D2 pathway, increased

protein kinase C activity and the phosphorylation of

ABCA1 serine residues [20]. We found that exposure to

media with higher TG decreased macrophage ABCA1 and

ABCG1 at both mRNA and protein levels. Therefore,

destabilization of macrophage ABCA1 or ABCG1 protein

by FA is not the sole mechanism by which cholesterol

efflux pathways are downregulated.

CD36 belongs to the class B scavenger receptor family

and is an integral membrane protein found on the surface of

macrophages. In macrophages, CD36 binds oxidized LDL,

native lipoproteins, oxidized phospholipids [21] and long-

chain FA [3]. CD36 expression on macrophages is regulated

by different molecules in vivo and in vitro. It is positively

regulated by transcriptional factors such as PPARc ligands

[22], cytokines such as macrophage stimulating factor [23]

and interleukin 4 [23], as well as lipid and lipid components

such as cellular cholesterol, oxidized and modified LDL

[24], and unsaturated FA (oleic, linoleic, eicosapentaenoic

and docosahexaenoic acids) [25]. It is negatively regulated

in response to cholesterol efflux [26], interferon-c [27],

transforming growth factor-b1 (TGF-b1) and TGF-b2 [28].

CD36 mRNA levels were lower in macrophages in B, C and

D. In line with this CD36 protein levels were lower in B and

C. These findings suggest that moderate variations in TG

levels in culture media may affect macrophage expression

of receptors involved in lipoprotein uptake as well as pro-

teins involved in cholesterol efflux. Therefore, the observed

increase in macrophage lipid content and composition could

be due to reduced efflux or to uptake by other scavenger

receptors [29].

Stearoyl-CoA desaturase catalyzes the critical commit-

ted step in the biosynthesis of monounsaturated FA from

saturated FA [18]. This reaction involves the introduction

of the cis- double bond in between carbons 9 and 10 of

palmitoyl-CoA and stearoyl-CoA, which are converted into

palmitoleoyl-CoA and oleoyl-CoA, respectively [30]. The

roles of monounsaturated FA are diverse and crucial in

living organisms. Oleic acid is found to be the major

monounsaturated FA of membrane phospholipids, TG,

cholesterol esters, wax esters and alkyl-1,2-diacylglycerol.

A proper ratio of saturated to monounsaturated FAs con-

tributes to membrane fluidity, while changes in cholesterol

esters and TG affect lipoprotein metabolism [31]. Wang

et al. [19] have shown that increasing SCD through LXR

ligands destabilized ABCA1. We wanted to explore the

possibility that with subtle variations in TG concentrations

in the media would lead to increased SCD activity in our

model of macrophage foam cell development leading to

destabilization of ABCA1. We found that macrophages

exposed to sera with the highest concentration of TG

exhibited an elevated desaturation index suggesting an

increase in SCD activity. However, protein quantification

of SCD through Western analysis did not show any sig-

nificant change in SCD protein levels. Therefore, as C16:0,

C18:0 and C18:2 are increased, in addition to C18:1 in

macrophages cultured in B, C and D, it appears that there is

generalized increase in both saturated and unsaturated FA

rather than a specific increase in conversion via SCD.

Whilst FA profiles were analysed for sera and macro-

phages, we did not analyse the FA composition of TG

separately. The roles of saturated and polyunsaturated

FA to influence phenotypes could be further explored,

for instance they differentially modulate inflammatory

responses in macrophages [32].

In our study, macrophages from the same source were

cultured in media containing the various pooled sera,

therefore the changes in FA accumulation and gene expres-

sion are attributable to the differences in the serum to which

the macrophages were exposed during culture. We used

pooled sera, instead of generic sera supplemented with

chemically modified or supraphysiological levels of
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lipoproteins. This approach provides an experimental model

more closely reflecting physiological differences occurring

in vivo. A limitation of this study is the fixed amount of

pooled-serum A-D collected, all of which was used up during

experimentation. While cholesterol content and efflux might

have been informative, we did not have additional sera

for further experiments. Macrophage cholesterol loading

increases cholesterol efflux, partly via accumulation of ox-

ysterols, which in turn activate LXR to increase expression

of ABCA1 and ABCG1 [33, 34]. The reduced ABCA1 and

ABCG1 mRNA and protein levels in macrophages under

conditions C and D with lower LDL levels compared with A

might reflect reduced macrophage cholesterol loading.

However, macrophages in A and B were exposed to similar

LDL levels but those in B had altered gene expression and

increased lipid accumulation as a possible consequence of

exposure to higher TG or lower HDL levels.

Compared with macrophages grown in A, those

exposed to B, C and D had comparably increased lipid

and FA accumulation and similar alterations in gene

expression. Therefore, the altered macrophage phenotype

appears to correspond more closely to higher TG and

lower HDL-cholesterol levels rather than differences in

total and LDL-cholesterol levels. Higher TG and lower

HDL-cholesterol levels in the absence of grossly ele-

vated LDL-cholesterol is characteristic of the metabolic

syndrome or diabetic dyslipidemia [35]. In the Multi-

Ethnic Study of Atherosclerosis, subjects with reduced

HDL (B1.0 mmol/L in men, B1.3 mmol/L in women),

LDL \4.1 mmol/L and TG C1.7 mmol/L represented

15% of the study population and had increased risk of

prevalent coronary artery calcification [36]. Our results

link dyslipidemia with altered macrophage phenotype

favouring foam cell formation. However, further inves-

tigation is needed to clarify whether increased TG or

reduced HDL is the primary factor underlying this

association, and to clarify whether qualitative rather than

quantitative alterations in LDL or HDL might play a role

in this context [37].

Conclusions

Moderate variations in TG and cholesterol levels in culture

media result in altered macrophage FA content and com-

position, and changes in the expression of proteins

involved in cholesterol efflux and lipoprotein uptake.

Hypertriglyceridemia may increase the risk of CVD via

direct actions on macrophages favoring foam cell forma-

tion, thus leading to the development of atherosclerotic

plaque. These findings indicate that replicating in vitro

degrees of dyslipidemia encountered in vivo provides an

informative model for investigation of atherogenesis.
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Abstract Postprandial lipemia impairs insulin sensitivity

and triggers the pro-inflammatory state which may lead to

the progression of cardiovascular diseases. A randomized,

crossover single-blind study (n = 10 healthy men) was

designed to compare the effects of a high-fat load (50 g fat),

rich in palmitic acid from both plant (palm olein) or animal

source (lard) versus an oleic acid-rich fat (virgin olive oil) on

lipemia, plasma glucose, insulin and adipocytokines. Serum

triacylglycerol (TAG) concentrations were significantly

lower after the lard meal than after the olive oil and palm

olein meals (meal effect P = 0.003; time effect P \ 0.001).

The greater reduction in the plasma non-esterified free fatty

acids levels in the lard group compared to the olive oil meal

was mirrored by the changes observed for serum TAG levels

(P \ 0.05). The magnitude of response for plasma glucose,

insulin and adipocytokines [interleukin-6 (IL-6), tumor

necrosis factor-a (TNF-a), interleukin-1b (IL-1b) and leptin]

were not altered by the type of dietary fats. A significant

difference in plasma IL-1b was found over time following

the three high fat loads (time effect P = 0.036). The physical

characteristics and changes in TAG structure of lard may

contribute to the smaller increase in postprandial lipemia

compared with palm olein. A high fat load but not the type of

fats influences concentrations of plasma IL-1b over time but

had no effect on other pro-inflammatory markers tested in the

postprandial state.

Keywords Postprandial lipemia � Adipocytokines �
Free fatty acids � Palmitic acid

Abbreviations

IL-1b Interleukin-1b
IL-6 Interleukin-6

MUFA Monounsaturated fatty acids

NEFA Non-esterified free fatty acids

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

TAG Triacylglycerol

TNF-a Tumor necrosis factor-a

Introduction

Extensive studies have demonstrated the effects of different

types of dietary fats on postprandial lipemia [1–4]. The

positional distribution of fatty acids in the triacylglycerol

(TAG) structure is believed to affect lipid metabolism

[5–7]. Fats from plant origin such as palm oil have palmitic

acid distributed in the outer positions of the TAG molecule,

namely sn-1 and sn-3 positions and oleic acid in the sn-2

position [8]. However, palmitic acid is found abundantly in

the sn-2 position in fats with an animal origin, such as lard

and human breast milk. Evidence from animal and human

infant studies suggests that palmitic acid is better absorbed

when found in the sn-2 position compared with the sn-1 and

sn-3 positions and hence affects the metabolism of lipids

[9]. Hence, it is noteworthy that dietary fats with similar
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fatty acid composition may have different biochemical and

physical characteristics dependent on their TAG structure

which may influence the metabolism of lipids [9]. It has

been well established that dietary oleic acid may be neutral

to cardiovascular heart disease with regard to its plasma

total cholesterol and LDL cholesterol-reducing effects.

However, saturated fatty acids (SFA) such as palmitic acid

are thought to be cholesterol-raising [10]. Palm olein with

oleic acid almost exclusively in the sn-2 position may be

less cholesterolemic compared to animal fat like lard.

A prolonged and elevated postprandial lipemic response

is associated with an increased risk of cardiovascular dis-

eases by a variety of mechanisms such as endothelial

function [11], inflammation [12], insulin resistance [13] and

oxidative stress [14]. A high fat load with different dietary

fats acutely impairs plasma glucose and insulin levels in

both healthy and diabetic subjects [13, 15]. Human clinical

studies have demonstrated an inverse association between

activation of pro-inflammatory cytokines and plasma insu-

lin levels [16, 17]. Increased levels of adipocytokines such

as interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a),

interleukin-1b (IL-1b) and leptin were reported in obese

[18] and type 2 diabetes patients [19] after consuming a

high fat meal. Earlier studies by our group [20] and others

[21] reported that specific dietary fats with different fatty

acid compositions alter plasma IL-6, TNF-a, E-selectin, and

high sensitivity C-reactive protein (hsCRP) but the effect

was not seen in the postprandial state [22].

Hence, given the fact that palm olein and lard have

similar proportion of SFA and monounsaturated fatty acids

(MUFA) content but differ in the structure of TAG and

physical properties of fats, we hypothesized that these

physical characteristics may determine the extent to which

lard and palm olein affect postprandial lipemia. The current

study sought to investigate the effects of two palmitic acid-

rich fats, one from a plant source (palm olein) and one from

an animal fat (lard) with similar SFA content but differing

in physical characteristics and TAG structure versus oleic

acid-rich fat (virgin olive oil) on postprandial changes in

lipemia, plasma glucose, insulin and certain adipocytokines

(IL-6, TNF-a, IL-1b and leptin). To the best of our

knowledge, no study has been conducted to investigate the

effect of a meal rich in palmitic acid from palm olein or

lard compared to oleic acid on the pro-inflammatory

cytokines and leptin in the postprandial state.

Methods

Subjects

Ten healthy male subjects aged 21.9 ± 0.7 years were

recruited from the University Putra Malaysia student

population. Exclusion criteria included history of cardio-

vascular disease, diabetes, body mass index (BMI) \18.5

or [30 kg/m2, plasma cholesterol [5.2 mmol/L, TAG

[1.7 mmol/L, hypertension, current use of medication and

smoking. Fasting plasma lipid profile, body weight, blood

pressure, blood cell count, liver function were confirmed to

be within the prescribed limit as assessed by a physician.

Baseline characteristics of study subjects are presented in

Table 1.

Study Design

A randomized, single-blind, crossover postprandial study

was conducted. Each study subject received three experi-

mental meals separated by a minimum of 3-day wash out.

Study subjects were provided with a standardized low fat

dinner (mee soup, containing \10 g of fat) to consume as

their evening meal the day preceding their postprandial

day. The subjects were advised to refrain from consuming

high fat foods, caffeinated drinks and alcohol. The subjects

were asked to refrain from strenuous exercise before the

study day. After an overnight fast, subjects reported to the

study center at 07:30 morning. A venous blood sample was

taken and the subjects consumed the test meals within

15 min. Further venous blood samples were obtained at

30 min, 1, 2, 3 and 4 h. During the postprandial period,

subjects were asked to consume water at a regular interval

throughout. The Medical Ethics Committee, University

Malaya Medical Centre approved the study (Reference

number 732.22). The study was conducted according to the

guidelines laid down in the Declaration of Helsinki. The

study was registered at ClinicalTrial.gov (NCT01124487).

All subjects gave written informed consent before the study

was commenced.

Table 1 Baseline characteristics of study participants

Variables Values

Male (n) 10

Age (years) 21.9 ± 0.7

BMI (kg/m2) 21.0 ± 1.6

Systolic BP (mmHg) 126.8 ± 8.6

Diastolic BP (mmHg) 71.3 ± 4.9

Waist (cm) 79.5 ± 6.2

Total cholesterol (mmol/L) 4.8 ± 0.7

TAG (mmol/L) 0.9 ± 0.7

LDL cholesterol (mmol/L) 2.6 ± 0.8

HDL cholesterol (mmol/L) 1.6 ± 0.4

Glucose (mmol/L) 5.2 ± 0.5

Insulin (lIU/mL) 3.6 ± 1.6

Values are means with SD

BP blood pressure
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Test Meals

The test meal consisted of 60 g of mashed potatoes, 180 g

of baked beans, 50 mL of skimmed milk, 200 mL of

orange juice and 50 g of the test fat (virgin olive oil, palm

olein or lard). The test meal was formulated to provide

683 kcal of which 7% of energy was protein, 33% of

energy was carbohydrate and 60% of energy was fat. The

nutrient composition of test meals is presented in Table 2.

The olive oil-enriched diet consisted of 45% energy as

MUFA, supplied by Unilever Bestfoods Italia s.r.l, Italy.

Palm olein consisted of 24% of energy as SFA with 21% of

energy from palmitic acid as provided by Wilmar Inter-

national Limited, Singapore. Lard consisted of 29% of

energy as SFA with 15% of energy from palmitic acid and

10% of energy from stearic acid (purchased from Sains-

bury’s, UK).

Blood Collection

Fasting venous blood samples of 20 mL were collected in

vacutainers (Beckton Dickinson, UK). Serum samples for

lipid analysis (TAG and total cholesterol) were collected in

10-mL plain tubes. Blood sample was allowed to clot for

30 min and centrifuged at 1,300g for 15 min at 4 �C. For

plasma NEFA and pro-inflammatory markers, blood sam-

ple was collected into EDTA containing vacutainers and

separated by centrifugation at 1,300g for 15 min at 4 �C.

Blood sample for glucose analysis was collected into 4 mL

fluoride oxalate tubes, and blood sample for insulin anal-

ysis was collected into 2 mL lithium heparin tubes, both

were centrifuged at 1,300g for 15 min at 4 �C. Samples for

all analyses were collected at hourly intervals. Samples for

glucose and insulin were collected at 30 min, and then at

hourly intervals after subjects had consumed the high fat

meal. Aliquots of blood samples were harvested and stored

at -80 �C until analysis.

TAG and Total Cholesterol

Serum TAG and total cholesterol were measured using

enzymatic procedures (triglycerides GPO-PAP and cho-

lesterol CHOD-PAP kits; Roche Diagnostics GmbH,

Mannheim, USA). Both assays were analyzed using a

Hitachi 902 analyzer, Roche Diagnostics GmbH, Germany.

The intra-assay CV for TAG was 2.2% (n = 5) and 1.7%

(n = 5) for total cholesterol.

Non-esterified Fatty Acids

Plasma NEFA were measured using non-esterified fatty

acids detection 500 Point kit (Zen-Bio Inc., Research Tri-

angle Park, NC, USA) according to standard procedures

provided by manufacturer. All samples were assayed in

duplicate within a plate. The intra-assay value was 2.8%

(n = 20).

Plasma Glucose and Insulin

Plasma glucose (glucose GOD-PAP kit; Roche Diagnostics

GmbH, Mannheim, USA) was analyzed using an enzy-

matic colorimetric assay procedure (Hitachi 902 analyzer,

Roche Diagnostics GmbH, Germany). Insulin levels were

measured using Immulite 1000 ver. 5.16, US (Immulite

1000 Insulin kit; Siemens Healthcare Diagnostics, Deer-

field, USA). The intra-assay CV for glucose and insulin

were 2.5% (n = 8) and 4.1% (n = 9), respectively.

IL-6, TNF-a, IL-1b and Leptin

Serum adipocytokines were analyzed using Procarta�

Cytokine Assay kit, Panomics Inc., USA. The assays used

the xMAP� technology with multi-analyte profiling beads

to detect and quantify multiple protein targets simulta-

neously. The intra-assay values were 6.6% for IL-6

(n = 20), 3.0% for TNF-a (n = 15), 5.3% for IL-1b
(n = 20) and 6.6% for leptin (n = 20).

Statistics

A sample size of ten subjects will have 80% power at

P = 0.05 to detect a change of 0.28 mmol/L in plasma

TAG concentrations from the baseline between groups.

Outcome variables were analyzed using repeated measures

ANOVA corrected with the baseline values. Descriptive

data of baseline characteristics of study subjects are

presented as means ± SD, and other data are presented as

means ± 95% confidence interval. All analyses were

Table 2 Nutrient composition of meals

Olive oil Palm olein Lard

Calorie (kcal) 754 754 754

Energy (%)

Carbohydrates 33 33 33

Protein 7 7 7

Fat 60 60 60

SFAs 9.2 23.5 28.5

C16:0 7.1 20.5 15.2

C18:0 1.7 2.2 10.2

MUFAs 44.6 27.7 27.8

C18:1 44.0 27.6 25.3

PUFAs 6.2 8.6 5.9

C18:2 5.6 8.4 5.5

Values are means of double determinations

Lipids (2011) 46:381–388 383
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conducted using PASW statistics 18.0, Chicago, IL, USA

and GraphPad Prism 5.03 for WINDOWS (GraphPad

Software, San Diego, CA, USA). Incremental area under

the curves (iAUC) were calculated using GraphPad Prism

5.03 using the trapezoid rule. Treatment and time were

within-subject factors and age, BMI and the order in which

the subjects received the test meals were between subject

factors. Bonferroni adjustment was used for multiple

comparisons.

Results

A total of 18 subjects were screened and 10 subjects

fulfilled the inclusion criteria. All ten subjects com-

pleted the study. No drop-out or non-compliance was

reported.

Postprandial Lipemia

Serum TAG concentrations were significantly lower after

the lard-enriched meal than after the olive oil and palm

olein meals (meal effect P = 0.003, Fig. 1a). The iAUC

for serum TAG was 56 and 49% higher after the olive oil

and palm olein meals than after the lard, respectively

(P \ 0.05, P \ 0.01, respectively). Concentrations of TAG

peaked at 3 h after the olive oil and palm olein meals but at

2 h after the lard-enriched meal (time effect P \ 0.001).

Plasma NEFA decreased after meal and displayed a tran-

sient increase after 1 h (time effect P \ 0.001, Fig. 1b).

Lard elicited a smaller increase in plasma NEFA at 2 h and

3 h (meal 9 time interaction, P = 0.003) as compared to

olive oil (P \ 0.05).

Postprandial Plasma Glucose and Insulin

There was a significant change in plasma glucose and

insulin over time for the three meals (P \ 0.001, for both

meals; Fig. 2a, b, respectively), but there was no difference

in response between the three meals. No differences in

iAUC plasma insulin values were observed between the

diets.

IL-6, TNF-a, IL-1b and Leptin

There was no significant difference between the effects of

the three test meals on the postprandial plasma IL-6, TNF-a
and leptin (Fig. 3a, b, d, respectively). There were also no

significant changes over time for the markers measured. A

significant difference in plasma IL-1b was found over time

after the three meals (P = 0.036), but there was no differ-

ence between the meals (Fig. 3c).

Discussion

The present study demonstrated that lard resulted in a

lower postprandial TAG response in comparison with olive

oil and palm olein. The lower postprandial level of lipemia

following lard in the present study is in agreement with

results reported from a previous study [23] comparing in-

teresterified palm olein versus native palm olein but is not

in accordance with other studies [5, 7]. The similar trend of

increase over time for palm olein and olive oil concurs with

findings from other studies [24, 25]. Rate of lipolysis and
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Fig. 1 Mean plasma a TAG and b NEFA concentrations and 95%

CIs in healthy men (n = 10) after test meals containing 50 g test fat.

Olive oil (open circles), palm olein (filled squares) and lard (filled
triangles). Deviations from fasting values were analyzed by repeated

measure ANOVA, with the three meals and time (0–4 h) as factors:

a meal effect (P = 0.003), time effect (P = 0.000), and meal 9 time

interaction (P = 0.212); b meal effect (P = 0.072), time effect

(P = 0.001), and meal 9 time interaction (P = 0.003). Incremental

area under the curve (0–4 h) values are inset and presented as mean

and 95% CIs (n = 10) for olive oil (open squares), palm olein

(brackets) and lard (filled squares). a 1 P \ 0.05, significantly

different from olive oil; 2 P \ 0.01, significantly different from olive

oil; 3 P \ 0.05, significantly different from palm olein b 1 P \ 0.05,

significantly different from olive oil (Bonferroni multiple comparison

test)
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clearance of chylomicrons are unlikely contributed to the

markedly lower response of lipemia after lard intake as a

study has reported that lipoprotein lipase activity is similar

following high fat loads with different types of fatty acid

composition [25]. Although lard and palm olein have

almost similar SFA content (24% in palm olein, 29% in

lard), they differ significantly in the positional distribution

of the fatty acids in the TAG molecule. Almost all of the

palmitic acid in lard is present in the sn-2 position of TAG.

Palm olein contains only 7–11% of palmitic acid in the

sn-2 position, the predominant fatty acid in the sn-2 posi-

tion is oleic acid (*70%). The position of fatty acids in the

TAG molecule determines the physical properties of fat.

Hence, it is probable that differences in the physical

characteristics of fats and changes in TAG structure (for

both lard and palm olein) may influence the level of

postprandial lipaemia [9]. Lard which contains a higher

proportion of solid fat at 37�C compared with olive oil and

palm olein may be emulsified less readily and is less

absorbed due to its higher melting point, resulting in a

slower increase in serum TAG levels [1, 23].This finding

would suggest that lard containing SFA in the sn-2 position

might be cleared from the circulation slower than dietary

fat containing SFA in the sn-1, 3 positions. This may lead

to a more prolonged postprandial lipemia.

The greater reduction in the plasma NEFA levels after

the lard meal compared to olive oil and palm olein was

mirrored by the changes observed in serum TAG levels. In

contrast with the current finding, previous studies have

demonstrated that MUFA and polyunsaturated fatty acids

(PUFA) suppressed plasma NEFA more than SFA [26, 27]

and the increase in plasma NEFA following the initial

suppression after a meal was markedly higher following a

SFA-rich meal than MUFA, n-6 and n-3 PUFA [15].

However, a study reported that palmitic ? myristic acid

displayed higher and stearic acid lower in plasma NEFA

levels in comparison with palmitic acid, MUFA and

PUFA-rich high fat loads [25]. Taken together the results

suggest that fatty acid composition per se influences

plasma NEFA response in a different manner.

Several studies have demonstrated that dietary SFA

impair postprandial glucose and insulin levels but the

results are not consistent [13, 15, 23, 28]. The current study

did not demonstrate any differences between the three

meals on insulin and glucose levels over time. Direct

examination in muscle cells in vitro indicates that SFA

cause insulin resistance whereas unsaturated fatty acids

improve insulin sensitivity [29]. However, observed dif-

ferences from in vitro studies may not be applicable to the

in vivo situation. The lack of significant response between

meals could be partly explained by the relatively young and

healthy individuals recruited in the present study. Obese

subjects demonstrated exaggerated insulin responses com-

pared with normal weight healthy individuals [30]. The

single high fat load may not affect the changes in plasma

glucose and insulin levels. Hence, a longer exposure of

feeding may be needed to induce the changes by con-

suming high fat meals with different fatty acid composi-

tion. However, our results are in agreement with a large

scale chronic study (RISCK study) comparing the con-

sumption of SFA and MUFA which shows that SFA and

MUFA show similar in insulin response [31]. Although the

dietary fats in our study altered postprandial lipemia

markedly, the magnitude of response in the pro-inflam-

matory cytokines, IL-6, TNF-a and IL-1b was not altered.

This is in agreement with findings reported by other

0 1 2 3 4
0

20

40

60

80

Time (hour)

P
la

sm
a 

in
su

lin
 (

u
IU

/m
L

)

0.5

0 1 2 3 4
4

5

6

7

8

0.5
Time (hour)

P
la

sm
a 

g
lu

co
se

 (
m

m
o

l/L
)

0

1

2

3

4

In
cr

em
en

ta
l a

re
a 

u
n

d
er

 c
u

rv
e

0

50

100

150

In
cr

em
en

ta
l a

re
a 

u
n

d
er

 c
u

rv
e

a

b

Fig. 2 Mean plasma a glucose and b insulin concentrations and 95%

CIs in healthy men (n = 10) after test meals containing 50 g test fat.

Olive oil (open circles), palm olein (filled squares) and lard (filled
triangles). Deviations from fasting values were analyzed by repeated

measure ANOVA, with the three meals and time (0–4 h) as factors:

a meal effect (P = 0.475), time effect (P = 0.000), and meal 9 time

interaction (P = 0.719); b meal effect (P = 0.740), time effect

(P = 0.000), and meal 9 time interaction (P = 0.711). Incremental

area under the curve (0–4 h) values are inset and presented as means

and 95% CIs (n = 10) for olive oil (open squares), palm olein

(brackets) and lard (filled squares); a, b no significant differences

were observed
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studies. In contrast with the present study, long term

dietary intervention studies reported an increase in IL-6,

E-selectin [21], hsCRP and IL-8 in healthy subjects after

consuming a meal enriched with trans fatty acids in com-

parison with an oleic acid-enriched meal [20]. These

findings suggest that a prolonged stimulation of an

inflammatory state may be required in order to trigger a

pro-inflammatory response in the body. Hence, repeated

exposure to high fat diets may induce inflammatory activity

in the body with regard to fatty acid composition per se. In

regard to plasma IL-6 and TNF-a, the lack of increase over

time in the present study is not in agreement with findings

reported by other studies [18, 19, 32]. The lack of response

might also be due to the relatively young and lean subjects

who were recruited in the present study which may not

trigger a significant response over time for plasma IL-6 and

TNF-a. Overweight or obese subjects with increased adi-

pose tissue are more vulnerable to enhanced pro-inflam-

matory cytokines increase after meals rich in fat load [18].

Excess adipose tissue may contribute to a substantially

higher secretion of IL-6 and TNF-a as shown by other

studies [18]. It is to be noted that the relatively small

sample size may not produce significant differences

between diets after a high fat load. The sample size was

calculated based on the true difference of serum TAG on

dietary treatments. A further study with a larger population

may be needed to observe a significant change in plasma

pro-inflammatory markers.

IL-1b, however, showed a significant change over time

following the three high fat loads. The novel observation of

a transient decrease at 1 h of plasma IL-1b concentrations

in the present study is in accordance with an increase in the

plasma insulin level at 1 h after the three meals. One likely

explanation for this observation is that insulin activity is

reported to possess anti-inflammatory and antioxidant

properties [33] which may attenuate the pro-inflammatory

response. The release of insulin is stimulated by IL-1b
with the activation of protein kinase C and production of
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concentrations and 95% CIs in healthy men (n = 10) after test meals

containing 50 g test fat. Olive oil (open circles), palm olein (filled
squares) and lard (filled triangles). Deviations from fasting values

were analyzed by repeated measure ANOVA, with the three meals

and time (0–4 h) as factors. a, b, d No significant differences were

observed for meal, time and meal 9 time effects. c no significant

differences were observed for meal and meal 9 time effects, but a

significant time effect was observed (P = 0.036). Mean incremental

area under the curve (0–4 h) values and 95% CIs were as follows:

a olive oil (0.83; -0.14, 1.81), palm olein (0.47; -0.21, 1.14) and lard

(0.23; -0.08, 0.53); b olive oil (12.6; -10.1, 35.2), palm olein (0.95;

-0.40, 2.30) and lard (25.5; -29.8, 80.8); c olive oil (0.37; 0.05,

0.69), palm olein (0.65; 0.09, 1.20) and lard (0.57; 0.03, 1.11); d olive

oil (175.0; -163.1, 513.2), palm olein (53.1; -4.98, 111.1) and lard

(43.4; -7.69, 94.5); a–d no significant differences were observed

c
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diacylglycerol in an in vivo study [17]. With regard to

this, IL-6 was also reported to enhance insulin-mediated

glucose uptake [16]. IL-6 may directly affect insulin

signalling by the induction of a suppressor of cytokine

signalling-3 which inhibits insulin-dependent insulin

receptor autophosphorylation.

The present study did not demonstrate that the activity

of leptin is altered by high fat loads differing in fatty

acid composition. This observation is in agreement with

earlier findings [30, 34]. However, it is noteworthy that

the postprandial leptin response is lower after a carbo-

hydrate meal in obese women than in lean subjects,

suggesting an impairment of postprandial leptin regula-

tion in obese but not in lean subjects [30, 34]. This may

explain the non-activated leptin levels in the present

study. The evidence suggests that leptin, together with

other adipocytokines (IL-6, TNF-a, IL-1b and other pro-

inflammatory markers secreted from adipose tissue) and

NEFA, displays a positive relationship with insulin

resistance [35]. Leptin is thought to promote fatty acid

oxidation and reduce ectopic fat accumulation in non-

adipose tissues, thereby increasing insulin sensitivity

which is probably mediated by the activation of 50-AMP-

activated protein kinase [36].

In conclusion, this study demonstrated that lard behaves

differently from palm olein although both contain similar

proportions of SFA in comparison with oleic acid-rich fat

in postprandial lipemia. Positional distribution of fatty

acids in the sn-2 position may play a role in postprandial

lipemia. Palm olein and olive oil displayed similar effects

on postprandial lipemia. There were no differences in

plasma glucose, insulin and pro-inflammatory markers

between the three meals suggesting that a high fat load but

not fatty acid per se influences the trend of response of pro-

inflammatory markers.
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To the Editor

Metabolic syndrome is the result of a combination of risk

factors, including abdominal obesity, hyperlipidemia,

hypertension, and insulin resistance. Dietary fat intake may

play a critical role in the development of the metabolic

syndrome. It is now clear that it is not so much the amount

of lipids introduced by the diet, but rather the type of fatty

acid that is able to interfere with the development of the

disease [1]. In fact, in a recent review published in this

journal [2], the authors provided a critical evaluation of the

evidence supporting the impact of dietary monounsaturated

fatty acids (MUFA) on plasma lipidome. Furthermore,

several studies highlight the efficacy of MUFA in

improving insulin sensitivity and regulating glucose levels,

thus reducing the risk of metabolic syndrome and cardio-

vascular disease [2].

Recently, metabolic syndrome has been also associated

with non-alcoholic fatty liver disease (NAFLD) [3]. NA-

FLD is a multifactorial disease ranging from simple fatty

liver to non-alcoholic steatohepatitis (NASH), with or

without fibrosis [4]. The coexistence of metabolic syn-

drome and NAFLD represents an increased risk factor for

type-2 diabetes and cardiovascular disease [3, 4]. There are

currently no available therapies for NAFLD and NASH.

Recently, lipotoxicity and plasma lipidome have emerged

as novel targets for potential therapeutic strategies [5, 6].

Furthermore, several authors showed that n-3 polyunsatu-

rated fatty acids (PUFA) may have beneficial effects in

preventing the complications of lipotoxicity [6]. PUFA

dietary intake has positive effects on intra-hepatic fat

accumulation in patients with NAFLD [7]. In a recent study

conducted on 60 children with biopsy-proven NAFLD, we

demonstrated that docosahexaenoic acid (DHA), an n-3

long-chain PUFA, is able to decrease liver fat content,

change the lipidomic profile, reduce insulin resistance, thus

improving some of the metabolic signatures of obesity [8].

It is noteworthy that all these findings support the role of

highly saturated fatty acids, and the n-6/n-3 ratio as mod-

ulators of these metabolic parameters, and suggest that

early markers of developing metabolic syndrome may be

ameliorated by the administration of n-3 long-chain PUFA

and MUFA even if controversy still exists on the different

effects of n-6 and n-3 PUFA, as well as on the interacting

effect of dietary saturated and monounsaturated fat.

National dietary guidelines are increasingly recom-

mending dietary MUFA, primarily at the expense of satu-

rated fatty acids (SFA), the so-called Mediterranean diet.

As the debate on the beneficial dietary fatty acid com-

bination continues, the mechanisms involved in the effects

of MUFA and PUFA on metabolic syndrome and NAFLD,

deserves considerable attention and further human studies.

Nevertheless, we believe that the take home message is that

if therapeutic MUFA-based strategies are effective in pre-

vention of metabolic syndrome and are also applicable to

NAFLD; and vice versa, then there is a good hope with

regard to the possibility of successful implementation of

PUFA as a therapy for both diseases. Finally, the inclusion

of MUFA and PUFA supplements in the diet of individuals

with metabolic syndrome and NAFLD should be war-

ranted, in view of their potential to reduce the risk of

cardiovascular disease.

A. Alisi � V. Nobili (&)

Liver Research Unit, Bambino Gesù Children’s Hospital,
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Abstract Inflammation is associated with cardiovascular

disease, including myocardial infarction, atherosclerosis,

myocarditis and congestive heart failure. Mast cells have

been implicated in inflammation, but their precise role

in cardiac inflammation remains unclear. Mast cells con-

tain a variety of pre-formed granule-associated mediators,

including tryptase. We have previously demonstrated that

the majority of the phospholipase A2 (PLA2) activity in

isolated rabbit ventricular myocytes is membrane-associ-

ated, calcium-independent and selective for plasmalogen

phospholipids. We hypothesized that tryptase stimulation

of rabbit ventricular myocytes would increase iPLA2

activity, leading to increased arachidonic acid and prosta-

glandin E2 (PGE2) release. Isolated rabbit ventricular

myocytes were stimulated with tryptase and iPLA2 activity,

arachidonic acid and PGE2 release were measured. Tryp-

tase stimulation increased iPLA2 activity after 5 min.

Activation of iPLA2 was accompanied by increased ara-

chidonic acid and PGE2 release in tryptase-stimulated

myocytes. However no increase in platelet activating factor

was observed with tryptase stimulation. To distinguish

between different iPLA2 isoforms in the myocardium,

we pretreated ventricular myocytes with the (R)- and

(S)-enantiomers of bromoenol lactone (BEL) to selectively

inhibit iPLA2c and b respectively. Pretreatment with

(R)-BEL resulted in complete inhibition of tryptase-stim-

ulated iPLA2 activity, arachidonic acid and PGE2 release,

suggesting the iPLA2c is the predominant myocardial iso-

form activated by tryptase. These studies demonstrate that

PGE2 release from tryptase stimulated rabbit ventricular

myocytes is mediated primarily by iPLA2c.

Keywords Heart � Mast cell � Inflammation

Abbreviations

BEL Bromoenol lactone

COX Cyclooxygenase

ECM Extracellular matrix

iPLA2 Calcium-independent phospholipase A2

MMP Matrix metalloprotease

PAF Platelet activating factor

PGE2 Prostaglandin E2

PMA Phorbol 12-myristate 13-acetate

Introduction

It is estimated that one in three American adults has one or

more types of cardiovascular disease [1], the leading cause

of mortality and morbidity in the US. The pathology

of many cardiovascular diseases, including myocardial

infarction, atherosclerosis, congestive heart failure and

myocarditis, are associated with myocardial inflammation

[2]. Mast cells are normally present in heart tissue, and lie

in close proximity to blood vessels and in between myo-

cytes in the myocardium [3]. Previous studies have dem-

onstrated a pathological role for mast cells in the heart,

whereby following degranulation they cause myocardial

tissue injury, contractile dysfunction and are proarrhythmic

[4, 5]. Mast cell degranulation releases many harmful

mediators such as histamine, chymase, tryptase and eico-

sanoids that can contribute to inflammation [5]. Mast cells
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have also been shown to contribute to fibrosis via the

release of various profibrotic cytokines. Additionally,

tryptase has been shown to stimulate fibroblast prolifera-

tion and collagen deposition [6, 7]. Tryptase is known to

degrade denatured collagen and activate matrix metallo-

proteases (MMPs) that are responsible for extracellular

matrix integrity. It also degrades a number of bioactive

peptides and lipoproteins [8].

Previous studies from our laboratory have demonstrated

that mast cell tryptase activates calcium-independent phos-

pholipase A2 (iPLA2) in endothelial and epithelial cells,

resulting in increased inflammatory phospholipid metabolite

accumulation and propagating the inflammatory process

[9, 10]. PLA2 are a large family of esterases responsible for

the hydrolysis of sn-2 esterified fatty acids from membrane

phospholipids, resulting in the production of free fatty acid,

including arachidonic acid and a lysophospholipid. These can

serve as important precursors for metabolites that have been

shown to initiate or propagate inflammation. For example,

arachidonic acid can be converted to prostaglandins by the

action of cyclooxygenases (COX). The liberated accompa-

nying lysophospholipid can be acetylated at the sn-2 position

to produce platelet-activating factor (PAF). Both, arachi-

donic acid metabolites and PAF have a well established role

in the inflammatory process [11].

Several PLA2 isoforms have been identified in the

myocardium. Secretory phospholipase A2 require milli-

molar amounts of calcium for their catalytic activity and

act extracellularly. Intracellular phospholipases are divided

into two groups- cytosolic PLA2 (cPLA2) and iPLA2. All

known cPLA2, except for cPLA2c, require micromolar

concentrations of Ca2? for their translocation from the

cytosol to intracellular membranes. They do not, however,

require Ca2? for their catalytic activity. As their name

suggests, iPLA2 do not require Ca2? for their activity or

substrate binding. Even though all three groups of PLA2

have been identified in the myocardium, several studies

show that the majority of myocardial PLA2 activity is

Ca2?-independent [12].

The iPLA2 family of enzymes contains at least seven

members amongst which, iPLA2c and iPLA2b are the most

abundant in mammalian tissue and have been shown to be

important for regulating myocardial function [13]. An

inhibitor selective for iPLA2, bromoenol lactone (BEL),

has been useful in demonstrating the role of this enzyme in

various settings. The separation of BEL into its enantio-

mers, (R)-BEL and (S)-BEL has further allowed us to

discriminate between the major isoforms of iPLA2, since

they are ten fold selective for iPLA2c and iPLA2b
respectively [14].

In this study we examined the effect of tryptase stimu-

lation on rabbit ventricular myocyte iPLA2 activity, and the

subsequent production of arachidonic acid, PGE2 and PAF.

Methods

Rabbit Ventricular Myocyte Isolation and Culture

All studies using vertebrate animals were carried out under

the approval of the Animal Care and Use Committee at

Saint Louis University as outlined in protocol # 1207.

Adult rabbits of either sex weighing 2–3 kg were anes-

thetized with intravenous pentobarbitone sodium (50 mg/kg)

and the heart rapidly removed. The heart was mounted on a

Langendorff perfusion apparatus and perfused for 5 min

with a Tyrode solution containing (mmol/L) NaCl 118,

KCl 4.8, CaCl2 1.2, and glucose 11; the Tyrode solution

was saturated with 95%O2/5%CO2 to yield a pH of 7.4.

This was followed by a 4-min perfusion with a Ca-free

Tyrode solution containing EGTA (100 lM) and a final

perfusion for 20 min with the Tyrode solution containing

100 lM Ca2? and 0.033% collagenase. The heart was

removed from the perfusion apparatus, the atria were

removed and the remaining ventricles were cut into small

pieces and incubated in fresh 0.033% collagenase solution

at 37 �C in a shaking water bath for 4 successive harvests

of 20 min. Individual myocytes were washed with HEPES

buffer containing (mmol/L): NaCl 133.5, KCl 4.8, MgCl2,

CaCl2 0.3, KH2PO4 1.2, glucose 10 and HEPES 10 (pH

7.4). Extracellular Ca2? was increased to 1.2 mM in three

stages at intervals of 20 min. Myocytes were incubated

overnight in M199 medium with 10% fetal calf serum at

37 �C and then washed three times with 1.2 mM Ca2?

HEPES solution.

Phospholipase A2 Activity

Myocytes were suspended in 1 mL buffer containing

(mmol/L): sucrose 250, KCL 10, imidazole 10, EDTA 5,

dithiothreitol (DTT) 2 with 10% glycerol, pH 7.8 (activity

buffer). The suspension was sonicated on ice six times for

10 s (using microtip probe at 20% power output, 500 Sonic

Dismembrator, Fisher Scientific) and the sonicate centri-

fuged at 20,0009g for 20 min to remove cellular debris

and nuclei. The supernatant was then centrifuged at

100,0009g for 60 min to separate the membrane fraction

from the cytosolic fraction. The membrane fraction was

washed twice to minimize contamination with cytosolic

protein by resuspending in activity buffer, and centrifuging

at 100,0009g for 60 min. The final membrane fraction was

resuspended in activity buffer. Purity of the membrane

fraction for sarcolemma and sarcoplasmic reticulum mem-

branes was verified by verifying the presence of K?-p-

nitrophenyl phosphatase and NADPH-cytochrome c reduc-

tase and the absence of glucose 6-phosphate dehydrogenase

and cytochrome c oxidase. PLA2 activity in membrane

fractions was assessed by incubating enzyme (8 lg
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membrane protein) with 100 lM (16:0, [3H]18:1) plasm-

enylcholine substrate in assay buffer containing (mmol/L):

Tris 10, EGTA 4, 10% glycerol, pH 7.0 at 37 �C for 5 min in

a total volume of 200 lL. The radiolabeled phospholipid

substrate was introduced into the incubation mixture by

injection in 5 lL ethanol to initiate the assay. Reactions

were terminated by the addition of 100 lL butanol and

released radiolabeled fatty acid was isolated by the appli-

cation of 25 lL of the butanol phase to channeled Silica Gel

G plates, development in the petroleum ether/diethyl ether/

acetic acid (70/30/1, v/v) and subsequent quantification by

liquid scintillation spectrometry. Protein content of each

sample was determined by the Lowry method utilizing

freeze dried bovine serum albumin as the protein standard.

Measurement of Total Arachidonic Acid Release

Arachidonic acid release was determined by measuring

[3H] arachidonic acid released into the surrounding med-

ium from ventricular myocyte suspensions labeled previ-

ously with [3H] arachidonic acid. Briefly, myocyte

suspensions (106 myocytes in 10 mL culture media) were

incubated at 37 �C with 3 lCi [3H] arachidonic acid for

18 h. This incubation resulted in [70% incorporation of

radioactivity into the myocytes. After incubation, myocyte

suspensions were washed three times with Tyrode solution

containing 0.36% bovine serum albumin to remove unin-

corporated [3H] arachidonic acid. Myocytes were incu-

bated at 37 �C for 15 min before being subjected to

experimental conditions. At the end of the stimulation

period, myocyte suspensions were centrifuged, and the

supernatant was removed. Myocyte pellets were solubi-

lized in 10% sodium dodecyl sulfate, and radioactivity in

both supernatant and pellet was quantified by liquid scin-

tillation spectrometry.

Measurement of PGE2 Release

Rabbit myocytes were washed twice with Hanks balanced

salt solution (HBSS) containing, in mmol/L, 135 NaCl, 0.8

MgSO4, 10 HEPES (pH 7.6, 1.2 CaCl2, 5.4 KCl, 0.4

KH2PO4 and 6.6 glucose. After washing, 0.5 mL of HBSS

with 0.36% BSA was added to each culture well. Myocytes

were then stimulated with the appropriate tryptase con-

centrations. The surrounding buffer was removed from the

cells after selected time intervals, and PGE2 release was

measured immediately using an immunoassay kit (R&D

Systems, Minneapolis, MN).

PAF Assay

Isolated rabbit ventricular myocytes were washed twice with

Hanks’ balanced salts solution containing NaCl 135 mM,

MgSO4 0.8 mM, HEPES (pH = 7.4) 10 mM, CaCl2
1.2 mM, KCl 5.4 mM, KH2PO4 0.4 mM, Na2HPO4 0.3 mM

and glucose 6.6 mM and incubated with 50 lCi [3H] acetic

acid for 20 min. After the selected time interval for incuba-

tion with the appropriate agents, lipids were extracted from

the cells by the method of Bligh and Dyer. The chloroform

layer was concentrated by evaporation under N2, applied to a

silica gel 60 TLC plate, and developed in chloroform/

methanol/acetic acid/water (50/25/8/4 vol/vol). The region

corresponding to PAF was scraped and radioactivity quanti-

fied using liquid scintillation spectrometry. Loss of PAF

during extraction and chromatography was corrected for by

adding a known amount of [14C] PAF as an internal standard.

[14C] PAF is synthesized by acetylating the sn-2 position of

lyso-PAF with [14C] acetic anhydride using 0.33 M dimeth-

ylaminopyridine as a catalyst. The synthesized [14C] PAF is

purified by HPLC.

Statistical Analysis

Statistical comparison of values was performed by Stu-

dent’s t test or one way analysis of variance with post hoc

analysis performed using Dunnett’s test. All results are

expressed as means ± SEM. Statistical significance was

considered to be P \ 0.05.

Results

Effect of Tryptase on PLA2 Activity

To determine the contribution of iPLA2b and iPLA2c to

total iPLA2 activity in rabbit ventricular myocytes, mem-

brane protein was incubated with increasing concentrations

of (R)-BEL or (S)-BEL and PLA2 activity was measured in

the absence of calcium (4 mM EGTA) using (16:0,

[3H]18:1) plasmenylcholine as substrate. Incubation with

concentrations of (R)-BEL greater than 0.1 lM resulted in

a significant inhibition of membrane-associated iPLA2

activity (Fig. 1). Incubation of membrane protein with

(S)-BEL resulted in a significant inhibition of iPLA2

activity at concentrations greater than 1 lM (Fig. 1).

Incubation with (R)-BEL inhibited iPLA2 activity to a

greater extent than incubation with (S)-BEL at all con-

centrations examined, suggesting that the majority of

ventricular myocyte iPLA2 activity is iPLA2c.

Isolated rabbit ventricular myocytes stimulated with

tryptase (20 ng/mL) demonstrated a significant increase in

iPLA2 activity 5 min after stimulation, which returned to

basal level after 10 min (Fig. 2). Ventricular myocytes

pretreated with (R)-BEL (2 lM, 10 min) resulted in com-

plete inhibition of tryptase-stimulated iPLA2 activity

(Fig. 2). However, pretreatment with (S)-BEL (2 lM,
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10 min) did not significantly affect tryptase-stimulated

iPLA2 activity (Fig. 2). These data suggest that tryptase

stimulation caused an increase in iPLA2 activity in myo-

cytes, most likely due to activation of iPLA2c.

Effect of Tryptase on Arachidonic Acid Release

Since iPLA2 mediated membrane hydrolysis results in

the production of free fatty acid from the sn-2 position,

rabbit ventricular myocytes were stimulated with tryptase

(20 ng/mL) and arachidonic acid release was measured.

Tryptase stimulation resulted in a significant increase in

arachidonic acid release after 2 min. Stimulation for a

longer period resulted in a five-fold increase in arachidonic

acid (Fig. 3). Pretreatment of ventricular myocytes with

(R)-BEL (2 lM, 10 min) completely inhibited tryptase-

stimulated arachidonic acid release whereas pretreatment

with (S)-BEL (2 lM, 10 min) inhibited arachidonic acid

release by approximately 40% (Fig. 3). This suggests that

iPLA2c is primarily responsible for arachidonic acid

release in response to tryptase stimulation in rabbit ven-

tricular myocytes.

Effect of Tryptase on PGE2 Release

Free arachidonic acid can be metabolized to PGE2 by the

sequential actions of cyclooxygenase (COX-1 or COX-2)

and prostaglandin E synthase. An increase in PGE2 release

was observed when rabbit ventricular myocytes were

stimulated with tryptase (20 ng/mL, Fig. 4). In agreement
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with our previous findings, PGE2 release was inhibited

completely with (R)-BEL, indicating that iPLA2c activa-

tion is mostly responsible for PGE2 production in tryptase

stimulated rabbit ventricular myocytes (Fig. 4).

Effect of Tryptase on PAF Production

Previous studies from our laboratory have demonstrated an

increase in PAF production in epithelial and endothelial cells

in response to tryptase-stimulated iPLA2 activity. We mea-

sured PAF production in rabbit ventricular myocytes fol-

lowing tryptase stimulation and observed no increase after 10

or 30 min stimulation (Fig. 5). However, treatment with

PMA (100 nM, 10 min), caused a significant increase in PAF

production (Fig. 5). Thus, though capable of producing PAF,

tryptase-mediated stimulation of iPLA2 does not appear to

increase PAF production in ventricular myocytes.

Discussion

Prostaglandins are synthesized from membrane phospho-

lipids by the sequential action of phospholipase A2, COX

and PG synthase enzymes. They are biologically active

mediators which regulate heart rate, coronary blood flow,

coronary microvascular permeability and left ventricular

contractility [15]. In cardiac myocytes, PGE2 production

exceeds the production of all other PGs [16]. The pro-

duction of arachidonic acid, a polyunsaturated fatty acid

residing in cell membranes, is the rate limiting step for

prostaglandin synthesis. Arachidonic acid is liberated from

membrane phospholipids via the hydrolysis of the sn-2

bond by phospholipase A2 enzymes and is acted upon by

the cyclooxygenases to form PGG2 and PGH2, and subse-

quently converted to PGE2 by PGE synthase Since PLA2

determines the amount of arachidonic acid released from

cell membranes, it also determines the amount of eicosa-

noids produced [17].

All major human organ systems, such as gastrointestinal,

reproductive, neuroendocrine and immune systems, require

PGE2 to regulate their function [18]. Depending on their site

of action, the effects of PGE2 could be homeostatic, inflam-

matory or even anti-inflammatory [17]. PGE2 has diverse

actions in inflammation, such as having vasodilatory or

vasoconstrictive effects based on various conditions [18].

These conflicting functions and effects make it challenging to

elucidate the role of this eicosanoid in physiology and

pathology. The receptors via which PGE2 exerts its action are

the prostaglandin E receptors (EP1-4), which are a set of

G-protein-coupled receptors that differ in their tissue distri-

bution, structure and signaling pathways [19]. It is suggested

that this family of receptors is most likely responsible for the

differing actions of PGE2.

Previous studies from our laboratory have shown that

mast cell tryptase activates iPLA2, leading to the upregu-

lation of arachidonic acid and prostaglandin production in

epithelial [10] and endothelial cells [9, 11]. Mast cells are

known to have a crucial role in a variety of disorders,
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however their exact contribution to cardiovascular pathol-

ogy is still unclear. One of the most distinctive morpho-

logical features of mast cells is the presence of numerous

electron-dense secretory granules containing various pre-

formed mediators [20]. In humans, mast cells are generally

classified according to the type of protease enzymes they

contain: tryptase (MCT), chymase (MCC) or both tryptase

and chymase (MCTC) [21]. It has been reported that the

human heart contains 90% MCTC type mast cells [22]. In

the heart, mast cell tryptase is known to promote cardiac

remodeling by altering the extracellular matrix (ECM) and

increasing fibroblast proliferation [4]. Tryptase activates

MMPs known to be associated with plaque destabilization

and rupture in atherosclerosis and fibrosis associated with

myocarditis [2, 23]. In cardiovascular inflammation tryp-

tase levels are known to be elevated [24, 25], thus it is

likely that mast cell tryptase directly affects cardiac myo-

cytes following degranulation.

In rabbit ventricular myocytes, we have shown that

majority of the PLA2 activity is calcium-independent,

membrane associated and selective for arachidonylated

plasmalogen phospholipids [26]. Further, full length

sequences of rabbit iPLA2b and c were determined and

found to be 91 and 88% identical to the corresponding

human isoforms. We have previously demonstrated the

presence of iPLA2c in microsomes isolated from rabbit

heart and ventricular myocytes [27]. Multiple iPLA2c
protein products are localized to intracellular compart-

ments, including the plasma membrane, mitochondria and

peroxisomes [28]. Rabbit microsomal iPLA2c is approxi-

mately 88 kDa, which is the long form of iPLA2c [26, 27].

We determined activation of iPLA2c in the membrane

fraction of ventricular myocytes, which contains sarco-

lemma and sarcoplasmic reticulum membranes. iPLA2

activity measured in the cytosolic and mitochondrial frac-

tions isolated from ventricular myocytes was not signifi-

cantly increased by tryptase stimulation (data not shown).

Thus, we hypothesize that tryptase stimulation of ventric-

ular myocytes likely activates iPLA2c localized in the

sarcolemma at short intervals of stimulation.

Rabbit myocyte iPLA2 is activated by thrombin in a

similar time course to that observed here with tryptase [28].

We have previously observed comparable time courses of

iPLA2 activation in response to thrombin and tryptase in

human coronary artery endothelial cells [11]. As with

endothelial cells, thrombin activation of cardiac myocyte

iPLA2 is quicker than with tryptase, suggesting that cell

signaling events between iPLA2 activation and protease

activated receptor-1 (PAR-1, cleaved and activated by

thrombin) or PAR-2 (cleaved and activated by tryptase) are

different. We have demonstrated that iPLA2 activation by

thrombin is mediated by protein kinase C, possibly via

phosphorylation of the enzyme [29]. Pretreatment of

tryptase-stimulated ventricular myocytes with GF 109203X

(100 nM, 10 min) to inhibit protein kinase C resulted in

inhibition of membrane-associated iPLA2 activation

(4.2 ± 0.3 nmol/mg protein/min vs. 3.8 ± 0.4 nmol/mg

protein, N = 6). These data suggest that thrombin or tryp-

tase stimulation results in similar increases in iPLA2 acti-

vation and membrane phospholipid hydrolysis and that the

presence of PAR-1 and PAR-2 increases the range of pro-

teases to which ventricular myocytes can respond.

In the present study, (R)- and (S)-BEL were used to

ascertain the specific contributions of iPLA2b and c in ven-

tricular myocytes in response to tryptase stimulation. The

majority of membrane associated iPLA2 activity in rabbit

ventricular myocytes was inhibited by (R)-BEL, indicating

that iPLA2c was responsible. Membrane fractions of ven-

tricular myocytes pretreated with (R)-BEL did not show an

increase in iPLA2 activity in response to tryptase stimulation.

However, pretreatment with (S)-BEL did not inhibit tryp-

tase-stimulated iPLA2 activity. Tryptase-stimulated increa-

ses in arachidonic acid and PGE2 release were completely

inhibited by pretreatment of ventricular myocytes by

(R)-BEL, indicating the dependence of these responses on

iPLA2c activation. While it has been determined that PLA2 is

a key enzyme in PGE2 production, the exact contribution of

iPLA2 to this biosynthetic process in cardiac myocytes had

not been illustrated. It is of particular interest to know the role

of iPLA2 in these settings since majority of the PLA2 activity

in cardiac myocytes is attributable to membrane associated

iPLA2. The lysophospholipid produced when arachidonic

acid is released from membrane phospholipids by iPLA2 can

be acetylated to form platelet activating factor (PAF). PAF

has various effects in the cardiovascular system where it is

known to decrease cardiac output and affect vascular tone in

addition to its direct influence on cardiac myocytes [30].

Previous studies from our laboratory have shown an increase

in PAF production in endothelial cells following iPLA2

activation [31, 32]. However, tryptase stimulation of myo-

cytes for up to 30 min did not affect PAF production even

though stimulation with PMA resulted in a significant

increase in PAF in these cells. This suggests that while car-

diac myocytes are able to produce PAF, this process is most

likely independent of tryptase stimulation. In a previous

study we have determined that thrombin stimulation of rabbit

ventricular myocytes failed to increase PAF production [33].

Taken together, these data suggest that thrombin and tryptase

activate ventricular myocytes iPLA2 to release arachidonic

acid from membrane phospholipids, but the accompanying

lysophospholipid is not acetylated to form PAF.

In conclusion, our data suggest that in response to tryptase

stimulation, majority of the iPLA2 activity in rabbit ventric-

ular myocytes is due to iPLA2c. This results in increased

arachidonic acid and PGE2 production, but does not affect

PAF production in tryptase-stimulated myocytes.
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Abstract The present study assessed the effect of oral

supplementation with docosapentaenoic acid (DPA, 22:5n-3)

on the levels of serum and tissue lipid classes and their fatty

acid compositions including individual phospholipid types in

rat liver, heart, and kidney. Sprague–Dawley rats received

daily oral gavage over 10 days as corn oil without (controls)

or with purified DPA in free fatty acid form (21.2 mg/day).

The DPA group exhibited significantly lower serum lipid

concentrations. The concentrations in lmol/100 g serum or

lmol/g tissue of DPA in the total lipid (TL) were higher by

2.3-, 2.4-, 10.9-, and 5.1-fold in the DPA group of serum,

liver, heart, and kidney, respectively, with the phospholipids

(PL) being the major DPA reservoir (45.2–52.1% of the DPA

in the TL). No significant differences in DHA (22:6n-3)

amounts in TL appeared. The highest relative mol% values

as DPA were in heart tissue (means of 11.1% in PL and

16.2% in phosphatidylinositol) and lowest in kidney. The

EPA (20:5n-3) concentrations were markedly higher in the

DPA group and most pronounced in the kidney (5.1 times

higher in the TL as compared to controls) relative to liver

and heart yielding an estimated apparent % conversion of

DPA to EPA of 67% and EPA:DPA ratios reaching 5.74 in

kidney phosphatidylethanolamine. The serum lipid-lower-

ing potential of dietary DPA and its impact in the kidney

with the derived EPA warrants investigation.

Keywords Docosapentaenoic acid (DPA 22:5n-3) �
Rat serum � Cholesteryl esters � Triacylglycerol(s) � Liver �
Heart � Kidney � Apparent retroconversion �

Eicosapentaenoic acid (EPA 20:5n-3) �
Individual phospholipids

Abbreviations

ARA Arachidonic acid 20:4n-6

ACAT Acyl-CoA:cholesterol acyltransferase

CE Cholesteryl esters

CerPCho Sphingomyelin

DHA Docosahexaenoic acid 22:6n-3

DPA Docosapentaenoic acid 22:5n-3

EPA Eicosapentaenoic acid 20:5n-3

LCAT Lecithin:cholesterol acyltransferase

NEFA Non-esterified fatty acids

PL Phospholipid(s)

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PtdIns Phosphatidylinositol

PtdSer Phosphatidylserine

PUFA Polyunsaturated fatty acid

TAG Triacylglycerol(s)

TC Total cholesterol

TL Total lipid(s)

TLC Thin-layer chromatography

Introduction

Docosapentaenoic acid (DPA, 22:5n-3) as present in seal

meat, whale meat/blubber, plus some fish/fish oils to a

lesser extent is a significant component of the long-chain

omega-3 fatty acids found in the Inuit diet [1]. While

eicosapentaenoic acid (EPA, 20:5n-3) plus docosahexae-

noic acid (DHA, 22:6n-3) are credited for the apparent

cardioprotective effects of diets rich in marine fats [2],
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higher levels of DPA in the circulation have been associ-

ated with a lower risk for coronary heart disease in popu-

lation studies [3]. Furthermore, DPA has shown the ability

to inhibit human platelet aggregation in vitro and to sup-

press thromboxane formation [4]. Intervention trials using

seal oil containing DPA in addition to EPA/DHA have

exhibited beneficial effects on selected cardiovascular

disease risk factors in healthy volunteers [5, 6]. The much

lower intakes of DPA in the diets of populations who

consume small amounts of fish are derived mostly from

meat plus poultry [7].

Very recently, supplementation with DPA in rats has

indicated that it is both elevated and partly retroconverted

to EPA in liver, adipose, heart, and skeletal muscle based

on total lipid analyses along with data suggesting that

dietary DPA can be converted to DHA in the liver [8]. We

have extended the previous work herein by measuring the

effect of DPA-supplementation in the rat on the levels of

various serum and tissue lipids and their fatty acid profiles

as well as the fatty acid compositions of various lipid

fractions including individual phospholipids in liver, heart,

and kidney. This present study differs from previous work

[8] which was restricted to total lipid analyses only in

selected tissues and excluded the serum and kidney. The

present findings reveal dramatic differences in the resulting

fatty acid compositions between individual lipid/phospho-

lipid classes upon DPA supplementation and indicate a

particularly high capacity for the retroconversion of DPA

to EPA in the kidney.

Experimental Procedure

Animals and Study Design

This study was approved by Animal Care Services, Office

of Research, University of Guelph (Animal Utilization

Protocol No. 96R093). Seventeen male Sprague–Dawley

weanling rats (Charles River Canada, St. Constant, P.Q.)

having an average body weight of 49.6 ± 0.6 g and

approximately 21 days of age were randomly housed in

stainless steel cages with 12 h light–dark cycle and a

constant room temperature of 25 �C. All animals were fed

(ad libitum) Purina Laboratory Chow (Purina Mills Inc., St.

Louis, MO), devoid of long-chain n-3 fatty acids including

DPA, and given either 500 lL per day of corn oil alone

(control group; Mazola Corn Oil, Corn Products Inc., St.

Louis, MO) or an equal volume of corn oil containing a

small amount of purified DPA [Nu-Chek Prep Inc., Ely-

sian, MN, U-101-A (free fatty acid form), [99% DPA

devoid of 20:5n-3 and 22:6n-3] via oral gavage. The fatty

acid composition of the two oral gavages, namely corn oil

versus corn oil-DPA, contained mostly oleic acid (28.9 and

26.5 wt%) and linoleic acid (55.0 and 53.4 wt%) with DPA

representing 0 and 4.24 wt%, respectively, of total fatty

acids. The oral gavages were administered for a period of

10 days after which time the animals were sacrificed and

various tissues (plus serum via blood centrifugation) were

taken for analyses. The dietary conditions and composi-

tions (including oral gavage) for the DPA group (DPA-

supplemented rats) were estimated to provide approxi-

mately 2.5% of the total fat intake (oral gavage plus dietary

chow) as DPA which is in the general range as reported

historically for the Greenland Inuit population [9]. In

absolute amounts, the DPA dose was 21.2 mg/day which is

higher than Inuit intakes on a body weight basis.

Lipid and Fatty Acid Analyses

Total serum cholesterol levels were determined by a mi-

crocolorimetric method [10]. The individual lipid classes

were separated by thin-layer chromatographic (TLC) pro-

cedures following lipid extraction using methods similar to

those described [11, 12]. The TLC plate developed in the

neutral lipid system provided for the separation of tria-

cylglycerols (TAG), total phospholipids (PL), non-esteri-

fied fatty acids (NEFA), and cholesteryl esters (CE)

whereas development in the polar lipid system provided

isolations of the individual phospholipids including phos-

phatidylcholine (PtdCho), phosphatidylethanolamine

(PtdEtn), phosphatidylinositol (PtdIns), phosphatidylserine

(PtdSer), and sphingomyelin (CerPCho) as described [11,

12]. The addition of known amounts of an internal standard

(odd-carbon fatty acid) to the total lipid (TL) extracts and

the isolated lipid fractions provided for determination of

both the individual and total fatty acid amounts plus the

relative wt% of total fatty acids following transmethylation

and gas–liquid chromatographic analyses [11, 12].

Statistical Analyses

The experimental data were analyzed for statistical sig-

nificance by Student’s t-test [13].

Results

The initial and final body weights (following 10 days of

oral gavage treatment) for all animals (n = 17) were

49.4 ± 0.4 (mean ± SE) and 102.2 ± 2.4 g, respectively.

Weights of liver, heart, and kidney were 5.13 ± 0.17,

0.47 ± 0.01, and 0.57 ± 0.02 g, respectively. Total serum

fatty acid amounts in the TL of the DPA-supplemented rats

were significantly lower (by 15.7% overall) relative to

controls (Table 1). Moderately lower levels were also

found for the PL (by 13.4%) and the CE (by 15.9%)
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whereas this was not statistically significant in the case of

the TAG where the mean level was 21.5% lower as com-

pared to the controls. Total serum cholesterol levels were

moderately lower (by 12.0%) and statistically significant

(P \ 0.01) for the DPA group relative to controls

(Table 1). The absolute amount of DPA in TL (lmol/100 g

serum) increased by 2.28-fold in the DPA-supplemented

rats relative to controls (Fig. 1) with considerable increases

apparent in all the individual lipid classes. The single major

reservoir of DPA following DPA supplementation was in

the PL at a mean of 3.66 lmol/100 g serum (49.2% of

DPA in TL) with the TAG, NEFA, and CE contributing

32.0, 13.1, and 5.3%, respectively. The corresponding

concentrations (lmol/100 g serum) for EPA in the TL of

the control versus DPA groups were 5.65 ± 0.50 and

12.13 ± 0.69, respectively, with a P value of \0.001.

Interestingly, the single major reservoir of EPA was in the

serum CE at 6.55 ± 0.46 lmol/100 g serum which repre-

sented 54.0% of the EPA in the TL for the DPA group. The

absolute levels (lmol/100 g serum) of DHA in serum TL

(Fig. 2) were not significantly different with values of

20.79 ± 1.55 and 17.38 ± 0.76 for the control and DPA

groups, respectively. Significantly lower concentrations

(P \ 0.001) of ARA but not 18:2n-6 were found in the TL

of the DPA group (48.70 ± 4.70) relative to the controls

(87.88 ± 3.74).

The relative mol% of total fatty acids as DPA following

supplementation was moderately higher in the TAG frac-

tion as compared to the serum PL with the lowest level

being in the CE (Table 2). A moderately higher level of

DHA (P \ 0.05) was found only in the TG upon DPA

supplementation although the absolute amounts of DHA (in

lmol/g serum) were not significantly different between the

control and DPA group for any of the lipid fractions (data

not shown). Significantly higher levels of EPA (Table 2)

were found in the DPA group—particularly in the TAG

and CE fractions. Markedly lower levels of arachidonic

acid (ARA, 20:4n-6) but not linoleic acid (18:2n-6) were

found in the TAG, PL, and CE within the DPA group

relative to controls.

The total fatty acid amounts in TAG were considerably

lower in the liver TAG of the DPA group relative to control

(1.49 ± 0.28 vs. 4.07 ± 0.94, lmol/g tissue) and in the

kidney TAG (2.30 ± 0.25 vs. 4.93 ± 0.56) whereas no

statistically significant differences were found in the heart

TAG or in the PL for any of the three tissues. The absolute

concentrations of DPA in the total lipids of liver, heart, and

kidney were dramatically higher (by 2.4-, 10.8-, and 5.1-

fold, respectively) in the DPA group relative to controls

without any statistically significant differences in the DHA

contents (Table 3). The tissue concentrations of DPA in the

PL fraction for the DPA group contributed 1.26 ± 0.11

(mean ± SE), 1.17 ± 0.05, and 0.54 ± 0.03 lmol/g tissue

which represented 52.1, 45.2, and 51.9% of the DPA

amounts in TL for liver, heart, and kidney, respectively.

EPA levels were higher in the DPA group by 3.9-, 2.2-, and

4.1-fold, respectively. Considerably lower levels of ARA

Table 1 Concentrations (lmol/g serum) of total fatty acids in serum

lipids from control and DPA-supplemented rats

Lipid class Control DPA

Total lipid (TL) 4.71 ± 0.25 3.97 ± 0.13a

Total phospholipids (PL) 2.02 ± 0.05 1.75 ± 0.05b

Triacylglycerols (TAG) 0.93 ± 0.13 0.73 ± 0.12

Non-esterified fatty acids (NEFA) 0.24 ± 0.02 0.27 ± 0.02

Cholesteryl esters (CE) 1.13 ± 0.06 0.95 ± 0.06a

Total cholesterol (TC),

lmol sterol/g serum

2.17 ± 0.07 1.91 ± 0.04b

Data are mean values ± SE for 8 rats from each group

Statistical significance (DPA vs. control): aP \ 0.05, bP \ 0.01

Fig. 1 Concentrations of DPA (22:5n-3) in serum lipids from control

and DPA-supplemented rats. Statistical significance (DPA vs.

control): aP \ 0.05, bP \ 0.01, cP \ 0.001

Fig. 2 Concentrations of DHA (22:6n-3) in serum lipids from control

and DPA-supplemented rats. No statistically significant differences

were found between the DPA versus control group

Lipids (2011) 46:399–407 401
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were found in the liver and kidney upon DPA supple-

mentation relative to controls with no significant differ-

ences appearing in heart tissue. No significant differences

in the absolute amounts of 18:2n-6 were found in any tissue

between the DPA and control groups (data not shown). The

relative mol% of total fatty acids as DPA was found to be

significantly higher in the TL, PL, and TAG for all three

tissues in the DPA group (Tables 4, 5, 6). The DPA rose to

similar levels (mean values of 2.93–3.62 mol%) in liver

TL, PL, and TAG upon DPA supplementation with the

highest level by far of DPA in the PL of all tissues being in

the heart (11.09 mol%). In the case of TAG, the highest

level of DPA following DPA-supplementation was in the

kidney (5.33 mol%) followed by the heart and liver. The

DHA levels as mol% were significantly higher in the DPA

group relative to controls in the TAG but not the PL of all

three tissues. In heart tissue, the DHA level was actually

significantly lower in the PL fraction of the DPA group.

Following DPA supplementation, the mol% of EPA was

considerably higher in the PL as compared to the TAG

fraction for all tissues and, in the case of the kidney, the

mol% as DPA markedly surpassed that of DPA itself. In all

three tissues, the PL exhibited a significant lowering of the

mol% as ARA in the DPA group which was even more

pronounced in the case of 22:5n-6.

The relative mass distribution (based on lmol/g tissue)

for the esterified DPA (DPA group) found in association

with the individual phospholipid types in the three tissues

(Fig. 3 a–c) indicates that the major reservoir of DPA was

almost equally distributed between PtdCho (39.3–46.4% of

total) and PtdEtn (38.0–44.7% of total). The highest mol%

of fatty acids as DPA for each individual phospholipid

(Table 7) was found in heart tissue (relative to liver and

kidney). In contrast, the levels of EPA for all individual

phospholipids were considerably higher in kidney com-

pared to the corresponding phospholipids in the other

Table 2 Fatty acid compositions of serum lipids from control and DPA-supplemented rats (mol% of total fatty acids)

Fatty acids TAG Total PL NEFA CE

Control DPA Control DPA Control DPA Control DPA

16:0 25.50 ± 0.59 25.34 ± 1.32 25.64 ± 0.43 27.40 ± 0.45 26.69 ± 1.01 25.31 ± 1.05 9.00 ± 1.10 10.12 ± 1.75

18:0 5.83 ± 0.60 6.21 ± 0.60 24.53 ± 0.63 23.46 ± 0.51 9.06 ± 0.42 11.45 ± 0.84 0.21 ± 0.14 0.55 ± 0.24

18:1 36.23 ± 0.66 31.51 ± 2.28 7.86 ± 0.14 8.03 ± 0.31 27.63 ± 1.23 23.09 ± 1.31 8.48 ± 0.45 13.55 ± 0.75c

18:2n-6 20.59 ± 0.46 20.06 ± 0.51 20.61 ± 0.75 23.01 ± 1.17 21.37 ± 0.52 22.81 ± 1.13 27.03 ± 0.82 32.56 ± 1.50b

18:3n-3 0.83 ± 0.05 0.76 ± 0.08 0.01 ± 0.01 0.02 ± 0.02 0.96 ± 0.06 0.75 ± 0.14 0.02 ± 0.02 0.08 ± 0.04

20:4n-6 (ARA) 3.51 ± 0.38 2.02 ± 0.36a 14.47 ± 0.40 9.48 ± 0.42c 8.89 ± 0.56 6.83 ± 1.82 50.22 ± 1.22 32.57 ± 1.64c

20:5n-3 (EPA) 1.29 ± 0.13 3.85 ± 1.01a 0.66 ± 0.26 1.10 ± 0.10 0.63 ± 0.06 2.08 ± 0.25c 2.60 ± 0.21 6.96 ± 0.53c

22:4n-6 0.39 ± 0.04 0.03 ± 0.02c 0.47 ± 0.03 0.39 ± 0.04 0.45 ± 0.05 Tracec Trace Trace

22:5n-6 0.34 ± 0.02 0.01 ± 0.01c 0.30 ± 0.02 0.03 ± 0.02c 0.46 ± 0.05 Tracec Trace Trace

22:5n-3 (DPA) 0.93 ± 0.10 3.78 ± 0.82a 0.83 ± 0.13 2.18 ± 0.22c 0.58 ± 0.09 3.41 ± 0.63b Trace 0.41 ± 0.07c

22:6n-3 (DHA) 4.57 ± 0.42 6.43 ± 0.64a 4.63 ± 0.48 4.90 ± 0.30 3.28 ± 0.27 4.28 ± 0.38 2.43 ± 0.16 3.20 ± 0.48

Data are mean values ± SE for each group

Statistical significance (DPA vs. control): aP \ 0.05, bP \ 0.01, cP \ 0.001

Table 3 Concentrations (lmol/g) selected fatty acids in total lipids of liver, heart, and kidney from control and DPA-supplemented rats

Fatty acids Liver Heart Kidney

Control DPA Control DPA Control DPA

DPA (22:5n-3) 0.72 ± 0.08 2.42 ± 0.30a 0.22 ± 0.02 2.59 ± 0.20b 0.17 ± 0.03 1.04 ± 0.09b

DHA (22:6n-3) 7.01 ± 0.57 6.69 ± 0.63 2.01 ± 0.21 1.92 ± 0.09 1.21 ± 0.10 1.18 ± 0.06

EPA (20:5n-3) 0.31 ± 0.06 1.51 ± 0.19a 0.06 ± 0.00 0.19 ± 0.02b 0.43 ± 0.02 2.20 ± 0.08b

ARA (20:4n-6) 12.80 ± 1.00 7.83 ± 0.30a 3.13 ± 0.23 3.00 ± 0.22 8.01 ± 0.44 5.43 ± 0.24a

Data are mean values ± SE for each group

Statistical significance (DPA vs. control): aP \ 0.01, bP \ 0.001
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tissues (Table 7). The highest EPA:DPA molar ratios for

all individual phospholipids were found in the kidney

ranging from 1.03 in PtdIns to 5.74 in PtdEtn. The corre-

sponding ratios across individual phospholipids were

lowest in heart tissue (0.03–0.08) with intermediary ratios

being found in the liver (0.15–0.91).

Discussion

Previous studies involving the feeding of dietary seal oil to

human subjects have demonstrated a significant elevation

in the level of DPA in the circulating lipid fractions [5, 6]

as well as a significant rise in DPA concentrations in tissue

lipid in animal studies [14]. Such effects cannot be directly

attributed to the consumption of DPA since it represents

approximately 5% of the fatty acids in seal oil with the

higher level of EPA having the capacity to generate con-

siderable amounts of DPA via chain elongation [15, 16]. In

addition, previous studies in humans on the effects of

dietary seal on circulating lipids [5, 6] cannot be attributed

to the effects of DPA specifically since EPA plus DHA are

more predominant components of such oils. In their newly

released review, Kaur et al. [17] have updated the current

knowledge available on the metabolism and the biological

effects of DPA. The recently published study by Kaur et al.

[8] evaluated the effect of purified dietary DPA directly in

rats on the fatty acid compositions of liver, adipose, heart,

skeletal muscle, and brain. The present study has measured

changes in plasma and tissue lipid levels and fatty acid

Table 4 Fatty acid compositions of lipid classes from livers of control and DPA-supplemented rats (mol% of total fatty acids)

Fatty acids TL Total PL TAG

Control DPA Control DPA Control DPA

16:0 23.97 ± 0.75 23.80 ± 0.68 19.99 ± 0.40 21.16 ± 0.80 37.09 ± 0.85 38.13 ± 1.04

18:0 17.51 ± 0.28 18.94 ± 0.90 26.27 ± 0.43 24.61 ± 0.52a 2.01 ± 0.21 3.03 ± 0.89

18:1 19.33 ± 0.99 15.15 ± 1.44a 7.01 ± 0.06 7.67 ± 0.44 43.45 ± 0.71 37.63 ± 3.05

18:2n-6 12.83 ± 0.30 13.95 ± 0.41 9.20 ± 0.30 12.44 ± 0.26c 14.11 ± 0.51 13.85 ± 1.20

18:3n-3 0.12 ± 0.02 0.06 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.14 ± 0.06 0.14 ± 0.06

20:4n-6 (ARA) 15.64 ± 0.40 11.99 ± 0.77b 23.94 ± 0.25 16.62 ± 0.51c 0.60 ± 0.12 0.55 ± 0.12

20:5n-3 (EPA) 0.38 ± 0.06 2.24 ± 0.19c 0.38 ± 0.05 2.40 ± 0.21c 0.27 ± 0.18 0.69 ± 0.32

22:4n-6 0.46 ± 0.02 0.26 ± 0.04b 0.36 ± 0.05 0.33 ± 0.07 0.40 ± 0.06 0.03 ± 0.02b

22:5n-6 0.33 ± 0.03 Tracec 0.28 ± 0.06 Traceb 0.23 ± 0.06 Tracea

22:5n-3 (DPA) 0.88 ± 0.06 3.62 ± 0.32c 0.11 ± 0.11 3.10 ± 0.25c 0.32 ± 0.04 2.93 ± 0.52b

22:6n-3 (DHA) 8.56 ± 0.29 9.98 ± 0.31a 12.44 ± 0.38 11.66 ± 0.33 1.37 ± 0.19 3.02 ± 0.54a

Data are mean values ± SE for each group

Statistical significance (DPA vs. control): aP \ 0.05, bP \ 0.01, cP \ 0.001

Table 5 Fatty acid compositions of lipid classes from hearts of control and DPA-supplemented rats (mol% of total fatty acids)

Fatty acids TL Total PL TAG NEFA

Control DPA Control DPA Control DPA Control DPA

16:0 18.41 ± 0.87 18.26 ± 0.35 14.77 ± 0.33 15.06 ± 0.45 28.70 ± 0.44 32.44 ± 1.01a 20.74 ± 0.51 22.42 ± 1.46

18:0 22.48 ± 0.21 21.87 ± 0.53 24 .66 ± 0.12 25.41 ± 0.22a 7.72 ± 0.46 7.97 ± 0.32 15.03 ± 0.23 15.15 ± 0.64

18:1 12.63 ± 0.39 11.66 ± 0.50 8.11 ± 0.22 7.86 ± 0.27 36.04 ± 0.53 30.67 ± 0.43c 19.62 ± 0.57 17.20 ± 0.65a

18:2 n-6 19.25 ± 0.49 16.47 ± 0.40b 18.52 ± 0.60 15.44 ± 0.55b 24.92 ± 0.38 21.56 ± 0.57c 21.38 ± 0.44 18.90 ± 0.59b

18:3n-3 0.19 ± 0.03 0.17 ± 0.02 0.01 ± 0.00 Trace 0.81 ± 0.06 0.82 ± 0.03 0.42 ± 0.04 0.32 ± 0.04

20:4n-6 (ARA) 15.04 ± 0.68 12.14 ± 0.60b 17.82 ± 0.33 14.45 ± 0.41c 0.71 ± 0.02 0.38 ± 0.02c 12.21 ± 0.49 8.46 ± 0.31c

20:5n-3 (EPA) 0.29 ± 0.01 0.77 ± 0.04c 0.29 ± 0.01 0.78 ± 0.04c 0.12 ± 0.01 0.46 ± 0.04c 0.39 ± 0.01 1.03 ± 0.04c

22:4n-6 0.61 ± 0.03 0.30 ± 0.04c 0.75 ± 0.03 0.35 ± 0.01c 0.11 ± 0.03 0.04 ± 0.02 0.53 ± 0.02 0.16 ± 0.02c

22:5n-6 0.34 ± 0.03 0.13 ± 0.02c 0.38 ± 0.03 0.15 ± 0.01c 0.04 ± 0.02 0.02 ± 0.01 0.26 ± 0.02 0.08 ± 0.00c

22:5n-3 (DPA) 1.05 ± 0.07 10.40 ± 0.28c 1.18 ± 0.05 11.09 ± 0.05c 0.14 ± 0.01 4.74 ± 0.50c 1.03 ± 0.07 9.98 ± 0.96c

22:6n-3 (DHA) 9.70 ± 0.94 7.83 ± 0.29 13.51 ± 0.56 9.41 ± 0.34c 0.69 ± 0.03 0.90 ± 0.05b 8.40 ± 0.58 6.29 ± 0.38a

Data are mean values ± SE for each group

Statistical significance (DPA vs. control): aP \ 0.05, bP \ 0.01, cP \ 0.001
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compositions resulting from DPA ingestion including an

extensive analyses of the resulting fatty acid alterations in

the liver, heart, and the kidney and individual phospholipid

types therein.

The moderately lower levels of total lipid (based on total

fatty acid concentrations) in the serum lipid of the DPA

group (Table 1) was accounted for by significantly lower

levels of the summed fatty acid as PL and CE while the

lower levels as TAG did not reach statistical significance.

Such measurements of circulating lipids were not reported

in the recent publication by Kaur et al. [8]. Moderately

lower levels of total serum cholesterol were also found in

the present study as was found for plasma cholesterol levels

in rats following dietary treatment with concentrated DHA

[16]. In the circulation, serum PL was the single predomi-

nant reservoir of esterified DPA whereas the TAG fraction

showed a moderately greater enrichment (as mol% of total

fatty acids) in DPA as compared to PL (Table 2). Interest-

ingly, the very low level of accumulation of DPA in serum

CE (0.41%) upon supplementation (Table 2) resulted in the

DPA:ARA molar ratio in serum CE to be only a small

fraction of that in the corresponding PL (0.012 vs. 0.23).

Since serum CE is derived from LCAT (lecithin:cholesterol

acyltransferase) activity [18, 19] and tissue (liver) ACAT

(acyl-CoA:cholesterol acyltransferase) activity [20], such

esterification reactions appear to discriminate against sub-

strates containing DPA. Previous human studies on plasma

LCAT have suggested a preferential utilization of EPA-

containing species of phospholipid (lecithin) relative to

DHA species [21] which appears in keeping with the much

higher levels of EPA (relative to DHA) in the serum CE

relative to the PL of the DPA supplemented rats (Table 2).

It is not yet known if the relative participation of DPA

species in the LCAT reaction may influence its apparent

role in reducing atherosclerosis [19]. It is noted that higher

intakes of DPA in humans and higher levels of DPA in the

circulation have been associated with protection against

carotid atherosclerosis [22] and coronary heart disease [3].

Table 6 Fatty acid compositions of lipid classes from kidneys of control and DPA-supplemented rats (mol% of total fatty acids)

Fatty acids TL Total PL TAG

Control DPA Control DPA Control DPA

16:0 26.78 ± 0.72 25.61 ± 0.34 24.26 ± 0.62 24.62 ± 0.60 32.35 ± 1.44 29.15 ± 1.03

18:0 17.10 ± 0.09 17.90 ± 0.09b 20.19 ± 0.49 19.98 ± 0.33 8.12 ± 1.00 7.92 ± 0.89

18:1 15.19 ± 0.39 13.52 ± 0.35b 11.14 ± 0.15 11.19 ± 0.09 32.81 ± 0.63 31.16 ± 0.82

18:2n-6 16.93 ± 0.23 17.30 ± 0.23 16.34 ± 0.33 17.34 ± 0.45 24.51 ± 0.75 23.32 ± 0.79

18:3n-3 0.03 ± 0.01 0.24 ± 0.20 0.01 ± 0.01 0.01 ± 0.01 0.64 ± 0.05 0.66 ± 0.11

20:4n-6 (ARA) 18.98 ± 0.44 13.88 ± 0.30c 23.01 ± 0.42 15.87 ± 0.46c 0.62 ± 0.08 0.60 ± 0.12

20:5n-3 (EPA) 1.02 ± 0.04 5.64 ± 0.25c 1.17 ± 0.04 6.05 ± 0.30c 0.06 ± 0.03 0.40 ± 0.04c

22:4n-6 0.59 ± 0.04 0.26 ± 0.05c 0.55 ± 0.08 0.24 ± 0.04a 0.22 ± 0.04 0.13 ± 0.04

22:5n-6 0.10 ± 0.04 Tracea 0.05 ± 0.05 Trace 0.01 ± 0.01 Trace

22:5n-3 (DPA) 0.38 ± 0.06 2.64 ± 0.18c 0.28 ± 0.06 1.78 ± 0.06c 0.11 ± 0.02 5.33 ± 0.50c

22:6n-3 (DHA) 2.88 ± 0.19 3.02 ± 0.12 3.00 ± 0.13 2.92 ± 0.15 0.55 ± 0.04 1.31 ± 0.12c

Data are mean values ± SE for each group

Statistical significance (DPA vs. control): aP \ 0.05, bP \ 0.01, cP \ 0.001

Fig. 3 The relative %

distribution (based on lmol/g

tissue) for the esterified DPA

(DPA group) found in

association with the individual

phospholipid types in the liver,

heart, and kidney
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The considerably lower concentrations of TAG in the

liver (by 64%) and kidney (by 53%) in the DPA-supple-

mented rats as found herein are consistent with the TAG-

lowering effect of fish oils containing EPA plus DHA in

these same tissues as reported [11, 23]. Potential mecha-

nisms for such a suppression in tissue TAG levels with

dietary DPA likely involve a diminution in lipogenic

enzyme activities and corresponding gene expression, a

significant suppression in 1,2-diacylglycerol conversion to

TAG via CoA:1,2-diacylglycerol acyltransferase, and/or

increased fatty acid oxidation [11].

In addition to the markedly higher concentrations of

DPA in the TL and individual lipid types relative to con-

trols in the DPA group, considerably higher levels of EPA

were also found in the TL of serum, liver, heart, and kidney

along with considerable heterogeneity in the magnitude of

such elevations across the various lipid classes (Fig. 1;

Tables 3, 4, 5, 6). The DPA concentration in liver averaged

2.42 lmol/g tissue (Table 3) which was approximately

20% lower than that reported upon DPA supplementation

in the recent paper by Kaur et al. [8] which likely reflects

the lower dose in our study (21.2 vs. 50 mg/day) and dif-

ferences in animal body weights. We found a moderately

higher rise in concentration of DPA in heart as compared to

liver as observed by others [8] which may reflect a pref-

erential uptake of DPA by cardiac tissue. In their study,

Kaur et al. [8] observed increased concentrations of EPA,

in addition to DPA, in liver, heart, and skeletal muscle

which they attributed to the process of DPA retroconver-

sion into EPA in vivo as described by others and attributed

to involve the peroxisomal acyl-CoA oxidation [24, 25].

The former authors [8] estimated the extent of apparent

retroconversion of DPA to EPA as [DEPA 9 100/

D(DPA ? EPA)] and reported such to be 28% in liver and

4% in heart. Using such an approach from our data

(Table 3), our corresponding estimates are generally sim-

ilar to the aforementioned and amount to 41 and 5%,

respectively. The moderately higher estimated percentages

from our data may be due in part to the longer (10 day)

supplementation regimen in our research as compared to

7 days by the other group [8]. It is particularly interesting

that the estimated % conversion of DPA to EPA based on

our kidney data (Table 3) is 67% and dramatically higher

than that reported for all other tissues by us herein plus the

previous work [8]. It is possible that the kidney may have

an unique affinity for the uptake of EPA; however, this

appears unlikely since it has been observed that the feeding

of purified EPA to rats resulted in a lower mean EPA % in

the kidney as compared to liver lipids [16]. It is likely

that the kidney has a particularly high capacity for the

retroconversion of DPA to EPA which accounts for the

predominance of EPA over DPA following DPA supple-

mentation in the total lipid, total phospholipid, and major

phospholipid fractions (Tables 3, 6, 7).

The significantly lower percentages of fatty acids as

ARA in the PL of all tissues with DPA supplementation

(Tables 4, 5, 6), and as DHA in heart PL, likely represents

competition from DPA and the derived EPA for esterifi-

cation via acyltransferase activities. The relative cellular

availability and preferential utilization of DPA versus other

long-chain n-3 and n-6 fatty acids plus its enzymic com-

petition with such for entry into individual phospholipid

Table 7 Long-chain polyunsaturated fatty acid compositions (mol% of total fatty acids) and EPA:DPA ratios of individual phospholipids from

tissues of DPA-supplemented rats

Fatty acid 20:4n-6 (ARA) 20:5n-3 (EPA) 22:4n-6 22:5n-6 22:5n-3 (DPA) 22:6n-3 (DHA) EPA:DPA Ratio

Liver

PtdCho 14.41 ± 0.70 2.44 ± 0.24 0.02 ± 0.01 0.02 ± 0.01 2.69 ± 0.21 10.55 ± 0.45 0.91

PtdEtn 17.17 ± 0.61 3.41 ± 0.29 0.09 ± 0.02 0.01 ± 0.01 4.48 ± 0.35 18.24 ± 0.65 0.76

PtdIns 34.49 ± 0.51 0.68 ± 0.08 0.33 ± 0.03 0.12 ± 0.03 4.41 ± 0.48 5.10 ± 0.11 0.15

PtdSer 14.87 ± 0.75 2.37 ± 0.27 0.30 ± 0.09 Trace 3.49 ± 0.38 12.97 ± 0.78 0.68

Heart

PtdCho 17.31 ± 0.56 0.76 ± 0.04 0.07 ± 0.03 0.03 ± 0.01 10.49 ± 0.43 6.07 ± 0.31 0.07

PtdEtn 15.13 ± 0.24 1.17 ± 0.06 0.23 ± 0.02 0.17 ± 0.01 14.11 ± 0.47 19.80 ± 0.52 0.08

PtdIns 23.60 ± 0.65 0.73 ± 0.06 0.08 ± 0.02 0.01 ± 0.01 16.23 ± 0.33 3.81 ± 0.44 0.04

PtdSer 4.43 ± 0.20 0.40 ± 0.02 0.93 ± 0.06 0.38 ± 0.03 13.32 ± 0.32 12.36 ± 0.43 0.03

Kidney

PtdCho 8.25 ± 0.24 3.77 ± 0.28 0.03 ± 0.01 0.01 ± 0.00 1.73 ± 0.15 3.94 ± 0.13 2.18

PtdEtn 25.90 ± 0.83 10.84 ± 0.40 0.17 ± 0.01 Trace 1.89 ± 0.09 3.46 ± 0.13 5.74

PtdIns 31.64 ± 0.48 2.61 ± 0.22 0.25 ± 0.04 0.08 ± 0.01 2.54 ± 0.15 3.54 ± 0.27 1.03

PtdSer 19.18 ± 0.45 8.86 ± 0.38 0.45 ± 0.03 0.45 ± 0.03 3.20 ± 0.07 1.45 ± 0.06 2.77

Data are mean values ± SE for each group or mean values only (EPA:DPA ratio)
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types via various de novo biosynthetic, deacylation-

reacylation, and transacylation reactions [26, 27] likely

contribute to the fatty acid profiles in PtdCho, PtdEtn,

PtdIns, and PtdSer following DPA ingestion (Table 7). The

particularly high enrichment of heart PtdIns, PtdEtn, and

PtdSer with DPA upon supplementation (Table 7) may

possibly arise from a preferential utilization of DPA-CoA

by the corresponding acyltransferase reactions and/or other

reactions in the biosynthetic pathways. The marked dif-

ferences in such compositions indicate that much hetero-

geneity exists in the regulation of DPA levels along with

other long-chain polyunsaturates (PUFA) between indi-

vidual phospholipid types and tissues. The extent to which

these compositions influence the formation and functioning

of bioactive products resulting from DPA such as

hydroxylated derivatives via lipoxygenase activities [28]

including cellular mediators from ARA, EPA, and DHA

[29] upon their enzymic release from these PL reservoirs

remains to be studied.

The observed serum lipid-lowering potential of DPA

and other physiological effects will need evaluation in

human trials as concentrates of DPA (devoid of EPA/DHA)

become available in bulk amounts. Our current results

strongly suggest a particularly high capacity for the

apparent retroconversion of DPA to EPA in the kidney

which is worthy of further investigation with respect to

mechanisms and potential significance to renal functioning

in health and disease.
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Abstract Docosahexaenoic acid (DHA), is the major

polyunsaturated fatty acid in the brain and is important for

both the structure and the function of the nervous system.

Mice were fed either an n-3 fatty acid deficient (n-3 Def) or

adequate (n-3 Adq) diet for two generations. The mice

were housed under two conditions, as a group or in isola-

tion and the major point of the study was to determine

whether n-3 fatty acid deficiency would enhance isolation-

induced anxiety. Isolation stress was assessed using the

novelty suppressed feeding paradigm (NSF) after a 3-week

period and the test lasted a maximal duration of 10 min.

The number of successful mice consuming food pellets

within 5 min in the n-3 Def diet group was low in both

housing conditions (group housing, 33% and isolated,

30%), but was 92% in the group housed and 50% in the

isolated group when fed the n-3 Adq diet. In the subsequent

5 min period, the isolated housing group consuming the

n-3 Adq diet increased up to 79% and the group housed

animals fed the n-3 Def diet increased to 67%. However,

those that consumed the n-3 deficient diet combined with

isolation stress exhibited no increase. These results sug-

gested that the n-3 deficient mice had increased anxiety

that was enhanced by the chronic mild stress of social

isolation.

Keywords n-3 Fatty acid � Anxiety � Stress � Novelty

suppressed feeding paradigm � Mice

Abbreviations

DHA Docosahexaenoic acid, 22:6n-3

PUFA Polyunsaturated fatty acid(s)

Introduction

The n-3 fatty acids, a-linolenic acid (ALA, 18:3n-3),

eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic

acid (DHA, 22:6n-3) are nutritionally essential polyunsat-

urated fatty acids and cannot be synthesized de novo in

mammals. These fatty acids, particularly DHA, exist

mainly in the form of membrane phospholipids which are

known to be crucial for maintaining normal brain structure

and function [1]. It has been well documented that animal

model of dietary n-3 fatty acids deprivation produces a loss

of brain function. Several rodent studies have reported that

lower DHA levels in the brain led to poorer performance

on a variety of cognitive and learning tasks [2–5]. There

have recently been several reports concerning various

mental functions including mood variations and underlying

mechanisms. For example, epidemiological studies of

healthy people and postpartum women indicate a negative

correlation between dietary n-3 PUFA intake and mental

illness including serious mood disorders, aggression,

depression, and bipolar disorder [6–9]. These findings

suggest that mental illness may be associated with reduced

dietary intake of n-3 fatty acids. In animal studies, Delion

et al. [10] indicated that an n-3 fatty acid deficient diet

specifically affects the monoaminergic system in brain.
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Kodas et al. [11] showed that dietary n-3 deficiency

induced changes in the synaptic levels of 5-HT. On the

other hand, it has been known that monoamine level in the

brain are altered by chronic mild stress which may be

induced by such animal housing conditions as lack of

bedding, wet bedding, a tilted cage etc. [12, 13]. These

lines of inquiry together suggest that n-3 fatty acid defi-

ciency and stress are both factors that can modulate aspects

of mental illness such as depression and anxiety.

In this study, the effects of n-3 fatty acid deficiency and

social isolation stress were tested in mice using the novelty

suppressed feeding paradigm (NSF) with the hypothesis

that the combination of these factors would lead to the

highest level of anxiety [14]. The NSF test has been con-

sidered useful for assessment of anxiety as it has lower

sensitivity to changes in cognitive factors and thus has been

used to evaluate anti-anxiety and anti-depressant drugs

[15–17].

Materials and Methods

Animals and Study Design

Female CD-1 (ICR) mice were obtained at 3 weeks of age

from Charles River Japan, Inc. and fed an n-3 deficient (n-3

Def) or n-3 adequate (n-3 Adq) diet (see experimental diet,

Table 1). They were maintained within our animal facility

under conventional conditions with controlled temperature

(23 ± 3 �C), humidity (55 ± 10%), and illumination

(12 h; 0700–1900). At 7 weeks of age, they were mated

with 8-week-old males of the same strain (experimental

scheme presented in Fig. 1). Their litters were culled to ten

pups and the pups were weaned onto the same diet as their

mothers. Each individual in a cage of five mice was from a

different litter. When the male offspring (second genera-

tion) were 8 weeks old, half of them in the each diet group

were maintained in a cage containing five mice (group

housed), the other half were housed individually for

3 weeks (isolation group). Behavioral experiments were

conducted when the male mice were 11 weeks of age.

Spontaneous motor activity was first measured for each

mouse and after following a 15-h fast, each animal was

given the NSF test [15–17].

After the behavioral experiments, they were killed by

decapitation and the brain and blood were collected. Blood

was spun in a refrigerated centrifuge at 2,3009g for 15 min

at 4 �C. An aliquot of the upper plasma phase was trans-

ferred to another tube. The plasma and brain samples were

frozen at -80 �C prior to lipid extraction and measurement

of fatty acid composition. This experimental protocol was

approved by the Animal Care and Use Committee of the

Wakunaga Pharmaceutical Co. in Japan.

Experimental Diet

The two experimental (n-3 Def and n-3 Adq) diets used

were based on the AIN-93G diet recommendations for

rodents (Table 1). The fat sources were altered to provide

for the low n-3 fatty acid content required. The only dif-

ference between the n-3 Def and the n-3 Adq diets was the

amount of n-3 fatty acids. This was achieved by adding a

small amount of flaxseed oil to the n-3 Adq diet. The basal

fat ingredients used were hydrogenated coconut and saf-

flower oils for the n-3 Def diet. The fat content in both diets

was 10/100 g diet and the amount of n-3 fatty acids as ALA

in the n-3 Def and the n-3 Adq diets were 0.14 and 2.5% of

total fatty acids, respectively. There was no difference in the

total n-6 fatty acids between the two diets (n-3 Def, 15.7%;

n-3 Adq, 15.0%). This diet was custom prepared and pel-

leted using low heat conditions (about 65 �C), then stored at

4 �C to prevent lipid oxidation (Oriental Yeast, Chiba,

Japan) and the fatty acid distributions of the entire diet was

quality assured within our own laboratory.

Table 1 Composition of experimental diets

Ingredient Amount (g/100 g diet)

n-3 Def. n-3 Adq.

Casein, vitamin free 20 20

Carbohydrate 60 60

Cornstarch 15 15

Sucrose 10 10

Dextrose 19.9 19.9

Maltose-dextrin 15 15

Cellulose 5 5

Mineral-salt mix 3.5 3.5

Vitamin mix 1 1

L-cystine 0.3 0.3

Choline bitartrate 0.25 0.25

TBHQ 0.002 0.002

Fat 10 10

Hydrogenated coconut oil 8.1 7.75

Safflower oil 1.9 1.77

Flaxseed oil None 0.48

Fatty acid compositiona

Saturates 80.3 76.7

Monounsaturates 3.8 5.2

18:2n-6 15.7 15.0

18:3n-3 0.14 2.5

n-6/n-3 112 5.9

The two experimental diets, an n-3 fatty acid adequate diet (n-3 Adq)

and an n-3 fatty acid deficient diet (n-3 Def), were based on the AIN-

93 formulation with several modifications to obtain the extremely low

basal level of n-3 fatty acid required in this study
a The 20:4n-6, 20:5n-3 and 22:6n-3 fatty acids were less than 0.01%
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Behavioral Experiment

The behavioral experiments including motor activity and

NSF were performed in the morning (0900–1200 hours).

Motor activity was measured using an activity sensor

(Model NS-AS01, Neuroscience, Inc., Tokyo Japan).

Each mouse was individually placed into a cage (22 9

34 9 14 cm), and the ambulatory time was measured

during spontaneous motor activity for 30 min. After the

measurement of motor activity, each mouse was returned to

its home cage. The NSF was conducted the day following

measurement of motor activity. All diet in the home cage

was removed for 15 h prior to NSF testing. The NSF

procedure was modified from that previously reported

[15–17]. The test chamber was composed of an acrylic box

(50 9 50 9 20 cm), and the floor was covered with

approximately 2 cm of wooden bedding. At the time of

testing, a single pellet of diet (n-3 Def or n-3 Adq diet) was

placed on a platform positioned in the center of the box. A

mouse was placed in a corner of the chamber and the

session was recorded by video camera (HDR-SR1, SONY,

Tokyo, Japan) until the mouse began to eat the pellet. The

measurement time was set for 5 min and was extended to

10 min if eating behavior did not occur within the first

5 min. The parameters measured were the time to initially

touch the food pellet, the latency of beginning to eat the

pellet (defined as the mouse sitting on its haunches and

biting the pellet with the use of forepaws) and the number

of mice that were successful in eating (they ate within the

measurement period). When the mouse failed to eat the

pellet within 5 or 10 min, the latency was calculated as,

300 or 600 s, respectively. After starting to eat the pellet,

the mouse was immediately transferred to a new cage in

order to control for the time spent in the testing cage. The

amount of food consumed over the 5 min period was

measured. The feeding drive of each mouse was assessed

by returning it to the familiar environment of its home cage

immediately after the NSF test and measuring the amount

of food subsequently consumed over a 5 min period.

Lipid Extraction, Transmethylation and Gas

Chromatography

Tissue samples were thawed, weighed, and homogenized

in methanol–hexane and methylated in acetyl chloride

according to the modified method of Lepage and Roy [18].

Varying amounts of the internal standards methyl docos-

atrienoate (22:3n-3 for brain) or methyl tricosanoic (23:0

for plasma) were added to each sample to compensate for

differences in tissue weight and lipid concentration (70 lg/

250 mg brain, 20 lg/100 ll plasma). As an aid in pre-

venting lipid oxidation during the procedures, 50 lg/ml of

butylated hydroxytoluene was added in the methanol. The

hexane extracts were concentrated into micro vials for gas

chromatographic (GC) injection.

Fatty acid methyl esters were analyzed with a GC-2010

Network Gas Chromatograph (Shimadzu CO.LTD, Kyoto,

Japan) equipped with a split injector, an AOC-20i auto-

matic liquid sampler and an FID detector. The instrument

was controlled and data was collected with GC solution

(Shimadzu Co. Ltd, Kyoto, Japan). The GC column was a

DB-FFAP 15 m 9 0.10 mm i.d. 9 0.10 lm film thickness

(J&W Scientific from Agilent Technologies, California,

US). The detector temperature was set at 260 �C and the

injector at 250 �C. The oven temperature program began at

150 �C with a 0.25 min hold, and then ramped at 35 �C/min

to 200 �C, then 3 �C/min to 225 �C with a 2.0 min hold,

and finally ramped at 80 �C/min to 245 �C with a 25 min

hold. Helium was used as carrier gas at a linear velocity of

56 cm/s [19]. A custom-mixed, 28-component, quantitative

methyl ester standard containing 10–24 carbons and 0–6

double bonds was used for assignment of retention

times and to ensure accurate quantification (Nu Chek Prep

462, Elysian, MN). The amount of each fatty acid was

F1 F2 
ICR 3 wks 11 wksMated

NSF

Tissue collected
8 wks

Motor activity
Groups

n-3 Def Diet

n-3 Adq Diet

Isolated group

Group housed group

Isolated group

Group housed group

Day 1 Day 2

Fasted3 wks

Fig. 1 Schematic diagram

illustrates study design. Half of

the mice in the each diet group

were switched to the isolated

housing condition from 8 weeks

of age for 3 weeks. NSF was

conducted the day following

measurement of motor activity

at 11 weeks of age. After NSF,

the mice were killed by

decapitation and plasma and

brain collected and the tissues

analyzed for fatty acid

composition
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expressed as the mole percentage (mol%) of total fatty acid

content.

Statistical Analysis

All data are expressed as the mean ± the standard error of

the mean (SEM). First touch time, food consumption and

lipid composition in the plasma and brain were analyzed by

Tukey test after one-way ANOVA. Latencies until eating

the diet were evaluated using the Mann–Whitney U test,

the number of successful mice were evaluated by Fisher’s

exact probability test (Statistica, Statsoft Japan, Tokyo,

Japan).

Results

In this study, two types of diets were used including an n-3

Adq diet containing both n-6 (about 15% linoleic acid) and

n-3 fatty acids (about 2.5% ALA) and an n-3 Def diet with

the same level of linoleic acid but nearly devoid in n-3 fatty

acids (0.14%). These diets produced no significant differ-

ences in body weight gain between dietary groups during

the testing period (Table 2). Prior to starting the NSF

measurements, mice were subjected to a single 30 min

motor activity trial in which their moving time was

recorded. There were no significant differences between

any of the dietary groups in spontaneous motor activity

(data not shown).

In the time of first touch of the food pellet in the NSF

experiment, there was no significant difference between the

n-3 Def and n-3 Adq groups in either housing condition

(Table 2). The latency to eat diet in the n-3 Adq-group

housed group in the first 5 min was 179.9 ± 20.7 (sec) and

was significantly shorter than that of the other three groups

(the n-3 Def-isolated group, 264.0 ± 24.0, P \ 0.05; the

n-3 Def-group housed, 248.8 ± 22.1, P \ 0.05; the n-3

Adq-isolated group, 250.3 ± 19.9, P \ 0.05). Also, these

differences continued to be evident when measured after

5 min (Table 2).

The proportion of successful mice, those eating a food

pellet within the first 5 min, was 30% (3/10 animal) in the

n-3 Def-isolated housing group, 33% (5/15) in the n-3 Def-

group housed, 50% (7/14) in the n-3 Adq-isolated group

and 92% (12/13) in the n-3 Adq-group housed group,

respectively (Fig. 2a). Most mice in the n-3 Def-isolated

group were not able to perform the task, but the n-3 Adq-

group housed animals were very successful. These pro-

portions indicated a significant difference (P \ 0.01)

between the n-3 Def and n-3 Adq diet groups in the control

breeding condition, i.e., group housed animals, but there

was no significant difference between dietary groups in the

isolated housing groups. Also, there was a significant dif-

ference between the isolated and group housed animals

who consumed the n-3 Adq diet (P \ 0.05), but this dif-

ference was not detected between the groups consuming

the n-3 Def diet.

When the analysis of the measurement time was

extended to its maximum of 10 min, the proportion of

successful mice in each group increased to 67% (10/15)

in the n-3 Def-group housed and to 79% (11/14) in the

n-3 Adq-isolated, thus increasing to a level similar to that

of the n-3 Adq-group housed animals (Fig. 2b). It was of

importance that only the n-3 Def-isolated group remained

at the same low level of success (30%) even when the

trial was extended to 10 min. There was a significant

difference between the n-3 Def and n-3 Adq diet groups

in the isolated housing groups (P \ 0.01). The significant

difference between dietary groups in the group housed

condition which was detected in the 5 min evaluation

disappeared during the extended period. Also, there was

the tendency for a difference between housing conditions

in the n-3 Def diet group, although this was not observed

in the 5 min evaluation. There was no appreciable dif-

ference between any of the groups in food consumption

at the 5 min time point during NSF testing (data not

shown).

The mice were killed and plasma and brain collected

after the behavioral testing was completed. The lipid

composition in these tissues was analyzed in order to

Table 2 Enhancement of the level of anxiety by n-3 fatty acid deficiency and mild stress on the novelty suppressed feeding paradigm

Group No. of mice Body weight (g) First touch (s) First 5 min latency 1 (s) Max. 10 min latency 2 (s)

n-3 Def

Isolated 10 47.5 ± 2.0 99.7 ± 23.0 264.0 ± 24.0# 474.0 ± 66.0#

Group housed 15 45.5 ± 1.3 61.6 ± 10.9 248.8 ± 22.1# 403.1 ± 53.0#

n-3 Adq

Isolated 14 47.6 ± 1.0 63.7 ± 11.1 250.3 ± 19.9# 360.0 ± 49.1#

Group housed 13 48.5 ± 1.0 76.7 ± 12.8 179.9 ± 20.7 203.0 ± 37.7

Each parameter is presented as the mean ± SEM
# P \ 0.05, vs. n-3 Adq group housed (Mann–Whitney U-test)
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confirm the expected effects of the dietary fatty acid

(Tables 3, 4). In both plasma and brain, there were no

striking differences within the families of saturated or

monounsaturated fatty acids nor the amount of total fatty

acids between the n-3 Def and n-3 Adq groups in either

housing condition. However, the n-3 Def group showed a

marked increase in three n-6 fatty acids, 20:4n-6, 22:4n-6,

22:5n-6, and a decrease in two n-3 fatty acids, 22:5n-3 and

22:6n-3, in both tissues when compared to the n-3 Adq

group and in both housing conditions. As expected, the

ratio of n-6/n-3 fatty acids in the n-3 Def group markedly

increased with a concomitant change in the level of n-6 and

n-3 fatty acids. When animals in the two different housing

conditions were compared, there were no significant dif-

ferences in brain, although there were rather small differ-

ences in some plasma saturated, monounsaturated and n-6

fatty acids.

Discussion

In this study, effects of n-3 fatty acid deficiency and iso-

lation stress on anxiety were studied. In all four groups,

there was no significant difference in motor activity and the

time of first touch on the NSF task, important controls for

motor function, general level of arousal and motivation.

However, the latency of eating the diet in the n-3 Adq

group housed animals was significantly shorter than that of

the other three groups in both evaluation periods

(P \ 0.05). In the first 5 min, the ratio of successful mice

in the n-3 Def group was clearly lower than that of the n-3

Adq group in the group housed case (P \ 0.01). Also, in

the 10 min evaluation, the ratio of successful mice in the

n-3 Adq group was greater than that of the n-3 Def group in

the isolation stressed groups (P \ 0.01). These results

suggested that the n-3 Def mice had a higher anxiety level

than the n-3 Adq mice. The proportion of successful mice

was a better indicator than the latency to consume diet

when comparing experimental diets or housing conditions.

The evaluations using two different periods (5 and

10 min) in the NSF test produce a change in the level of

difficulty or what may be considered the sensitivity of the

test since 10 min is long enough to allow for eating

behavior in most mice. In the longer evaluation period

only, the number of successful mice in the n-3 Def-group

housing condition was increased and there was a tendency

for a difference according to housing condition for the

proportions of successful mice (P \ 0.10). These results

indicated that the anxiety level of the n-3 Def mice was

increased in the isolated housing case.

Fedorova and Salem studied the anxiety level of n-3

fatty acid deficient mice exposed to sound stress using

elevated plus maze performance [5]. In both n-3 fatty acid

adequate and deficient dietary groups, the number of

entries into the open arms and the time spent in the open

arm decreased in the high-stress condition (a loud noise of

120 dB) but there was no difference between dietary

groups under low-stress conditions. However, these para-

meters were markedly decreased in the n-3 deficient group

relative to the n-3 adequate group [5, 20]. This result

suggests that the n-3 fatty acid deficient animals exhibit an

enhanced vulnerability to acute stressors. Nakashima et al.

[21] demonstrated that n-3 fatty acid deficient mice (sup-

plemented with safflower oil) tended to spend more time in

the open arm relative to an n-3 adequate group (perilla oil)

in the elevated plus maze task. However, in this task, a

decline in cognitive function in the n-3 deficient animals

may be an important factor rather than solely an increase in

anxiety. Also the safflower oil group exhibited no change

in drug sensitivities to scopolamine and pentobarbital,

drugs known to alter behavior. From these considerations,

it may be surmised that n-3 Def animals have a decrease
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Fig. 2 The influence of the n-3 fatty acid deficiency and isolated

housing on the anxiety level of mice. The measurement time was set

initially for 5 min (a) and was extended to 10 min (b), if mice could

not eat the food pellet within the first 5 min. The ratio of successful

mice (mice who found the food and began to eat it) was calculated for

each group. Significant differences between groups were analyzed by

Fisher’s exact probability test (n = 10–15 animals per group)
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in the threshold or an enhancement of vulnerability to

stressors, a factor independent of any acute social stress

induced by isolation. It is important to note here though

that the balance of these factors likely depends upon the

details of the conditions of each behavioral experiment as

they determine the intensity of the stress.

The n-6 fatty acids increased and the n-3 fatty acids

markedly decreased in the n-3 Def group compared with

the n-3 Adq group in both brain and plasma. There was a

marked decline in brain DHA with a concomitant increase

in n-6 fatty acids including 22:5n-6, 22:4n-6 and 20:4n-6 as

a result of the n-3 fatty acid dietary deficiency. However,

there was no change in fatty acid composition between

groups given different types of housing, even though

we detected significant differences in the anxiety level

between the isolated and group housed animals. Vancassel

et al. [12] reported a change in monoamine content in the

mouse brain when exposed to unpredictable chronic mild

stress (UCMS) in various housing conditions including

no-bedding, wet-bedding, a tilted cage, water in the home

Table 3 Effects of n-3 fatty acid deficiency on fatty acid composition of mouse plasma (mol% of total fatty acids)

Fatty acid n-3 Def n-3 Adq

Isolated Group housed Isolated Group housed

(n = 10) (n = 15) (n = 14) (n = 13)

10:0 0.15 ± 0.04 0.17 ± 0.04 0.18 ± 0.03 0.21 ± 0.04

12:0 3.03 ± 0.43 3.50 ± 0.32 3.14 ± 0.39 4.08 ± 0.41

14:0 2.29 ± 0.18 2.60 ± 0.15 2.45 ± 0.15 2.82 ± 0.19

16:0 DMA 0.40 ± 0.03 0.34 ± 0.02 0.38 ± 0.03 0.37 ± 0.03

16:0 20.61 ± 0.25 22.30 ± 0.35** 21.90 ± 0.32 23.03 ± 0.22

18:0 DMA 0.12 ± 0.02 0.12 ± 0.01 0.13 ± 0.01 0.13 ± 0.02

18:0 11.48 ± 0.24 10.58 ± 0.31 11.37 ± 0.30 10.36 ± 0.14

20:0 0.20 ± 0.02 0.26 ± 0.02 0.21 ± 0.01 0.33 ± 0.02*,##

22:0 0.34 ± 0.03 0.37 ± 0.03 0.30 ± 0.02 0.41 ± 0.02#

24:0 0.10 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.16 ± 0.01#

Total sat. 38.73 ± 0.69 40.37 ± 0.47 40.16 ± 0.52 41.90 ± 0.46

14:1 0.02 ± 0.02 0.08 ± 0.02 0.09 ± 0.02 0.04 ± 0.02

16:1n-7 3.29 ± 0.14 3.57 ± 0.15 3.35 ± 0.14 3.56 ± 0.17

18:1 DMA 0.25 ± 0.03 0.24 ± 0.02 0.24 ± 0.03 0.23 ± 0.02

18:1n-9 14.72 ± 0.51 14.89 ± 0.69 14.92 ± 0.55 13.32 ± 0.47

20:1n-9 0.28 ± 0.02 0.34 ± 0.02 0.29 ± 0.02 0.29 ± 0.01

24:1n-9 0.32 ± 0.02 0.29 ± 0.02 0.30 ± 0.02 0.23 ± 0.01#

Total mono. 18.88 ± 0.54 19.40 ± 0.81 19.19 ± 0.59 17.66 ± 0.60

18:2n-6 21.83 ± 0.69 22.84 ± 0.46 23.94 ± 0.49 25.78 ± 0.44##

18:3n-6 0.20 ± 0.03 0.22 ± 0.02 0.17 ± 0.01 0.24 ± 0.02

20:2n-6 0.19 ± 0.01 0.19 ± 0.01 0.21 ± 0.01 0.16 ± 0.01##

20:3n-6 1.62 ± 0.07 1.50 ± 0.04 1.32 ± 0.07** 1.39 ± 0.04

20:4n-6 15.90 ± 0.92 13.11 ± 0.80 9.52 ± 0.58** 7.97 ± 0.52**

22:4n-6 0.21 ± 0.04 0.18 ± 0.01 0.09 ± 0.01** 0.04 ± 0.01**

22:5n-6 1.81 ± 0.12 1.64 ± 0.08 0.31 ± 0.03** 0.19 ± 0.02**

Total n-6 PUFA 41.77 ± 0.81 39.68 ± 0.98 35.56 ± 0.71** 35.78 ± 0.68**

18:3n-3 nd nd 0.53 ± 0.04** 0.63 ± 0.04**

22:5n-3 0.04 ± 0.02 0.02 ± 0.01 0.33 ± 0.03** 0.39 ± 0.02**

22:6n-3 0.58 ± 0.04 0.53 ± 0.04 4.23 ± 0.25** 3.64 ± 0.25**

Total n-3 PUFA 0.62 ± 0.04 0.54 ± 0.04 5.09 ± 0.22** 4.66 ± 0.23**

n-6/n-3 69.10 ± 4.38 75.83 ± 3.49 7.10 ± 0.22** 7.85 ± 0.32**

Total fatty acids (lg/ll) 5.92 ± 0.20 5.78 ± 0.20 6.23 ± 0.27 5.60 ± 0.25

Fatty acid methyl esters from 10:0 to 24:1n-9 were analyzed and 18:1n-7, 18:3n-3 and 20:5n-3 were not detected (nd, i.e. \0.01%). Each

parameter is presented as the mean ± SEM
* P \ 0.05, **P \ 0.01, compared between n-3 Def and n-3 Adq diet group in each breeding condition. #P \ 0.05, ##P \ 0.01 compared

between in the each diet group (one-way ANOVA and Tukey test)
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cage, switching the light/dark cycle, etc. The UCMS

induced a significant decrease of norepinephrine in the

frontal cortex and striatum and tissue levels of serotonin.

Moreover, Kodas et al. [11] demonstrated that chronic n-3

fatty acid dietary deficiency induced changes in the syn-

aptic levels of 5-HT and subsequent provision of n-3 fatty

acid was able to restore both biochemical and neuro-

chemical factors altered by the n-3 deficient diet. There-

fore, our results may be due in part to stress-induced

alterations in brain monoamines that can alter emotional

behavior. It is likely then that a decline in brain DHA and

the level of stress are important factors modulating anxiety-

related behavior.

In the present study, we demonstrated that the anxiety

level of n-3 Def mice was greater than that of n-3 Adq mice

and was enhanced by the social isolation stress of individual

housing. These results suggest that n-3 fatty acid deficiency

may decrease the threshold to stress and, conversely, that

increased intake of dietary n-3 fatty acids may suppress the

risk of emotional disorders. The relationship between var-

ious brain monoamines and behavioral performance in n-3

fatty acid deficient animals requires further investigation.
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Table 4 Effects of n-3 fatty acid deficiency on mouse brain fatty acid composition (mol% of total fatty acids)

Fatty acid n-3Def n-3 Adq

Isolated Group housed Isolated Group housed

(n = 10) (n = 15) (n = 14) (n = 13)

14:0 0.21 ± 0.01 0.22 ± 0.004 0.19 ± 0.01 0.20 ± 0.01

16:0 DMA 2.76 ± 0.02 2.65 ± 0.02 2.56 ± 0.02** 2.63 ± 0.02

16:0 21.15 ± 0.13 21.32 ± 0.10 20.23 ± 0.09** 20.16 ± 0.14**

18:0 DMA 4.00 ± 0.02 3.92 ± 0.03 4.16 ± 0.04* 4.18 ± 0.03**

18:0 20.03 ± 0.06 20.03 ± 0.08 20.24 ± 0.04 20.23 ± 0.05

20:0 0.48 ± 0.01 0.47 ± 0.01 0.48 ± 0.01 0.48 ± 0.01

22:0 0.67 ± 0.01 0.67 ± 0.01 0.69 ± 0.01 0.69 ± 0.01

23:0 0.16 ± 0.004 0.16 ± 0.004 0.16 ± 0.003 0.16 ± 0.004

24:0 0.81 ± 0.02 0.79 ± 0.02 0.81 ± 0.02 0.82 ± 0.03

Total sat. 50.27 ± 0.10 50.23 ± 0.12 49.52 ± 0.09** 49.55 ± 0.11**

16:1n-7 0.72 ± 0.07 0.82 ± 0.01 0.80 ± 0.02 0.77 ± 0.02

18:1 DMA 1.80 ± 0.03 1.78 ± 0.02 1.69 ± 0.02* 1.75 ± 0.02

18:1n-9 14.65 ± 0.10 14.71 ± 0.11 15.28 ± 0.07** 15.35 ± 0.12**

18:1n-7 4.39 ± 0.05 4.58 ± 0.05 4.27 ± 0.05 4.33 ± 0.09*

20:1n-9 1.81 ± 0.04 1.80 ± 0.03 1.93 ± 0.04 1.92 ± 0.04

22:1n-9 0.20 ± 0.01 0.20 ± 0.01 0.22 ± 0.01 0.22 ± 0.01

24:1 2.16 ± 0.04 2.09 ± 0.04 2.43 ± 0.05** 2.45 ± 0.04**

Total mono. 25.73 ± 0.19 25.98 ± 0.15 26.62 ± 0.16* 26.78 ± 0.22*

18:2n-6 0.42 ± 0.02 0.45 ± 0.02 0.49 ± 0.01 0.52 ± 0.02*

18:3n-6 0.06 ± 0.001 0.06 ± 0.001 0.06 ± 0.002 0.06 ± 0.002

20:2n-6 0.11 ± 0.003 0.11 ± 0.003 0.12 ± 0.004 0.13 ± 0.003**

20:3n-6 0.29 ± 0.01 0.27 ± 0.01 0.43 ± 0.02** 0.44 ± 0.02**

20:4n-6 8.31 ± 0.08 8.33 ± 0.07 7.35 ± 0.04** 7.38 ± 0.06**

22:4n-6 2.80 ± 0.04 2.75 ± 0.02 2.08 ± 0.03** 2.12 ± 0.01**

22:5n-6 5.51 ± 0.15 5.39 ± 0.10 0.30 ± 0.02** 0.28 ± 0.01**

Total n-6 PUFA 17.50 ± 0.23 17.36 ± 0.10 10.83 ± 0.06** 10.93 ± 0.07**

22:5n-3 0.01 ± 0.01 0.01 ± 0.004 0.16 ± 0.005** 0.17 ± 0.01**

22:6n-3 6.48 ± 0.13 6.42 ± 0.10 12.87 ± 0.07** 12.57 ± 0.10**

Total n-3 PUFA 6.49 ± 0.13 6.43 ± 0.10 13.02 ± 0.07** 12.74 ± 0.11**

n-6/n-3 2.71 ± 0.07 2.71 ± 0.05 0.83 ± 0.01** 0.86 ± 0.01**

Total fatty acids (lg/mg wet wt) 40.51 ± 0.70 41.07 ± 0.45 37.53 ± 0.29** 38.12 ± 0.87**

Fatty acid methyl esters from 14:0 to 24:1n-9 were analyzed. Each parameter is presented as the mean ± SEM. *P \ 0.05, **P \ 0.01 compared

between n-3 Def and n-3 Adq diet groups in each housing condition. (one-way ANOVA and Tukey test)
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Abstract Cod liver oil (CLO) is a rich source of omega-3

fatty acids (FA), especially eicosapentaenoic acid (EPA)

and docosahexaenoic acid (DHA). The existing data sug-

gest that EPA and DHA are the active agents of fish oil. In

this study, we tested a hypothesis that the active constitu-

ents of CLO alleviate the negative impact of prolonged

restraint stress on cognitive functions of male Wistar rats.

Specifically, we attempted to characterize the preventive

action of long-lasting treatment with CLO [0.375 ml/100 g

body weight (equivalent to a dose of 300 mg/kg DHA and

225 mg/kg EPA), p.o. for 21 days] against an impairment

caused by chronic restraint stress (2 h daily for 21 days) on

recall as tested in a passive avoidance situation and on the

spatial reference and working memory tested in a Barnes

maze as well as on locomotor activity and anxiety behavior

tested respectively in an open field and elevated plus-maze.

We found that CLO administration statistically signifi-

cantly (p \ 0.01, both) prevented the deleterious effects of

chronic restraint stress on recall and the spatial memory.

Keywords Cod liver oil � Stress � Open field �
Elevated plus maze � Passive avoidance �
Barnes maze � Spatial memory

Abbreviations

AD Alzheimer’s disease

ANOVA One-way analysis of variance

BDNF Brain-derived neurotrophic factor

BM Barnes maze

CLO Cod liver oil

CaMKII Ca(2?)/calmodulin-dependent protein kinase II

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FA Omega-3 fatty acids

LTP Long-term potentiation

mPFC Medial prefrontal cortex

MWM Morris water maze

NMDA N-methyl-D-aspartate

PA Passive avoidance

PUFA Polyunsaturated fatty acids

SEM Standard error of mean

Introduction

Neuropsychological dysfunctions, including learning and

memory impairments, are the usual outcome of an expo-

sition to prolonged stress [9, 31]. It is recognized that

chronic stress is an important risk factor for the develop-

ment of several cognitive deficits involving reference and

working memory [10]. Although experimental studies

identified many potentially effective neuroprotective

agents, no clinically effective therapeutic strategy has yet

been found to treat stress-induced cognitive impairment.

Therefore, the search for substances that could be safe and

effective in the prevention and treatment of the negative

effects of stress on cognition is an urgent priority.

Docosahexaenoic acid (DHA, 22:6n-3) has been found

to improve several brain functions including memory.

DHA plays crucial role in maintaining structural and

functional integrity of biological membranes [12, 13, 33].

In the brain and retina, DHA comprises, respectively, more
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than 20 and 50%, of the membrane phospholipids [11].

DHA is essential for normal neurological function [18]. In

the mammalian brain, lipids make up 10% of their fresh

weight and 50% of dry weight, and DHA and arachidonic

acid [20:4(n-6)] are the major polyunsaturated fatty acids

(PUFA) in neuronal membranes [32]. Most DHA accu-

mulation in the brain takes place during brain development

from the beginning of the third trimester of gestation to

2 years after birth in humans and from prenatal day 7 to

postnatal day 21 in rats [21, 26]. However, brain DHA

levels decrease with age [14, 17] and are reduced in Alz-

heimer’s disease (AD) [30]. Deficiency of brain DHA is

associated with reduced learning ability and memory in rats

[18] and with memory loss in AD patients [35]. Once

incorporated into the phospholipids of the cell membrane,

DHA modulates neurotransmitter release, membrane-

bound enzymes and ion channel activity, gene expression,

and synaptic plasticity [5, 23]. Numerous peripheral and

central nervous system disorders have been associated with

an imbalance in n-6 to n-3 PUFA, mainly arachidonic acid

and DHA, respectively [12, 23, 33]. Dietary supplemen-

tation with fish oil containing standardized concentrations

of EPA and DHA has been recommended by the American

Heart Association for patients with documented chronic

heart disease [13].

Whether oral administration of CLO, a principle dietary

source of DHA and EPA, also could be effective in pre-

venting the consequences of prolonged stress is not known.

To our knowledge, no study has investigated the potential

beneficial effects of fish oil in preventing stress-induced

cognitive dysfunction. Therefore, the objective of the

present study was to investigate whether prolonged treat-

ment with a commercially available, standardized fish oil

preparation is effective in alleviating the cognitive

impairment and neurodegeneration caused by stress in rats.

The specific hypothesis is that DHA treatment may protect

brain cells from the stress-evoked damage, and the use of a

standardized, high-grade DHA-containing fish oil formu-

lation may be a safe, effective, and readily available means

of preventing or even treating the negative consequences of

stress on cognition. In this study, we tested this hypothesis

in rats using a passive avoidance situation and Barnes maze

paradigms. To control for unspecific influence of locomo-

tor activity and anxiety we used open field and elevated

plus-maze tests, respectively.

Materials and Methods

Animals

Seventy-five male, 6 week old Wistar rats, weighing

120–140 g at the beginning of the experiments, were used.

The rats were kept in a temperature- (23�C) and humidity-

(50–60%) controlled vivarium in groups of five under a

constant 12/12 h light/dark schedule (lights switched on at

7:00 a.m.) with free access to standard lab chow and tap

water.

Drugs

A standardized CLO formulation (Cod Liver Oil, Lysi HF,

Island) was used. Each 5 ml contained 400 mg DHA,

300 mg EPA, and 4.6 mg vitamin E (artificial antioxidant),

0.23 mg vitamin A and 0.0046 mg vitamin D. CLO was

administered by gavage in a volume of 0.375 mL/100 g

body weight. Doses of DHA, EPA, and vitamins E, A and

D contained in this volume of CLO were 300 [34], 225,

3.45, 0.175 and 0.00345 mg/kg, respectively. Control rats

received 0.009% Cremophor (Sigma, Germany) as a

vehicle [16].

Animals were divided into four groups treated daily as

follows: (1) 20 rats received 0.009% Cremophor (Control);

(2) 17 rats received 0.009% Cremophor followed by stress

procedure described below (Stress); (3) 20 rats received

0.375 ml/100 g body weight CLO (CLO); (4) 18 rats

received 0.375 ml/100 g body weight CLO followed by

stress procedure (Stress ? CLO).

The experimental procedures were carried out according

to the European Council Directive of 24 November 1986

(6/609/EEC) and were approved by the Local Ethics

Commission for Animal Experimentation.

Stress Procedure

Two groups of animals (19 rats and 16 rats) were subjected

to chronic restraint stress [3], 2 h daily for 21 days. The

restraint was imposed during the light phase from 0900 to

1100 hours. The restrainer was made of transparent per-

forated plastic tube, 20 cm long, and 7 cm in diameter. A

rat was eased into the restrainer, head first, and once in the

tube it was closed with a plexiglas lid. The animals fit

tightly into the restrainers and it was not possible for them

to move or turn around. Non-stressed control rats were at

the same time briefly handled and returned to their home

cages.

Behavioral Tests

Open Field

The next day after ending of the 3 week administration of

CLO or vehicle animals were tested in an open field for

assessment of their locomotor exploratory activity. Open

field was a square 100 9 100 cm white floor divided by

eight lines into 25 equal squares and surrounded by a
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47 cm high wall [6]. Four plastic bars, 20 cm high, were

designed as objects of possible animal’s interest and fixed

perpendicularly, parallel to each other, in four line cross-

ings, in the central area of the floor. A rat was placed in the

center of the floor and, following 1 min of adaptation,

crossings, rearings and bar approaches were counted

manually for 5 min.

Elevated ‘Plus’ Maze

Anxiety was evaluated in the same group of rats, next day

after assessment of their open field performance. It was

measured in an elevated plus-maze (made of gray colored

wooden planks) consisted of four arms, 50 9 10 cm (length

x width). Two arms (closed) had 40 cm high walls, covered

with removable lid, and two remaining arms (opened) had no

walls, such that the open or closed arms were opposite to each

other. The maze was elevated to a height of 50 cm from the

floor. Rats were placed for 5 min in a pretest arena

(60 9 60 9 35 cm, constructed of the same material) prior

to exposure to the maze. This step allowed facilitation of

exploratory behavior. The experimental procedure was

similar to that described by Pellow et al. [29]. Immediately

after the pretest exposure rats were placed in the center of the

elevated plus-maze facing one of the open arms. During the

5 min test period the following measures were taken: the

number of entries into the open and closed arms and the time

spent in the open and closed arms. An entry was defined as all

four feet into one arm. An increase in open arms entries and

increase in time spent in open arms were interpreted as

indicative of potential anxiolytic activity.

Passive Avoidance

Passive avoidance (PA) behavior was studied in a one trial

learning, step-trough situation [1], which utilizes the natural

preference of rats for dark environments. The apparatus

consisted of the platform (250 9 80 mm) connected to a

dark compartment––a metal box (400 9 400 9 400 mm)

with an opening (60 9 100 mm) in the middle of the front

wall length. After a 2 min habituation to the dark compart-

ment, the rat was placed on the illuminated platform and

allowed to enter the dark compartment. Two more approach

trials were given on the following day with a 2 min interval.

At the end of the second trial unavoidable scrambled electric

foot shock (0.25 mA, AC, 2 s) was delivered through the

grid floor of the dark compartment (learning trial). Twenty-

four hours later retention of the passive avoidance response

was tested by placing the animal on the platform and mea-

suring the latency to re-enter the dark compartment to a

maximum of 300 s. Two rats were excluded from testing

retention because they did not effectively learn the rules of

the test.

Barnes Maze

On the first day of testing, the animals (40 rats, different

from those used for PA) were brought in the testing suite

and allowed to enter the goal box through one of the holes

in the maze. Once the animal entered the hole, a black

Plexiglas cover was positioned over the hole to prevent

escape. A 4 min habituation in the goal box was given

prior to the first training trial. Next, the animal was placed

for 30 s in a 20 cm diameter by 30 cm high round non-

transparent holding box that was positioned in the center of

the maze. The holding box was then removed, a timer

begun, and the experimenter moved behind the curtain.

An escape was counted when all four paws of the animal

were in the goal box. Following successful location of the

goal box, the animals were allowed to stay there for 60 s. A

maximum of 4 min was allowed for each trial and if an

animal did not locate in the goal box during this 4 min

period it was removed from the maze and placed in the

goal box for 60 s. During the 60 s period in the goal box,

the maze was wiped with a paper towel to remove any

feces or urine prior to the beginning of the next trial. The

test paradigm consisted of two trials per day for 5 days.

Prior to the start of the second trial the animal was returned

to its home cage for 1 min and then placed again in the

holding box in the center of the maze to start the second

trial as described above. The maze was then rotated a

random number of holes (between one and eight holes

using a random numbers table) in order to prevent use of

odor trails in solving the task. Following the rotation of the

table, the procedure was repeated with the next animal.

Two measures were recorded on each trial. The first was

the latency to find the goal box. The second was the

number of errors committed by each animal. An error was

defined as a head poke or exploration of any hole other than

the hole above the goal box and including perseverative

investigations of the same hole. At the end of each day the

maze was cleaned using a 70% ethanol solution [4].

Statistical Analysis

Data were presented as means ± standard error of mean

(SEM). One-way analysis of variance (ANOVA), followed

by Bonferroni test for chosen group comparisons, was

applied for mean performance of the rats in the open field,

elevated plus-maze, passive avoidance; and two way

analysis of variance (ANOVA II) (treatment 9 days) with

repeated measures, followed by the post hoc Newman–

Keuls test for multiple comparisons, was used for latencies

to enter the escape hole and number of errors in the Barnes

Maze (BM). The probability level less than 0.05 was

accepted as significant.
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Results

Effects of Stress and CLO on Locomotor Exploratory

Activity of Rats in the Open Field

ANOVA of the results obtained in the open field (Fig. 1)

yielded no statistically significant differences in the

numbers of crossings F(3,34) = 1.466 (p [ 0.05), rearings

F(3,34) = 1.681 (p [ 0.05) and bar approaches F(3,34) =

1.107 (p [ 0.05). It indicates that stress and CLO adminis-

tration did not affect musculo-skeletal aspects of the rats’

psychomotor performance.

Effects of Stress and CLO Administration on Anxiety

Behavior in the Elevated Plus-Maze

ANOVA of the results obtained in the elevated plus-maze

test yielded no statistically significant differences in the

times spent by rats in open arms F(3,34) = 0.3771

(p [ 0.05) and in the numbers of open arms entries

F(3,34) = 0.2910 (p [ 0.05; Fig. 2). It means that stress

and our treatments and procedures did not appreciably

affect the emotional aspects of the rats’ psychomotor

performance.

Effects of Stress and CLO Administration on Passive

Avoidance Behavior

ANOVA of the results obtained in the passive avoidance

test yielded F(3,35) = 13,167 (p \ 0.001) statistically

significant differences between the groups in the re-entry

latencies in the passive avoidance situation (Fig. 3). Post-

hoc comparisons in preselected pairs with Bonferroni test

revealed that stressed rats re-entered the dark part of the

apparatus significantly earlier then all remaining groups:

control (p \ 0.05), treated with CLO (p \ 0.01) pretreated

with CLO and then stressed (p \ 0.001) rats. This pattern

showed that significant adverse effect of stress on retrieval

of PA behavior was abolished by parallel CLO adminis-

tration to the stressed animals.

Fig. 1 Effects of stress and long-term CLO administration on the

locomotor activity of rats in open field. Columns represent means ±

SEM of the number of crossings, rearings or bar approaches obtained

from n rats indicated at the bottom of the figure

Fig. 2 Effects of stress and long-term CLO administration on the

time spent by rats in, or the number of entries to the open arms of an

elevated plus-maze. Columns represents means ± SEM of the values

obtained from n rats indicated at the bottom of the figure

Fig. 3 Effects of chronic stress and CLO on the re-entry latencies

in the passive avoidance situation. Columns represent means ± SEM

of the values obtained from n rats indicated at the bottom of the figure.

The two groups demonstrated significantly different results in re-entry

latencies in comparison with Control: *p \ 0.05 versus Stress,

#p \ 0.01 versus Stress ? CLO. The statistically significant differ-

ences were also in **p \ 0.01 versus Stress, and ***p \ 0.001 versus

Stress
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Effects of Stress and CLO on Performance of Rats

in the BM Test

ANOVA II of the mean numbers of errors made by rats in

the BM revealed a significant treatment effect (F(3,36) =

7.240, p \ 0.001), and also a significant day effect

(F(4,12) = 32.263; p \ 0.001) but no significant treat-

ments 9 days interaction (F(12,144) = 1.496, p [ 0.05)

(Fig. 4). It means that all rats effectively learned the task

over 5 days and specific treatment effect was detected.

Further post hoc comparisons made with Bonferroni test

revealed that the stressed rats made significantly more

errors than the controls (p \ 0.05), those treated with CLO

(p \ 0.01) and the rats pre-treated with CLO and subse-

quently stressed (p \ 0.001).

ANOVA II of the mean latencies to enter the escape hole

in the BM yielded a significant treatment effect (F(3,35) =

5.495; p \ 0.01) and also a significant day effect (F(4,12) =

51.299; p \ 0.001) and also a significant treatment 9 days

effect (F(12,144) = 2.796; p \ 0.01) (Fig. 5). It means that

all rats effectively learned the task over 5 days and specific

treatment effect and also treatment 9 days interaction were

detected. Post hoc comparisons in preselected pairs with the

Bonferroni test revealed that chronic stress (p \ 0.01) sig-

nificantly increased latency to finding the escape hole in

comparison to control. Also, the animals treated with CLO

(p \ 0.001), pre-treated with CLO and subsequently stres-

sed (p \ 0.001) were faster in finding the escape hole in

comparison with the stressed group.

Discussion

In this study we showed that CLO effectively restored

examined cognitive functions impaired by stress. Specifi-

cally, CLO significantly reduced stress-related forgetting in

rats and alleviated negative effects of stress on spatial

memory.

In order to study the a possible influence of chronic

stress related anxiety on the results of cognitive tests, the

elevated plus-maze test was applied as it is known that

cognitive processes may be impaired by anxiety [20].

Interestingly, in our study no influence of chronic mild

stress or CLO treatment on anxiety as measured in the

elevated plus-maze was seen.

Spontaneous open filed activity includes a variety of

responses that could be interpreted as indices of explora-

tion, arousal, locomotion, anxiety, and emotionality. In

particular, increased locomotion (horizontal or forward or

ambulatory activity) and vertical activity (rearing) char-

acterize the rat’s behavioral response to novelty. In this

study we found that chronic stress and CLO administration

is not associated with changes of locomotor activity in rats.

In studies employing DHA supplementation in a mouse

model of Alzheimer’s disease or in aged animals, learning

and memory were improved by DHA [7, 22]. Reduced

brain DHA levels are associated with poor spatial reference

memory [24] which is restored by administration of

exogenous DHA or docosapentaenoic acid [25].

Because most previous studies have examined memory

in DHA-deficient animals [27], it was important to deter-

mine whether spatial reference memory or working mem-

ory can be enhanced in normal rats. Most previous studies

have focused on whole brain DHA recovery and improved

reference memory in DHA-deficient animals given a fish

oil supplement. Chung et al. [8] examined the effects of

fish oil administration to FA deficient rats. They found that

recovery of brain DHA levels significantly improved both

spatial reference and working memory. Moreover, com-

parison of escape latencies in Morris water maze (MWM)

Fig. 4 Effects of chronic stress and CLO supplementation on perfor-

mance in BM task. Each graph represent the mean ± SEM number of

errors (two trials per day of 5 days) obtained from 9–11 rats per each

group. The three group demonstrated significantly different results in

making of errors in comparison with Stress: Control (*p \ 0.05),

CLO ? Stress (#p \ 0.01) and CLO (r p \ 0.001)

Fig. 5 Effects of chronic stress and CLO administration on perfor-

mance in spatial memory test of BM. Each graph represent the mean

escape latency ± SEM (two trials per day of 5 days) obtained

from 9–11 rats per each group. The three group demonstrated

significantly different results in making of errors in comparison with

Stress: Control (*p \ 0.05), CLO ? Stress (#p \ 0.01) and CLO (r

p \ 0.001)
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test between control and control treated with fish oil groups

showed that fish oil supplementation enhances spatial ref-

erence and working memory also in normal rats. In our

study we did not observe nootropic effects of CLO

administration in non-stressed rats. It is worth mentioning

that in PA, an aversively motivated recall task, similarly as

in the MWM used by Chung et al. [8], but not as in the

Barnes maze (less stressful) we observed better perfor-

mance in rats stressed and treated with CLO than in the

control animals.

Admittedly, in some studies learning and memory

improvement was observed in normal rats after repeated

oral administration of DHA (300 mg/kg per day) when

tested in the radial maze task [19, 34]. Their dose of DHA

was the same as that used in our study, except for our DHA

being not alone but as an ingredient of CLO.

Wu et al. [37] found that the DHA dietary supplemen-

tation increases activation of Akt in the hippocampus. Akt

signaling is a crucial step by which BDNF exerts its action

on synaptic plasticity, involving NMDA receptor stimula-

tion [38]. In addition, Akt signaling is an important inter-

mediate factor by which DHA influences neuroplasticity

[2]. A DHA-enriched diet modulates hippocampal CaMKII

activation and CaMKII is another signaling system

whose action is critical for learning and memory [15], and

plays a role in the DHA hippocampal-dependent cognitive

enhancement [36].

Long-term potentiation (LTP) has long been recognized

as a typical example of synaptic plasticity and is considered

to represent a neuronal basis of learning and memory

involving NMDA activation. Nishikawa et al. [28] reported

that DHA potentiated the NMDA-induced response, sug-

gesting a possible role of DHA in LTP formation. Fur-

thermore, the beneficial effect of DHA (300 mg/kg per day

for 12 weeks) on learning and memory measured in the

radial maze was related to increased Fos expression in the

hippocampus [34].

There are also few reports on the effects of pure EPA on

cognition. Chronic administration of pure EPA attenuates

memory impairment induced by interleukin 1b adminis-

tration but does not enhance memory in control rats.

Hashimoto et al. [22] suggests that EPA, as a precursor of

DHA, ameliorates learning deficits associated with Alz-

heimer’s disease and that these effects are modulated by

the expression of proteins involved in neuronal plasticity.

In conclusion, the present study demonstrates that pro-

longed treatment with a standardized, high-concentration

DHA- and EPA-containing fish oil reduces stress-induced

retention deficit (amnesia) as measured in the PA task as

well alleviates spatial reference and working memory

impairments evoked by chronic stress. The present findings

not only confirm the few to-date findings concerning the

behavioral effects of DHA but also demonstrate for the first

time that the use of a CLO facilitates functional recovery

after stress evoked cognitive deficits.
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Abstract We investigated the effect of saury oil on the

alleviation of metabolic syndrome in mice. Saury oil con-

tains 18% (w/w/) n-3 polyunsaturated fatty acids (n-3

PUFA) and 35% (w/w) monounsaturated fatty acids

(MUFA). Diabetic KKAy mice were fed a 10% soybean oil

diet (control) or a 10% saury oil diet for 4 weeks, and diet-

induced obese C57BL/6J mice were fed a high-fat diet

containing 32% lard (control) or 22% lard plus 10% saury

oil for 6 weeks. After the intervention periods, the levels of

glucose, insulin and lipids in plasma had decreased sig-

nificantly for the saury oil diet group, and insulin sensi-

tivity had improved. These favorable changes may be

attributed to the increased adiponectin and decreased TNFa
and resistin levels in plasma. The saury oil diet also

resulted in downregulated expression of the lipogenic

genes (SREBP-1, SCD-1, FAS, and ACC) as well as

upregulation of the fatty acid oxidative gene, CPT-1, and

the energy expenditure-related genes (PGC1a and PGC1b)

in white adipose tissue for the diet-induced obese C57BL/

6J mice. An increase in n-3 PUFA levels and the con-

comitant decrease in the n-6/n-3 PUFA level ratio in

serum, white adipose tissue, and liver with a saury oil diet

are likely to be involved in the beneficial changes to the

metabolic indicators. MUFA may also play a positive role

in remodeling lipid composition. Based on these mice

models, our results suggest a potential use for saury oil for

improving metabolic abnormalities.

Keywords Saury oil � n-3 PUFA � MUFA �
Hypoglycemia � Hypolipidemia � Insulin resistance �
Adipokine � Adipogenesis � Lipid composition

Abbreviations

ACC Acetyl-CoA carboxylase

CPT-1 Carnitine palmitoyltransferase-1

FAS Fatty acid synthase

HDL-C High-density lipoprotein cholesterol

LDL-C Low-density lipoprotein cholesterol

MetS Metabolic syndrome

MUFA Monounsaturated fatty acids

NEFA Nonesterified fatty acids

PGC-1a Peroxisome proliferator-activated receptor

gamma coactivator 1-alpha

PGC-1b Peroxisome proliferator-activated receptor

gamma coactivator 1-beta

PUFA Polyunsaturated fatty acids

RT-PCR Reverse transcription polymerase chain

reaction

SAF Saturated fatty acids

SCD-1 Stearoyl CoA desaturase-1

SREBP-1 Sterol regulatory element binding protein-1

TAG Triacylglycerol

TC Total cholesterol

WAT White adipose tissue

Introduction

Metabolic syndrome (MetS) is a major and growing public

health problem and is characterized by a group of meta-

bolic risk factors for cardiovascular disease and diabetes
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that includes hypertension, glucose intolerance, dyslipide-

mia and abdominal obesity [1]. The causes of MetS are

unknown, although they are considered to involve both

genetic and environmental factors, including diet [2].

Alteration of the type of dietary lipids is an important

way of preventing and treating obesity-associated MetS.

Studies have demonstrated that the health benefits of fish

oil, which is rich in n-3 polyunsaturated fatty acids (n-3

PUFA) such as eicosapentaenoic acid (EPA) and docosa-

hexaenoic acid (DHA), include its ability to prevent heart

disease, inflammation, dyslipidemia and diabetes via mul-

tiple mechanisms [3]. Studies in rats and mice fed a high-

fat or lipogenic, sucrose-rich diet have shown that n-3

PUFA have beneficial effects on obesity and insulin

resistance [3, 4]. Several studies have also demonstrated a

decrease in adiposity in obese humans and improved

glucose metabolism in human subjects after n-3 PUFA

supplementation [5, 6].

Fish lipids generally contain varying amounts of different

types of fatty acids in addition to n-3 PUFA [7]. Consistently

high levels of monounsaturated fatty acids (MUFA) are

found in the lipids of some pelagic surface fish species, such

as saury [8], capelin [9], sprats [10], and herring [11], whose

lipids originate from their food source, such as zooplankton

[12, 13]. It has been established that ingestion of fish oil rich

in MUFA increases peroxisomal beta-oxidation [14] and

promotes the synthesis of long-chain essential fatty acids

[15]. Additionally, Osterude et al. [16] demonstrated that a

seal/cod liver oil mixture and whale oil both increased high-

density lipoprotein cholesterol (HDL-C) levels, and fur-

thermore, cod liver oil reduced triacylglycerol (TAG) levels

in healthy humans. Because all these fish oils contain a

considerable amount of MUFA in addition to n-3 PUFA,

some of these effects may be attributable to MUFA. All of

these studies suggested a possible beneficial effect of MUFA

for the treatment of MetS.

Saury, a seawater fish from the family Scomberesocidae,

is one of the most highly consumed fish in Japan. Saury oil

contains n-3 PUFA, such as EPA and DHA, as well as

considerable amounts of MUFA (C20:1 and C22:1). Given

the positive effects on glucose and lipid homeostasis by n-3

PUFA, and the findings that MUFA may have an impact on

the treatment of MetS, we evaluated the effect of saury oil on

glucose and lipid metabolism using diabetic KKAy mice and

diet-induced obese C57BL/6J mice for our animal model.

Our research revealed that saury oil intake reduced insulin

resistance and plasma levels of glucose, insulin, and lipids.

This effect may be attributable to favorable changes in the

plasma adipokine profile and lipid metabolism-related gene

expression. Our research constitutes the first investigation of

the effect of saury oil ingestion on glucose and lipid

metabolism, and our findings suggest that saury oil may have

a favorable impact on MetS.

Materials and Methods

Animals and Diets

All animal experiments were conducted in complete

compliance with the National Institutes of Health: Guide

for the Care and Use of Laboratory Animals, and were

approved by the Institutional Animal Care and Use Com-

mittee at Nihon Bioresearch Inc. (Gifu, Japan), where the

animals were housed for the entire experimental period.

Five-week-old spontaneously diabetic male KKAy mice

were obtained from CLEA Japan Inc. (Shizuoka, Japan),

and 5-week-old male C57BL/6J mice were from Charles

River Laboratories Japan Inc. (Yokohama, Japan). Mice

were housed 1/cage at 23 ± 1 �C with a 12-h light/dark

cycle, and provided with free access to water and standard

mouse chow CRF-1 (Oriental Yeast Co. Ltd., Tokyo,

Japan) for an acclimatization period of 1 week.

The fatty acid composition of the dietary oils is shown

in Table 1. Saury oil (Nippon Suisan Kaisya, Ltd., Tokyo,

Japan) contained 34.7% MUFA (20:1 and 22:1 isomers)

and 18% of EPA and DHA combined. Following the

acclimatization period, the KKAy mice were randomly

assigned into two groups for a 4-week feeding experiment.

The control group (n = 10) was fed on AIN-93G growth

diet (Oriental Yeast Co., Tokyo, Japan) containing 10%

soybean oil, and the saury oil group (n = 10) was fed the

same basal diet supplemented with 10% saury oil. The two

groups were pair-fed throughout the experiment. The

Table 1 Fatty acid composition of dietary oils

Fatty acids (%) Soybean oil Lard Saury oil

C14:0 0.06 1.49 5.68

C16:0 9.49 25.43 9.23

C16:1 0.10 2.35 2.99

C18:0 3.86 5.97 1.66

C18:1 22.8 40.64 5.83

C18:2n-6 55.14 10.81 1.60

C18:3n-3 7.55 1.00 1.22

C20:0 0.33 0.21 0.19

C20:1n-9 0.20 0.80 12.13

C20:1n-7 ND ND 3.11

C20:4n-6 ND 0.20 0.63

C20:5n-3 ND 0.02 6.11

C22:1n-11 ND ND 18.49

C22:1n-9 0.05 ND 1.02

C22:5n-3 0.00 0.10 1.56

C22:6n-3 ND 0.03 11.82

Values correspond to the means of three separate samples processed

independently

ND not detected
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C57BL/6J mice were randomly divided into two groups for

a 6-week pair-feeding period. The control group was fed on

a high-fat diet (D12492 Rodent Diet with 60 kcal% Fat;

Research Diets, Inc., New Brunswick, NJ, USA) containing

32% lard (corresponding to 60% energy from fat; n = 10),

and the saury oil group was fed a saury oil-supplemented

diet (22% lard plus 10% saury oil, corresponding to 60%

energy from fat; n = 10). The compositions of the exper-

imental diets are shown in Table 2. All diet feeds were

stored at -20 �C and were provided fresh daily to the

mice. Body weight and food intake were monitored

throughout the study.

At the end of the intervention periods, the KKAy mice

and C57BL/6J mice were anesthetized with 4% sodium

pentobarbital (Dainippon Sumitomo Pharma, Osaka,

Japan) in the early light phase of the light–dark cycle (fed

condition), and blood was collected by abdominal vein

puncture. Plasma was obtained by centrifugation at

3,000 rpm for 15 min and stored at -80 �C pending fur-

ther analysis. Liver and mesenteric adipose tissue (WAT)

were snap-frozen in liquid nitrogen after weighing for

further analysis.

Lipid Extraction and Fatty Acid Analysis

The fatty acid composition of plasma, WAT, and liver in

the C57BL/6J mice was determined as described [17].

Lipids were extracted by homogenizing the tissue samples

in a 4:1 (v/v) methanol/hexane solution supplemented

with 50 lg/ml butylated hydroxytoluene (BHT) as an

antioxidant. Fatty acids methyl esters were obtained by

transmethylation of the lipids (500 ll) with acetyl chloride

(200 ll) and heating at 80 �C for 1 h under a nitrogen

atmosphere. Methyl docosatrienoate (22:3n-3) at a final

concentration of 0.4 lg/mg for WAT and liver, and methyl

tricosanoate (23:0) at a final concentration of 0.2 lg/ll for

plasma were added to each sample as internal standards.

Gas chromatographic analysis of fatty acid methyl esters

was performed on an Agilent 6890N Network Gas Chro-

matograph System (Agilent Technologies Japan, Ltd.,

Japan) equipped with a split injector, FID detector and a

fused silica capillary column (30 m 9 0.25 mm ID 9

0.25 lm film thickness, J & W Scientific, Agilent Tech-

nologies). Data were collected with GC Chemstation

(Agilent Technologies). Fatty acid methyl esters were

identified by co-chromatography with purified standard

mixture (Nu-Chek Prep 462, Elysian, MN), and fatty acid

data were expressed as the percentage peak area corre-

sponding to the weight of individual fatty acids.

Insulin Tolerance Test

For the KKAy mice on the control diet and the saury oil

diet, the insulin tolerance test was performed at the end of

3 weeks. Each mouse received an intraperitoneal injection

of insulin (0.75 U/kg body weight, Humulin R U-100, Eli

Lilly, Japan) after fasted for 6 h with free access to water.

Blood samples were taken from the retro-orbital venous

plexus prior to the insulin injection (0 min time point) and

at indicated time points after the injection. The blood

samples were centrifuged at 3,000 rpm for 15 min, and

plasma glucose concentration was measured using a glu-

cose test kit (Glucose CII-test, Wako Pure Chemicals

Industries, Japan).

Biochemical Analysis of Plasma

The plasma concentrations of glucose, total cholesterol

(TC), HDL-C, TAG, and nonesterified fatty acids (NEFA)

were measured using a Glucose CII-Test, a Cholesterol

E-Test, a HDL-Cholesterol E-Test, a TG E-Test and a

NEFA C-Test, respectively (Wako), and low-density lipo-

protein cholesterol (LDL-C) levels were calculated as

TC-HDL-C-TGA 9 0.2. Plasma insulin levels were

determined using an Insulin ELISA kit (Morinaga Institute

of Biological Science, Inc., Japan). Plasma concentrations

of adipokines, including adiponectin, resistin, tumor

necrosis factor-alpha (TNFa), and leptin, were measured

using the following respective enzyme immunoassay kits:

mouse adiponectin ELISA kit (Otsuka Pharmaceutical Co.,

Ltd., Japan), Mouse Resistin ELISA kit (Shibayagi Co.

Ltd., Japan), Mouse TNF-a ELISA kit (Shibayagi) and

Mouse Leptin ELISA kit (Morinaga).

Table 2 Composition of the diets for the KKAy and C57BL/6J mice

Component

(%)

KKAy mice C57BL/6J mice

Soybean

oil diet

Saury

oil diet

Lard

diet

Saury

oil diet

Casein 20 20 25.8 25.8

L-Cysteine 0.3 0.3 0.4 0.4

Corn starch 49.9 49.9 – –

Maltodextrin 10 – – 16.2 16.2

Sucrose 10 10 8.9 8.9

Cellulose 5 5 6.5 6.5

Mineral mixture 3.5 3.5 1.3 1.3

Vitamin mixture 1 1 1.3 1.3

Choline bitartrate 0.3 0.3 0.3 0.3

Soybean oil 10 – 3.2 3.2

Lard – – 32 22

Saury oil – 10 – 10
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Analysis of mRNA Expression Using Real-Time Reverse

Transcription Polymerase Chain Reaction (RT-PCR)

For the C57BL/6J mice fed high-fat diets, total RNA was

isolated from mesenteric WAT using TRIzol reagent (Qia-

gen, Tokyo, Japan) according to the manufacturer’s protocol.

The first strand of cDNA was generated from total RNA using

a PrimeScript II 1st strand cDNA Synthesis kit (TaKaRa Bio,

Otsu, Japan) using oligo dT-adaptor primers, and 1–2 lg of

total RNA as the template. The resulting cDNA pool was used

for real-time RT-PCR amplification and specific sequence

detection on an Applied Biosystems 7300 Real-Time PCR

System (Life Technologies Co., Japan). The forward and

reverse PCR primers shown in Table 3 were used at final

concentrations of 10 lM. SYBR Premix Ex Taq (TaKaRa

Bio) was also used. The PCR cycling parameters were: 30 s at

95 �C; followed by 40 cycles of 5 s, 95 �C, 34 s at 60 �C; and

a final melting curve of 15 s at 95 �C, 1 min at 60 �C, 15 s at

95 �C. Gene expression was scaled to the expression of the

housekeeping gene encoding 18S ribosomal RNA.

Statistical Analysis

All data are expressed as means ± SE. Statistical differ-

ences between two groups were determined using Student’s

t test. The value was considered to be significantly different

for values of P \ 0.05.

Results

Fatty Acid Composition of Plasma, WAT and Liver

Plasma, mesenteric WAT, and liver fatty acid composi-

tions in C57BL/6J mice fed the control diet (lard) or

saury oil-supplemented diet are shown in Table 4. PUFA

and MUFA percentages were significantly different in the

saury oil group compared to the control group although

there were no large differences in the levels of saturated

fatty acids (SFA) between the two diet groups. The saury

oil-supplemented diet resulted in reduced levels of ara-

chidonic acid (C20:4 n-6) in plasma, WAT and liver

by 33.8% (P \ 0.05), 39.3% (P \ 0.01), and 53.7%

(P \ 0.001) respectively, and reduced the total n-6 PUFA

levels significantly in WAT and liver by 8% (P \ 0.05)

and 29.2% (P \ 0.05), respectively. Ingestion of saury oil

increased EPA levels significantly in both plasma and

liver by 130% (P \ 0.05) and 1118.5% (P \ 0.001),

respectively, and also increased DHA levels significantly

in WAT and liver by 835.3% (P \ 0.001) and 85%

(P \ 0.001), respectively. Compared to the control group,

the total n-3 PUFA levels in the saury oil diet group

increased significantly in plasma, WAT and liver by

35.9% (P \ 0.05), 162.2% (P \ 0.001), and 141.8%

(P \ 0.001), respectively. The decrease in n-6 PUFA and

increase in n-3 PUFA with the saury oil diet resulted in

significant decreases in n-6/n-3 PUFA ratios in plasma,

WAT and liver by 39.7% (P \ 0.05), 64.9% (P \ 0.001),

and 69% (P \ 0.001), respectively. A different pattern of

changes in lipid composition was observed for the

MUFA levels with the saury oil diet. Compared to the

control diet group, C22:1 levels in the saury oil group

were significantly higher in plasma, WAT and liver by

110.3% (P \ 0.05), 266.7% (P \ 0.001), and 450%

(P \ 0.01), respectively. Also, C20:1 levels in WAT

were significantly elevated (by 66.7%, P \ 0.001) with

the saury oil-supplemented diet. In contrast, saury oil

intake decreased oleic acid (C18:1) levels markedly in

WAT and liver, by 16.8% (P \ 0.01) and 27.2%

(P \ 0.05), respectively.

Table 3 GenBank accession

numbers and primer sequences

used in real-time RT-PCR

experiments

SREBP-1 sterol regulatory

element binding protein 1, SCD-
1 stearoyl CoA desaturase-1,

FAS fatty acid synthase, ACC
acetyl-CoA carboxylase, CPT-1
carnitine palmitoyltransferase-1,

PGC-1a peroxisome

proliferator-activated receptor

gamma coactivator 1-alpha,

PGC-1b peroxisome

proliferator-activated receptor

gamma coactivator 1-beta

Gene Primer sequences Accession number

SREBP-1c 50-GATGTGCGAACTGGACACAG-30 NM_011480

50-CATAGGGGGCGTCAAACAG-30

SCD-1 50-TTCTTGCGATACACTCTGGTGC-30 NM_009127

50-CGGGATTGAATGTTCTTGTCGT-30

FAS 50-GGAGGTGGTGATAGCCGGTAT-30 NM_007988

50-TGGGTAATCCATAGAGCCCAG-30

ACC 50-ATGGGCGGAATGGTCTCTTTC-30 NM_133360

50-TGGGGACCTTGTCTTCATCAT-30

CPT-1 50-CTCCGCCTGAGCCATGAAG-30 NM_013495

50-CACCAGTGATGATGCCATTCT-30

PGC-1a 50-GAAGTGGTGTAGCGACCAATC-30 NM_008904

50-AATGAGGGCAATCCGTCTTCA-30

PGC-1b 50-TCCTGTAAAAGCCCGGAGTAT-30 NM_133249

50-GCTCTGGTAGGGGCAGTGA-30
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Effect of Saury Oil on Plasma Glucose Levels

in an Insulin Tolerance Test

The plasma glucose concentrations in an insulin tolerance

test are shown in Fig. 1 for KKAy mice fed a soybean oil

(control) or saury oil diet. Plasma glucose levels in the

saury oil group declined (P = 0.14) at 60 min, and then

significantly decreased by 25.3% (P \ 0.05) at 80 min

after insulin injection, compared to the control group.

Effect of Saury Oil on Metabolic Variables in Plasma

The body weight, mesenteric WAT mass, and plasma

concentrations of glucose, insulin, and lipids in KKAy

mice and diet-induced obese C57BL/6J mice are shown in

Table 5. After 4 weeks of feeding KKAy mice the saury oil

diet, the mesenteric WAT mass in the saury oil group was

10.4% (P \ 0.05), plasma concentrations of glucose were

13.7% (P \ 0.05), insulin were 45.4% (P \ 0.01), TC

were 39.4% (P \ 0.001), LDL-C were 76.4% (P \ 0.001),

and NEFA were 23.1% (P \ 0.01) lower than in the con-

trol soybean oil group. Plasma TAG concentrations also

tended to be lowered by the saury oil diet (P = 0.14).

Table 4 Serum, mesenteric WAT and liver fatty acid composition (%) for diet-induced obese C57BL/6J mice

Fatty acid Serum Mesenteric WAT Liver

Control Saury oil Control Saury oil Control Saury oil

14:0 1.18 ± 0.2 2.2 ± 0.24 1.17 ± 0.02 2 ± 0.03* 0.72 ± 0.01 0.71 ± 0.01

16:0 15.81 ± 0.21 15.32 ± 0.26 22.47 ± 0.19 22.73 ± 0.23 18.96 ± 0.52 19.56 ± 0.24

18:0 29.34 ± 0.6 28.54 ± 0.48 4.29 ± 0.11 5.26 ± 0.17* 16.9 ± 0.52 16.86 ± 0.32

SAF 48.58 ± 1.42 47.7 ± 1.35 27.94 ± 1.42 30 ± 1.35 38.26 ± 1.17 38.39 ± 0.77

12:1 11.89 ± 1.5 10.27 ± 1.42 0.07 ± 0 0.07 ± 0 11.69 ± 0.6 13.41 ± 0.73

16:1 0.88 ± 0.05 0.85 ± 0.04 4.92 ± 0.16 3.85 ± 0.2* 1.34 ± 0.1 0.93 ± 0.05

18:1 23.31 ± 0.08 23.56 ± 0.19 47.84 ± 0.38 39.78 ± 0.58** 17.86 ± 1.24 13 ± 0.55*

20:1 0.21 ± 0.02 0.19 ± 0.01 0.69 ± 0.01 1.15 ± 0.03*** 0.36 ± 0.03 0.35 ± 0.02

22:1 0.29 ± 0.03 0.61 ± 0.05* 0.03 ± 0 0.11 ± 0.01*** 0.02 ± 0 0.11 ± 0.01**

MUFA 36.58 ± 1.4 35.48 ± 1.35 53.55 ± 0.36 44.96 ± 0.54** 31.26 ± 2.09 27.81 ± 1.42

18:2n-6 3.99 ± 0.27 3.75 ± 0.16 13.61 ± 0.18 12.72 ± 0.25* 10.05 ± 0.24 9.64 ± 0.21

18:3n-6 0.26 ± 0.07 0.21 ± 0.02 0.07 ± 0 0.03 ± 0 0.3 ± 0.01 0.18 ± 0*

20:2n-6 0.15 ± 0.01 0.16 ± 0.01 0.25 ± 0.01 0.23 ± 0 0.19 ± 0.01 0.14 ± 0

20:3n-6 0.29 ± 0.02 0.25 ± 0.02 0.13 ± 0.02 0.08 ± 0 0.81 ± 0.07 0.63 ± 0.04

20:4n-6 3.22 ± 0.5 2.13 ± 0.35* 0.28 ± 0.01 0.17 ± 0.01** 9.86 ± 0.24 4.57 ± 0.11***

22:4n-6 0.2 ± 0.03 0.16 ± 0.01 0.08 ± 0 0.04 ± 0 0.34 ± 0.01 0.09 ± 0.01**

n-6 PUFA 8.11 ± 0.86 6.66 ± 0.65 14.42 ± 0.19 13.27 ± 0.26* 21.55 ± 0.57 15.25 ± 0.4*

18:3n-3 0.16 ± 0.01 0.18 ± 0.01 0.77 ± 0.02 1.01 ± 0.02* 0.32 ± 0.02 0.43 ± 0.03*

20:5n-3 0.63 ± 0.22 1.45 ± 0.28* 0.16 ± 0.01 0.09 ± 0.01 0.27 ± 0.01 3.29 ± 0.1***

22:5n-3 2.25 ± 0.02 0.26 ± 0.01 0.09 ± 0 0.43 ± 0.01** 0.45 ± 0.02 1.36 ± 0.06***

22:6n-3 1.94 ± 0.19 2.16 ± 0.13 0.17 ± 0.01 1.59 ± 0.05*** 6.47 ± 0.17 11.97 ± 1***

n-3 PUFA 2.98 ± 0.46 4.05 ± 0.54* 1.19 ± 0.03 3.12 ± 0.07*** 7.51 ± 0.22 17.05 ± 1.2***

n-6/n-3 2.72 ± 0.42 1.64 ± 0.43* 12.11 ± 0.15 4.25 ± 0.08*** 2.87 ± 0.04 0.89 ± 0.09***

Each value represents the mean ± SE (n = 10). C57BL/6J mice were fed a 32% lard diet (control) or a 32% lard plus 10% saury oil diet (saury

oil group) for 6 weeks

SAF saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids

* P \ 0.05, **P \ 0.01, ***P \ 0.001 compared to controls
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Fig. 1 The effect of saury oil on insulin sensitivity. An insulin

tolerance test was performed at the end of 3 weeks to KKAy mice fed

a 10% soybean oil diet (control) or 10% saury oil diet. Values are

mean ± SE (n = 10) and are normalized relative to the control

group. *P \ 0.05 compared to controls
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There was no difference in body weight between the saury

oil group and the control group. Similarly, ingestion of

saury oil also decreased the plasma concentrations of glu-

cose in C57BL/6J mice by 13.6% (P \ 0.01), of insulin by

35.2% (P \ 0.05), of TC by 18.6% (P \ 0.01), of LDL-C

by 27.3% (P \ 0.05), and of TAG by 19.4% (P \ 0.001),

although the mesenteric WAT mass did not differ between

the saury oil group and the control group.

Effect of Saury Oil on Adipokine Levels in Plasma

Intake of saury oil increased the concentration of adipo-

nectin in plasma by 28.7% (P \ 0.01) in KKAy mice

and by 23.6% (P \ 0.01) in C57BL/6J mice (Fig. 2a).

Plasma resistin concentrations were decreased by 28.5%

(P \ 0.05) and 9.5% (P \ 0.05) with a saury oil diet in

KKAy mice and C57BL/6J mice, respectively (Fig. 2b).

Ingestion of saury oil also decreased plasma TNFa con-

centrations by 59.5% (P \ 0.01) in KKAy mice (Fig. 2c)

and plasma leptin concentrations by 66.9% (P \ 0.01) in

C57BL/6J mice (Fig. 2d).

Effect of Saury Oil on the Expression of mRNAs

Related to Lipid Metabolism in WAT

The saury oil-supplemented diet downregulated the mRNA

expression of lipogenic genes SREBP-1 (sterol regulatory

element binding protein 1), SCD-1 (stearoyl-coenzyme A

desaturase 1), FAS (Fatty acid synthase), and ACC (Acetyl-

CoA carboxylase) by 65% (P \ 0.05), 72% (P \ 0.01),

70% (P \ 0.05), and 74% (P \ 0.05), respectively, com-

pared to the control lard diet group (Fig. 3a), and upregu-

lated expression of the oxidation-related gene CPT-1

(Acetyl-CoA carboxylase Carnitine palmitoyltransferase-

1), the energy consumption-related genes PGC1a (Peroxi-

some proliferator-activated receptor gamma coactivator

1-alpha) and PGC1b (Peroxisome proliferator-activated

receptor gamma coactivator 1-beta) by 123% (P \ 0.05),

171% (P \ 0.05), and 176% (P \ 0.05), respectively

(Fig. 3b), in diet-induced obese C57BL/6J mice.

Discussion

The present study has demonstrated that ingestion of saury

oil alleviates MetS in type II diabetic KKAy mice and diet-

induced obese C57BL/6J mice by improving glycemic and

lipid control. To understand the possible mechanisms of the

hypoglycemic and hypolipidemic effects of saury oil, we

investigated adipokine levels. As a key adipokine, adipo-

nectin has received considerable attention due to its anti-

inflammatory, antiatherogenic and antidiabetic properties

[18, 19]. There is increasing evidence supporting the

positive association of higher adipocyte-derived adipo-

nectin with glycemic control, lipid profile, and inflamma-

tion [20]. By contrast, elevated levels of circulating NEFA

and other adipokines such as TNFa, resistin, and leptin are

associated with insulin resistance [21–26]. Therefore, the

increase in plasma levels of adiponectin, as well as the

decreases in plasma levels of NEFA, TNFa, resistin, and

leptin with a saury oil diet are possibly associated with the

improvement of hyperglycemia, hyperinsulinemia, and

hyperlipidemia relative to insulin resistance.

Saury oil intake decreased mesenteric WAT mass sig-

nificantly in KKAy mice, and several lines of evidence

indicate that a lower content of WAT is associated with a

Table 5 The effect of saury oil on body weight, mesenteric WAT mass, and plasma markers of glucose and lipid metabolism in KKAy and diet-

induced obese C57BL/6J mice

KKAy mice C57BL/6J mice

Soybean oil diet Saury oil diet Lard diet Saury oil diet

(Control) (Control)

Body weight (g) 37.9 ± 0.6 36.9 ± 0.4 31.6 ± 1.3 32.1 ± 2.1

Body weight gain (g) 7.7 ± 0.4 6.9 ± 0.3 10.3 ± 0.9 9.8 ± 1.8

WAT mass (g) 2.4 ± 0.1 2.17 ± 0.1* 1.7 ± 0.09 1.7 ± 0.13

Glucose (mg/dl) 541.5 ± 20.1 467.3 ± 8.2* 301.4 ± 11.2 258.9 ± 19.8**

Insulin (ng/ml) 40.9 ± 4.4 22.3 ± 2.3** 4.7 ± 0.6 3.1 ± 0.4*

TC (mg/dl) 109.3 ± 3.7 65.9 ± 2.6*** 134.7 ± 4.2 107.2 ± 5.1**

LDL-C (mg/dl) 45.9 ± 2.4 18.5 ± 1.2*** 28.2 ± 6.4 20.5 ± 3.4*

TAG (mg/dl) 67.6 ± 9.1 54.1 ± 4.6 76.6 ± 5 60.5 ± 4.9***

NEFA (mequiv/l) 1.1 ± 0.07 0.8 ± 0.04** 0.5 ± 0.03 0.48 ± 0.06

Each value represents the mean ± SE (n = 10). KKAy mice were fed a 10% soybean oil diet (control) or a 10% saury oil diet for 4 weeks.

C57BL/6J mice were fed a 32% lard diet (control) or a 22% lard plus 10% saury oil diet (saury oil diet) for 6 weeks

WAT white adipose tissue, TC total cholesterol, LDL-C low-density lipoprotein cholesterol, TAG triacylglycerol, NEFA nonesterified fatty acid

* P \ 0.05, **P \ 0.01, ***P \ 0.001 compared to controls
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favorable profile of adipokines as well as a lower MetS risk

[27]. Saury oil intake did not change WAT mass in diet-

induced obese C67BL/6J mice, however, although there

were favorable changes in plasma adipokines associated

with a favorable metabolic profile. It is therefore suggested

that adipose tissue mass loss is not the only essential factor

for the improvement of metabolic disarrangement in diet-

induced obese C57BL/6J mice fed a saury oil diet. Notably,

Saraswathi et al. [28] demonstrated that by feeding fish oil

to LDL receptor-deficient mice, WAT-specific inflamma-

tion and insulin sensitivity were improved and macrophage

infiltration was reduced despite an increase in adipose tis-

sue mass.

The n-3 PUFA levels in plasma, WAT and liver

increased significantly in the saury oil group compared to

the control group for C57Bl/6J mice. It has been demon-

strated that EPA increases adiponectin secretion in rodent

models of obesity and in human obese subjects, in part

through TNFa downregulation in macrophages [29, 30].

n-3 fatty acids also decrease TNFa, resistin and leptin

levels, all of which are implicated in insulin insensitivity

[31–33]. The beneficial effect of saury oil in producing a

more favorable adipokine profile and easing the onset of

MetS may be partly attributed to the increase in n-3 PUFA.

SREBP-1 and its target genes SCD-1, FAS and ACC are

involved in adipogenesis, and SREBP-1 has a key role in

regulating fatty acid synthesis [34]. Insulin-induced

expression of SREBP-1 mRNA can be prevented by the n-3

PUFA [35]. n-3 PUFA also prevented insulin induction of

the downstream lipogenic enzyme targets FAS and ACC,
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induced obese C67BL/6 J mice
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soybean oil diet (control) or a
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and reduced de novo lipogenesis [36]. Enzyme CPT-1 is

rate limiting for fatty acid b-oxidation in mitochondria

[37], and PGC1a is a molecular marker of energy expen-

diture via regulatory function for mitochondrial biogenesis

and oxidative metabolism [38–40]. Flachs et al. [41]

demonstrated that the antiadipogenic effect of an EPA/

DHA concentrate (6% EPA and 51% DHA) may involve a

metabolic switch in adipocytes that includes enhancement

of b-oxidation with increase in mRNA expression of CPT-1

and upregulation of mitochondrial biogenesis with an

increase in the expression of genes encoding PGC1a and

nuclear respiratory factor-1 (Nrf-1). Suppression of adi-

pogenesis and promotion of fatty acid oxidation, as well as

energy expenditure in mRNA levels with a saury oil diet

are associated with improvement of glucose and lipid

metabolism, and this is potentially derived from a signifi-

cant increase in n-3 PUFA with an intake of saury oil.

In contrast to the increase in n-3 PUFA, there were

marked reductions in n-6 PUFA including arachidonic

acid, along with a corresponding decrease in the n-6/n-3

PUFA ratio, with the saury oil diet. n-6 PUFA, which

compete with n-3 PUFA for several physiological

processes, can increase inflammatory signals and have been

associated with metabolic/cardiovascular disorders and

cancer [42–44]. A decrease in the n-6/n-3 PUFA ratio can

enhance glucose tolerance in healthy animals [45], and

prolong survival of type I diabetes model non-obese dia-

betic mice by retaining the beta cell mass [46]. Thus, a

decrease in n-6 PUFA, as well as in the n-6/n-3 PUFA

ratio, contributes to the beneficial effects of saury oil on

glucose and lipid metabolism in a saury oil diet.

In addition to n-3 PUFA, diets rich in MUFA are rec-

ommended for individuals with type 2 diabetes mellitus,

and studies suggest the beneficial effect of dietary oleic

acid on insulin sensitivity [47]. Levels of 18:1 in WAT and

liver decreased significantly with a saury oil diet, however,

suggesting a minor role for 18:1 in the improvement of

MetS with saury oil treatment. Because a considerable

fraction of the fatty acids in saury oil is comprised of

MUFA (35% of C20:1 and C22:1), some of the beneficial

effects of saury oil on metabolic control of hyperglycemia

and hyperlipidemia observed in the present study may be

associated with MUFA.

Whale oil is rich in MUFA—28% of it is comprised of

C20:1 and C22:1 aliphatics—but contains only 54% of

combined EPA/DHA found in cod liver oil and 68% of that

found in seal oil. Despite this difference, Osterud et al. [16]

demonstrated that the consumption of these three oils by

healthy subjects increased the content of n-3 fatty acids in

serum lipids significantly to a comparable degree and also

reduced the arachidonic acid levels similarly for all three

oils. Similarly, in another study by Halvorsen et al. [15]

feeding rats fish oil fractions rich in MUFA (80% of C20:1

and C22:1), the level of EPA in the plasma lipids was

increased while the content of arachidonic acid was

reduced compared with that of rats fed lard. The increase in

n-3 PUFA and the improved ratio of n-6 PUFA to n-3

PUFA, which contributes to the improvement of glycemic

and lipid metabolism in diet-induced obese C57BL/6J mice

fed a saury oil-supplemented diet, may therefore be partly

attributable to MUFA. In addition, it has been demon-

strated that MUFA-enriched whale oil supplementation

reduces TNFa generation in lipopolysaccharide-stimulated

blood [16]; this supports our finding that reduced blood

TNFa levels correlated with improved insulin resistance in

KKAy mice fed a saury oil diet. Taken together, these

results are interesting and suggest a possible synergistic

effect between n-3 PUFA and MUFA in the improvement

of MetS.

Very limited data exist defining the health beneficial

actions of saury oil, and the current study showed the

beneficial effects of saury oil in reducing risk factors for

metabolic syndrome in spontaneously diabetic mice and

diet-induced obese mice. On the other hand, the mechanism

by which MUFA boosts the effect of n-3 PUFA and whether
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MUFA has a specific effect on metabolic disorders them-

selves still needs to be elucidated. This is of importance if

the development of functional lipids from fish and MetS

treatment with a diet rich in saury oil are to be pursued.
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Abstract Growth and survival of bacteria depend on

homeostasis of membrane lipids, and the capacity to adjust

lipid composition to adapt to various environmental stres-

ses. Membrane fluidity is regulated in part by the ratio of

unsaturated to saturated fatty acids present in membrane

lipids. Here, we studied the effects of high growth tem-

perature and salinity (NaCl) stress, separately or in com-

bination, on fatty acids composition and de novo synthesis

in two peanut-nodulating Bradyrhizobium strains (fast-

growing TAL1000 and slow-growing SEMIA6144). Both

strains contained the fatty acids palmitic, stearic, and cis-

vaccenic ? oleic. TAL1000 also contained eicosatrienoic

acid and cyclopropane fatty acid. The most striking change,

in both strains, was a decreased percentage of cis-vac-

cenic ? oleic (C80% for TAL1000), and an associated

increase in saturated fatty acids, under high growth tem-

perature or combined conditions. Cyclopropane fatty acid

was significantly increased in TAL1000 under the above

conditions. De novo synthesis of fatty acids was shifted to

the synthesis of a higher proportion of saturated fatty acids

under all tested conditions, but to a lesser degree for

SEMIA6144 compared to TAL1000. The major adaptive

response of these rhizobial strains to increased temperature

and salinity was an altered degree of fatty acid unsatura-

tion, to maintain the normal physical state of membrane

lipids.

Keywords Fatty acid composition � Fatty acid synthesis �
Adaptive response � Peanut-nodulating rhizobia

Abbreviations

CFU Colony forming unit

FAME Fatty acid methyl esters

FA Fatty acids

GC Gas chromatography

HPLC High performance liquid chromatography

PL Phospholipids

Ptd2Gro Cardiolipin

DMPtdEtn Dimethyl phosphatidylethanolamine

LPtdEtn Lysophosphatidylethanolamine

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PtdGro Phosphatidylglycerol

SEM Standard error of the mean

TLC Thin layer chromatography

UFA Unsaturated fatty acids

U/S Ratio between sum of unsaturated to sum of

saturated fatty acids

Z/A Ratio of zwitterionic to anionic phospholipids

Introduction

Increased agricultural production plays a key role in

enhancing food supply, economic growth, and the overall

standard of living in developing countries. Bacteria termed

‘‘rhizobia’’, which have the ability to fix atmospheric

nitrogen in symbiosis with roots of legumes, are econom-

ically important for increasing the yield of legume crops.

Peanut is an important legume crop used for direct human
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consumption and a variety of food products. It is a major

agricultural crop in many countries such as China, United

States and Argentina. Peanut is nodulated by the slow

growing strain Bradyrhizobium sp. SEMIA6144 [1]. In

addition, peanut is also nodulated by Bradyrhizobium sp.

TAL1000 [2]. In peanut, the rhizobial infection mechanism

differs from other legumes since rhizobia penetration into

the root occurs without intracellular infection thread for-

mation and involves intercellular penetration (crack entry)

[3].

Environmental conditions, e.g., temperature and salinity,

affect the symbiosis between rhizobia and host plant. Sub-

optimal temperatures reduce the competitiveness of rhi-

zobia for nodulation [4], delay root infection and inhibit

nodule development and nitrogenase activity [5]. Appli-

cation of 100 mM NaCl to peanut plants completely

inhibited nodule formation by Bradyrhizobium strains

ATCC10317, TAL1000, and SEMIA6144 [6].

Survival of bacteria in stressful conditions is often

determined by their capacity to adapt by altering the

composition of the lipid bilayer of the cell surface mem-

branes, which regulate or integrate many vital processes [7,

8]. The primary lipid components of the bilayer are phos-

pholipids (PL). In bacterial membranes PL play key roles

in energy transduction, signal transduction, solute trans-

port, and cell–cell recognition [9]. Many microorganisms

have been shown to modify lipid composition in order to

maintain membrane fluidity within an optimal range [10].

In general, perturbation of membrane fluidity by extrinsic

chemical agents or other factors initiates an active response

based on intrinsic chemical changes such as the modifica-

tion of existing lipids and the de novo synthesis that tend to

counteract the perturbation [11, 12].

Previous studies of our laboratory demonstrated that,

both PL composition and synthesis were modified by salt

and temperature stresses in the peanut-nodulating Brady-

rhizobium sp. SEMIA6144. The amount and the labeling of

each individual PL was increased by NaCl, while they were

decreased by temperature stress. The amount of PtdCho,

PtdEtn, and PtdGro under the combined stresses decreased,

as in the temperature effect [13]. Similar PL changes in

response to salt and temperature stress have been observed

in other microorganisms [8, 14]. Additional mechanisms to

stabilize membrane fluidity in bacteria involve changes in

fatty acids (FA), the major component of PL. Such

mechanisms, which may occur in combination, involve

changing the ratio of saturation to unsaturation; cis to trans

unsaturation; branched to unbranched structures, type of

branching; acyl chain length and formation of cyclopro-

pane FA [15, 16].

Increased degree of unsaturation in response to reduced

temperature has been described for many microorganisms

[17, 18], and can be regarded as a universally conserved

adaptation response [19]. In Aeromonas, alteration of

growth temperature induced changes in unsaturation,

branching, and chain length of the FA. At temperatures

below 15 �C or above 25 �C, three species of Aeromonas,

A. caviae, A. hydrophila and A. sobria, showed significant

decrease of cis-vaccenic acid (cis-11-C18:1) content. In

cells exposed to high NaCl concentration, maintenance of

growth ability was related to a reduced ratio of unsaturated

to saturated FA, reflecting membrane rigidification [20].

How the FA composition of membrane lipids is altered

in response to change of growth temperature depends on

the mechanism of unsaturated FA (UFA) synthesis [21]. In

bacteria, UFA synthesis involves both anaerobic and aer-

obic mechanisms. UFA synthesis in response to low tem-

perature was characterized in vivo for the gram-positive

bacteria Bacillus subtilis, which desaturates palmitate to

delta 5-hexadecenoate [22]. The molecular mechanism of

UFA synthesis in response to temperature change has been

well studied in the gram-negative bacteria Escherichia coli.

Since membrane of E. coli lacks of PtdCho, its composition

is quite different from that of the rhizobia [23]. However,

little is known regarding the control of FA synthesis in

legume-nodulating rhizobia under abiotic stress.

The FA composition profiles of Bradyrhizobium and

Rhizobium are quite different, and have been used for

chemotaxonomic purposes [24]. Effects of growth phase

[25, 26] and low temperature [4, 27] on FA synthesis and

composition in these genera have been studied, but not the

effects of high temperature or high salinity.

While we have previously determined the composition

of PL in SEMIA6144 [13], in this study we describe for the

first time the composition of FA and the effect of high

growth temperature and salinity on the FA composition and

FA synthesis in this strain and in TAL1000, peanut-nodu-

lating rhizobia. We also describe the composition of PL in

TAL1000 and the effect of high growth temperature and

salinity on this composition and on the survival of this

strain. Our purpose was to clarify the role of cell membrane

modifications in resistance and adaptation of these rhizobia

to environmental stresses. The results may identify new

strategies for increasing symbiotic efficiency between rhi-

zobia and peanut.

Materials and Methods

Bacterial Strains and Culture Conditions

The fast-growing strain TAL1000 was kindly provided by

NifTAL Microbiological Resource Center, Paia, HI (USA),

and the slow-growing strain SEMIA6144 was provided by

MIRCEN/FEPAGRO (Brazil). The strains were kept on

yeast extract mannitol plates [2] at 28 �C, with the pH of
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the medium adjusted to 7 before autoclaving. For the

determination of bacterial growth, viability and biochemi-

cal parameters, the strains were grown in B- medium [28]

for 24 h (TAL1000) or 120 h (SEMIA6144) with an initial

optical density of 0.1 (620 nm), in a shaking water bath at

28 �C or 37 �C for high growth temperature. Based on

differential NaCl tolerance of each strain (data not shown),

the medium was supplemented with 300 mM NaCl

(TAL1000) or 50 mM NaCl (SEMIA6144) for saline stress

experiments. Viable TAL1000 cells were counted (CFU)

by removing samples at intervals, as described by da Silva

[29].

Incorporation of Labelled Acetate

[1-14C]acetate, sodium salt (43 mCi mmol-1, New Eng-

land Nuclear), sterilized, was added to the medium

(1 lCi ml-1) at the time of inoculation. Cells were har-

vested at the late exponential phase (24 h for TAL1000 and

96 h for SEMIA6144) by centrifugation at 60009g for

10 min, in a Beckman Allegra 64R refrigerated centrifuge.

Pellets were washed twice with 0.9% NaCl and used for

further studies. The same procedures and conditions were

used for unlabelled samples.

Lipid Extraction

Lipids were extracted from washed bacteria with chloro-

form/methanol/water [30]. The lower phase, containing

lipids, was dried under N2, and dissolved in appropriate

volume of chloroform/methanol 2:1 (v/v).

Separation and Quantification of 14C-labelled

Phospholipids

Aliquots of total lipid extracts were analyzed by Analtech

thin layer chromatography (TLC) plates (silica gel HLF,

250 lm) using chloroform/acetone/methanol/acetic acid/

water (40:15:14:12:7, by vol) as solvent. All solvents were

of analytical or HPLC grade. Lipids were detected by

iodine vapors and separated lipids were identified by

comparison with purified standards (Sigma Chemical Co.,

St. Louis, MO, USA). TLC bands were scraped, 3 mL

Optiphase Hisafe 2 (PerkinElmer, USA) was added to each

vial, and radioactivity was measured by liquid scintillation

counter (Beckman LS 60001 C, USA) [31].

Separation and Quantification of 14C-labelled Fatty

Acids Based on the Degree of Unsaturation

Fatty acid methyl esters (FAME) were prepared from total

lipid extracts with 10% BF3 in methanol [32], and resolved

according to number of double bonds on TLC plates

impregnated with AgNO3 (10%, w/v), using hexane/ethyl

ether/acetic acid (94:4:2, by vol) as solvent. FAME bands

were detected under UV light after spraying the plates with

dichlorofluorescein, elution [33], and drying in counting

vials as described above.

Analysis of Fatty Acids by GC-FID

FAME prepared as above were analyzed using a Hewlett

Packard 5890 II gas chromatograph (GC) equipped with a

methyl silicone column (length 50 m; inner diameter

0.2 mm; film thickness 0.33 lm) and a flame ionization

detector (FID).

GC conditions: injector temperature 250 �C; detector

temperature 300 �C; carrier gas nitrogen. Temperature

program: 180 �C, 25 min isothermal; 3 �C min-1 to

250 �C. Peak areas of carboxylic acids in total ion were

used to determine relative amounts.

Fatty acids were identified by comparison of retention

times with commercial standards. (Sigma Chemical Co.,

St. Louis, MO, USA).

Statistical Analyses

Data were compared by one-way analysis of variance

(ANOVA) test.

Results

Effects of High Growth Temperature (37 �C)

and Salinity on TAL1000 Survival

Viability of TAL1000 (measured as CFU ml-1) was

reduced by NaCl stress alone, and by a combination of

NaCl stress and high growth temperature (Fig. 1), although

TAL1000 was able to survive in these conditions. Lowest

CFU values were obtained with 300 mM NaCl. Viability at

high growth temperature, 37 �C, was not significantly

affected.

Effect of High Growth Temperature and Salinity

on TAL1000 Phospholipid Metabolism

[1-14C]acetate sodium salt was incorporated mostly

(90–92%) into PL, and the rest into neutral lipid fraction.

The predominant labeled PL was phosphatidylcholine

(PtdCho), followed in descending order by phosphatidyl-

glycerol (PtdGro), phosphatidylethanolamine (PtdEtn),

dimethyl phosphatidylethanolamine (DMPtdEtn), cardio-

lipin (Ptd2Gro), and lysophosphatidylethanolamine (LPt-

dEtn) (Table 1).
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PL patterns for TAL1000 were qualitatively similar for

all experimental conditions, but quantitative changes were

observed for individual PL. High growth temperature

caused an increase in PtdCho from 44 to 49.4% and

combined conditions increased PtdCho from 44 to 54%.

Compared to the control condition (28 �C), the amount of

radiolabel in LPtdEtn (identity confirmed by ninhydrin

spray reagent) increased about twofold in response to salt

stress and increased about threefold in response to high

growth temperature.

Decreased labeling was observed for PtdEtn under high

growth temperature from 13.7 to 7.6% and combined

conditions from 13.75 to 8.1%, for PtdGro under combined

conditions from 17.5 to 12.4% and for Ptd2Gro by high

growth temperature from 4.2 to 3%. Under combined

conditions, the ratio of zwitterionic to anionic PL (Z/A)

increased (data not shown).

Fatty Acid Composition of TAL1000 and SEMIA6144

Major FA detected in TAL1000 and SEMIA6144 were cis-

vaccenic (18:1n-7) ? oleic (18:1n-9), stearic acid (18:0)

and palmitic acid (16:0). Eicosatrienoic acid (20:3n-6) and

cyclopropane fatty acid (19:0cyclo) were only detected in

TAL1000, while palmitoleic acid (16:1n-7) was only

detected in SEMIA6144 (Table 2).

Effect of Growth Conditions on Fatty Acid

Composition of TAL1000 and SEMIA6144

FA composition of the two strains under experimental

conditions tested is shown in Table 2. In TAL1000 the FA

showing greatest change in response to tested conditions

was 18:1n-7 ? 18:1n-9, whose percentage declined from

63.3 to 8.2% under high growth temperature, and to 4.3%

under temperature plus NaCl stress. Conversely, 16:0

increased from 8.4 to 20% at 37 �C, and to 16.1% under

the combined conditions. The other saturated FA, 18:0,

increased from 12.6 to 24% at 37 �C, and to 29% under

combined conditions. 19:0cyclo increased from 3.4 to 10%

at 37 �C and to 14.5% under combined conditions. The

changes in FA percentages led to alteration of the ratio

between unsaturated to saturated FA (U/S in Table 2),

which decreased in all experimental conditions.

Of all the tested conditions, the growth temperature

increase was the one causing the most significant changes

in the level of FA in TAL1000.

Notably, in SEMIA6144, 18:1n-7 ? 18:1n-9 decreased

from 84 to 73.5% under temperature stress, and to 68.5%

under combined stresses, while 16:0 increased from 11 to

18.6% under temperature stress, and to 19.7% under

combined stresses. FA values under NaCl stress alone were

not significantly different from control values. The U/S

ratio for SEMIA6144 decreased under all experimental

conditions, but not as markedly as in TAL1000.

Effect of Growth Conditions on Fatty Acid Metabolism

of TAL1000 and SEMIA6144

[1-14C]acetate sodium salt was used as precursor for study

of FA metabolism. Radioactivity distribution of various FA

in TAL1000, separated by TLC according to degree of

unsaturation, is shown in Fig. 2. Under control conditions

(28 �C), labeling in TAL1000 was found predominantly in

monounsaturated FA, followed by triunsaturated, saturated,

and diunsaturated fractions. Consistent with findings for

Fig. 1 Effect of NaCl and temperature on viability of fast-growing

Bradyrhizobium strain TAL1000. Viability is expressed as

CFU ml-1. Values represent means ± SEM from three independent

experiments

Table 1 Effect of temperature and salinity stress on the incorporation

of [14C]acetate into phospholipids of Bradyrhizobium TAL1000

PL (%) Growth condition

28 �C 28 �C ? NaCl 37 �C 37 �C ? NaCl

PtdCho 44.5 ± 2.9 45.7 ± 2.2 49.4 ± 2.6* 54.0 ± 4.0*

DMPtdEtn 9.90 ± 1.5 9.70 ± 0.9 10.9 ± 1.4 10.8 ± 1.7

LPtdEtn 0.88 ± 0.3 2.50 ± 1.3 3.60 ± 0.9* 2.50 ± 0.9*

PtdEtn 13.7 ± 1.7 13.5 ± 2.0 7.60 ± 2.4* 8.10 ± 2.7*

Ptd2Gro 4.20 ± 0.3 3.90 ± 0.1 3.00 ± 0.8* 4.10 ± 0.3

PtdGro 17.5 ± 1.1 15.4 ± 1.9 18.2 ± 1.5 12.4 ± 0.5*

NL 9.30 ± 3.5 9.60 ± 3.1 7.80 ± 3.0 9.00 ± 1.8

Values represent means ± SEM of three independent experiments

PL phospholipids, PtdCho phosphatidylcholine, DMPtdEtn Dimethyl

phosphatidylethanolamine, LPtdEtn lysophosphatidylethanolamine,

PtdEtn Phosphatidylethanolamine, Ptd2Gro cardiolipin, PtdGro
phosphatidylglycerol, NL neutral lipids

* Difference from control (28 �C) value statistically significant at

P \ 0.05 level
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FA composition (Table 2), high growth temperature and

combined conditions decreased the [1-14C]acetate incor-

poration in monounsaturated FA, 27.4 and 49.4% respec-

tively. [1-14C]acetate incorporation in saturated FA

increased 3.5-fold by high growth temperature and 4.7-fold

by combined conditions. [1-14C]acetate incorporation in

monounsaturated FA decreased from 78 to 65% and that of

saturated FA increased from 8 to 22% by NaCl stress.

Based on modified incorporation of labelled acetate, the

U/S ratio decreased from 11.5 to 3.5 for NaCl stress, from

11.5 to 2.5 for high growth temperature, and from 11.5 to

1.6 for combined conditions.

Incorporation of [1-14C]acetate in FA of SEMIA6144

was also tested. Labeling was observed primarily in

monounsaturated FA, followed by saturated, diunsaturated,

and triunsaturated FA. [1-14C]acetate incorporation in sat-

urated FA increased 28% under NaCl stress, 39% at 37 �C,

and 45% under combined conditions. In contrast, radioac-

tive incorporation in diunsaturated FA decreased 73%

under NaCl stress, 66% at 37 �C, and 82% under combined

conditions. As a consequence of these changes, the U/S

Table 2 Effects of temperature and salinity stress on fatty acid composition of two peanut-nodulating rhizobia

Fatty acid type (%) Strain Growth condition

28 �C 28 �C ? NaCl 37 �C 37 �C ? NaCl

Saturated

Stearic acid (18:0) TAL1000 12.6 ± 1.5 14.6 ± 1.6* 24.0 ± 2.7* 29.0 ± 0.9*

SEMIA6144 1.40 ± 0.3 1.66 ± 0.3 2.00 ± 0.6 2.16 ± 0.9

Palmitic acid (16:0) TAL1000 8.40 ± 1.7 9.30 ± 1.5 20.0 ± 2.3* 16.1 ± 1.8*

SEMIA6144 11.0 ± 1.2 12.6 ± 2.7 18.6 ± 3.9* 19.7 ± 3.5*

Unsaturated

Palmitoleic acid (16:1n-7) TAL1000 ND ND ND ND

SEMIA6144 0.42 ± 0.0 0.90 ± 0.4 0.65 ± 0.2 0.56 ± 0.2

cis-vaccenic acid ? oleic acid (18:1) TAL1000 63.3 ± 5.4 55.8 ± 2.7 8.20 ± 0.4* 4.30 ± 0.0*

SEMIA6144 84.0 ± 2.2 82.4 ± 2.9 73.5 ± 3.4* 68.5 ± 6.8*

Eicosatrienoic acid (20:3) TAL1000 6.30 ± 1.9 9.20 ± 1.2 15.8 ± 1.6* 19.0 ± 4.7*

SEMIA6144 ND ND ND ND

Cyclopropane

19:0cyclo TAL1000 3.40 ± 0.7 3.85 ± 0.3 10.0 ± 1.5* 14.5 ± 1.7*

SEMIA6144 ND ND ND ND

Others TAL1000a 6.70 ± 1.6 7.10 ± 0.8 23.2 ± 2.6* 17.1 ± 1.9*

SEMIA6144 1.10 ± 0.0 2.55 ± 0.7 5.00 ± 0.2 5.30 ± 1.3

U/Sb TAL1000 3.3 2.7 0.5 0.5

SEMIA6144 7.0 6.1 3.6 3.1

Lipids were extracted, and fatty acids of total lipid were converted to methyl esters and analyzed by GC, as described in the text

Percentage of each fatty acid is relative to total fatty acids defined as 100%. Values represent means ± SEM of three independent experiments

ND not detected
a Correspond to two peaks of retention times of 36 min and 37.4 min. Such peaks could correspond to FA of more than 18 carbon atoms
b Ratio between sum of unsaturated and sum of saturated fatty acids

* Difference from control (28 �C) value statistically significant at P \ 0.05 level

Fig. 2 Effect of NaCl and temperature on incorporation of

[1-14C]acetate in fatty acids of Bradyrhizobium TAL1000. FAMEs

were prepared from total lipids, and separated according to unsatu-

ration degree using TLC plates impregnated with 10% AgNO3.

Results are expressed as the percentage of total radioactivity

incorporated in each FA fraction. Values represent means ± SEM

from three independent experiments
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ratio decreased from 14.7 to 11.5 for NaCl stress, from 14.7

to 10.7 for high growth temperature, and from 14.7 to 10

for combined conditions.

Discussion

Our previous biochemical studies showed that Bradyrhiz-

obium SEMIA6144, exhibited reduced viability and

increased levels of PtdCho, when exposed to 37 �C, NaCl

50 mM and combined conditions [13]. In the present study

we found that, viability of TAL1000 was reduced by NaCl

300 mM and by combined conditions (NaCl 300 mM plus

37 �C). Viability of salt-tolerant TAL1000 was unaffected

by high temperature, consistent with studies that indicate a

relationship between salt tolerance and temperature toler-

ance in rhizobial strains [34].

Adaptive mechanisms induced in cells in response to

changes in environmental conditions, to maintain mem-

brane fluidity involve modification of PL at the level of FA

components and PL head groups [15, 35]. Behavior of

SEMIA6144 PL labeling in response to stress [13] differed

from those of TAL1000, resulting in different degree of

modification in the Z/A ratio. We suggest that the two

strains, although possessing similar PL composition, have

different mechanisms for stabilizing membrane fluidity.

The other adaptive mechanism developed by bacteria is

alteration of membrane FA [36]. The FA composition of

total lipids in the two strains was different, since TAL1000

contained 20:3n-6 and 19:0cyclo FA, which were not present

in SEMIA6144. Since the FA profile of TAL1000 is similar

to that reported for Rhizobium [24], and both growth

velocity and FA profile of TAL1000 differ from those of

Bradyrhizobium, the taxonomic classification of TAL1000

may need to be reconsidered. High growth temperature and

combined conditions caused significant reduction of 18:1

and increase of 18:0 and 16:0 (in TAL1000), or 16:0 (in

SEMIA6144). These changes that were more pronounced

in TAL1000, provoked modifications at the level of FA

unsaturation degree coincident with results obtained for

other rhizobia in which different environmental changes

caused modifications in the U/S ratio [4, 26].

TAL1000 at 37 �C showed a decreased in the U/S ratio

and enhanced formation of 19:0cyclo (Table 2). Cyclic FA

in the membranes of rhizobia could represent a mechanism

to reduce membrane fluidity, similar to lactobacillus [37].

SEMIA6144, showed change in degree of FA unsaturation

and increased 16:0/18:0 ratio under temperature stress,

which may reflect decreased chain length and it may alter

transition temperature for change from gel to liquid crys-

talline phase [19]. Results using [1-14C]acetate labeling are

consistent with FA composition studies and similar with

studies in other gram-negative bacteria [38, 39] since

showed synthesis of both saturated and monounsaturated

FA. Tested experimental conditions altered incorporation

of labeled acetate in FA of both rhizobial strains. We found

no studies on effects of abiotic stress on FA synthesis in

rhizobia, but a study showing increase of saturated FA

synthesis at high temperature in Bacillus subtilis was

consistent with our results [22].

We conclude that peanut-nodulating rhizobia strains are

able to adapt to tested environmental conditions through

FA modification, and that fast-growing TAL1000 is more

efficient in this respect than slow-growing SEMIA6144.

The most important mechanism for maintaining physical

properties of the membrane is modification of the FA un-

saturation degree. The ability of TAL1000 to alter its

content of FA 19:0cyclo may account for its tolerance of

high temperature, while adaptation to environmental

stresses in SEMIA6144 may involve shortening of the FA

chain length [20].

The FA composition of strains of rhizobia used in

commercial formulations should be considered as an indi-

cator of whether or not an organism can adapt to changing

environmental conditions, since differences in the capacity

of rhizobia to adapt to environmental conditions may be

related to differences in the FA composition.
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Rojas A, Teran W, Segura A (2002) Mechanisms of solvent

tolerant in gram negative bacteria. Ann Rev Microbiol

56:743–768

37. Guerzoni E, Lanciotti R, Cocconcelli S (2001) Alteration in

cellular fatty acid composition as a response to salt, acid, oxi-

dative and thermal stresses in Lactobacillus helveticus. Micro-

biology 147:2255–2264

38. Wada M, Fukunaga N, Sasaki S (1989) Mechanism of biosyn-

thesis of unsaturated fatty acids in Pseudomonas sp. strain E-3, a

psychotropic bacterium. J Bacteriol 171:4267–4271

39. Ghaneker A, Nair P (1973) Evidence for the existence of an

aerobic pathway for synthesis of monounsaturated fatty acids by

Alcaligenes faecalis. J Bacteriol 114:618–624

Lipids (2011) 46:435–441 441

123



ORIGINAL ARTICLE

Mild Testicular Hyperthermia Transiently Increases Lipid
Droplet Accumulation and Modifies Sphingolipid
and Glycerophospholipid Acyl Chains in the Rat Testis

Natalia E. Furland • Jessica M. Luquez •

Gerardo M. Oresti • Marta I. Aveldaño

Received: 8 October 2010 / Accepted: 23 December 2010 / Published online: 13 February 2011

� AOCS 2011

Abstract Spermatogenesis is known to be vulnerable to

temperature. The aim of this study was to investigate the

effects on testicular lipids of the transient germ cell loss

that is induced by mild testicular hyperthermia. Adult rat

testes were exposed once a day to 43 �C for 15 min for

5 days and the effects were followed for several weeks.

Two week after the last heat exposure, spermatocytes and

early spermatids had virtually disappeared and the semi-

niferous tubules were populated mostly by mature sper-

matids and spermatozoa. One week later, the latter were

also absent and mostly Sertoli cells populated the tubules.

During these 3 weeks, glycerophospholipids (Gpl) and

triacylglycerols with long-chain polyunsaturated fatty acids

(PUFA) (e.g., 22:5n-6) and species of sphingomyelin and

ceramide with nonhydroxy and 2-hydroxy very long-chain

(VLC) PUFA (e.g., 28:4n-6, 2-OH 30:5n-6) decreased

alongside the germ cells. Concomitantly, the amounts of

cholesteryl esters and ether-linked triglycerides increased,

both lipids accumulating long-chain and very-long-chain

polyenes. This concurred with a considerable buildup of

lipid droplets in Sertoli cells, evidently containing these

neutral lipids, apparently formed during germ cell-derived

membrane lipid catabolism. Between week 4 and week 6,

new cohorts of spermatocytes appeared, and by week 12

most cell changes were reversed. Accordingly, as germ cell

differentiation proceeded, 22:5n-6-rich Gpl augmented and

spermatocyte-associated sphingolipids with nonhydroxy

VLCPUFA appeared before their 2-hydroxy counterparts.

The unique fatty acids of rat testicular lipids after mild

hyperthermia reveal lipid catabolic and biosynthetic reac-

tions that occur in normal spermatogenesis.

Keywords Ceramide � Cholesteryl esters � Ether-linked

glycerolipids � Germ cells � Glycerophospholipids �
Lipid droplets � Sphingomyelin � Sertoli cells �
Very-long-chain PUFA

Abbreviations

ADG Ether-linked triglycerides

(alkyl- plus alkenyl- diacylglycerols)

Cer Ceramide

CE Cholesteryl esters

ChoGpl Choline glycerophospholipids

EtnGpl Ethanolamine glycerophospholipids

FAME Fatty acid methyl esters

Gpl Glycerophospholipids

PUFA Polyunsaturated fatty acids

TAG Triacylglycerols

CerPCho Sphingomyelin

VLCPUFA Very long-chain polyunsaturated fatty acids

(n- and 2-OH are used as prefixes to denote

nonhydroxy and 2-hydroxy VLCPUFA,

respectively)

Introduction

In mammals, increased testicular temperature is known to

result in reduced fertility or sterility due to the loss of

spermatogenic cells. Exposure of the testis to abdominal

temperature in experimental cryptorchidism and transient
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exposure of the testis to moderate hyperthermia (43 �C,

15 min) results in the activation, within a few hours, of

apoptotic mechanisms in germ cells [1–6]. Primary sper-

matocytes and early spermatids are the cells most suscep-

tible to temperature [1, 3, 7]. Thus, exposure to moderate

heat induces the partial or total disappearance of cohorts of

these early spermatogenic cells, which may be predicted to

result, a few weeks later, in reduced numbers or total

absence of their more differentiated cell descendants

including spermatozoa. After returning the testis to its

normal temperature, this germ cell nadir may be followed

by the gradual repopulation of the seminiferous epithelium

with new spermatogenic cell generations, originated in

those stem spermatogonia that were not affected or had

tolerated the heat episode. Whereas many studies have

examined the causes and mechanisms of heat-induced

germ cell death, research following its consequences for

several weeks until they are reversed is relatively scarce.

In a previous study [8], the selective reduction in germ

cell numbers from adult rat testes exposed to the corporal

temperature by the surgical operation of placing the testis

in the abdominal cavity was shown to concur with the

virtual disappearance of sphingomyelin (CerPCho) species

with very long chain (VLC) (C24–C32) polyunsaturated

fatty acids (PUFA) and with an intensely reduced amount

of glycerophospholipid (Gpl) species with 22:5n-6. Such

selective reduction was an indication that these particular

species of CerPCho and Gpl were originally specific

membrane constituents of germ cells, a fact that was

recently confirmed [9]. During cryptorchidism-induced

germ cell loss, the concentration of testicular neutral lipids

like triacylglycerols, triglycerides with an ether bond, and

cholesteryl esters (TAG, ADG, and CE, respectively)

increased markedly. The finding that CE accumulated

22:5n-6 and VLCPUFA suggested that this neutral lipid

was formed in Sertoli cells, after phagocytosis of apoptotic

bodies derived from former germ cells, with temporary

esterification of membrane-derived free cholesterol with

fatty acids arising from phospholipid catabolism [8].

Because spermatogonia and Sertoli cells stay alive under

these conditions, all these temperature-dependent, cell-

associated lipid changes were proposed to be potentially

reversible, with spermatogenesis starting again provided

that the testis could be returned in time to its normal

position and temperature.

The purpose of the present study was to follow for some

weeks the changes in testicular lipid classes as a conse-

quence of applying a series of direct daily exposures of rat

testes in vivo to transient mild heat episodes. This model

was useful to follow the induction, and subsequent rever-

sion, of the heat-associated effects on testicular cells and

their main polar and neutral lipids with highly unsaturated

long-chain and very-long-chain fatty acids, demonstrating

the almost complete reversibility of the temperature-

induced effects on lipids with germ cell recovery.

Materials and Methods

Animals and Study Design

Four-month-old male Wistar rats were housed in a standard

animal facility under controlled temperature (22 �C) and

photoperiod (12L:12D) with ad libitum access to food and

water. Testicular warming was conducted as described

previously [10], by immersing the rat scrota into a water

bath at 43 �C for 15 min, with the modification that this

procedure was performed once a day for five consecutive

days in animals restrained with acepromazine (5 mg/kg) in

order to obtain a more drastic and more reproducible germ

cell depletion, in an attempt to mimic in part the effects of

experimental cryptorchidism. Control rats were subjected

to restraint and scrotal immersion in water at room tem-

perature (22 �C). They showed no significant differences in

subsequent cell or lipid analyses with untreated animals,

and were used as zero-time controls in Figs. 1, 2, 3, 4, 5

and 6. The experimental animals were sacrificed 1, 2, 6,

and 12 weeks after the last heat exposure and the testes

were removed. Some of the testes were fixed in 10%

formaldehyde, embedded in paraffin, and cut into 3 lm

sections. The sections were stained with hematoxylin–

eosin. The study protocol was approved by the Committee

on the Care and Use of Research Animals at the University

of the South.

Lipid Separation and Analysis

After weighing, capsules and visible vessels were removed

from testes and lipids were extracted after homogenization

in mixtures of chloroform–methanol [11]. All solvents

used in this study were HPLC-grade (JT Baker, NJ, USA;

UVE, Argentina), and most procedures were carried out

under N2.

Aliquots of lipid extracts were taken to determine total

lipid phosphorus content and phospholipid composition,

with quantification of main phospholipid classes and sub-

classes, and to isolate polar and neutral lipid classes for

further analysis. For phospholipid quantification, aliquots

were spotted on high performance TLC plates (Merck,

Germany) along with commercial standards and resolved

with chloroform/methanol/acetic acid/water (50:37.5:3.5:2,

by vol.). The plates were exposed to iodine vapors, the

spots scraped off, and the phospholipid classes quantified

by phosphorus analysis [12].

Neutral lipids were separated from total phospholipids

and resolved into classes in two steps. Chloroform/
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methanol/aqueous ammonia (90:10:2 by vol.) was run up to

the middle of the plates to separate the ceramide. After

drying, a mixture of n-hexane/diethyl ether (80:20, by vol.)

was run up to the top of the plates to resolve cholesteryl esters

(CE), triacylglycerols (TAG), and triglycerides with an ether

bond (abbreviated ADG to include 1-alkyl- and 1-alk-10-
enyl-diacylglycerols). After TLC, lipid bands were located

under UV light by spraying with 20,70-dichlorofluorescein in

methanol and scraped into tubes for elution. This involved

thorough extraction (three successive times) of the scraped

silica with a mixture of chloroform/methanol/water (5:5:1 by

vol.). After collecting the eluates, they were partitioned with

four volumes of water and centrifuged to recover the lipids.

The total phospholipid fraction that remained at the

origin of the TLC plates was recovered and subjected to

further separations. Aliquots were taken to study the total

content and composition of Gpl fatty acids. The Gpl were

resolved into classes by two-dimensional TLC [12] to

isolate choline and ethanolamine glycerophospholipids

(ChoGpl and EtnGpl). These were in turn separated into

their two major (phosphatidyl- and plasmenyl-) subclasses

by exposing the eluted, dried ChoGpl or EtnGpl for 1 min

to a solution of 0.5 N HCl in acetonitrile [13] and imme-

diately separating the products by TLC using chloroform/

methanol/water (65:25:4, by vol.). The acid released the

fatty aldehydes contained in the plasmalogen subclasses,

allowing recovery of the corresponding 2-acyl-GPL, which

were separated from the major 1,2-diacyl-Gpl (phosphati-

dylcholine, phosphatidylethanolamine) by TLC and both

were subjected to fatty acid analysis.

Sphingomyelin (CerPCho) was resolved using chloro-

form/methanol/acetic acid/0.15 mol/L NaCl (50:25:8:2.5

by vol.) [14]. After isolation, CerPCho and Cer samples

were subjected to mild alkali treatment to remove any

potential lipid contaminant containing ester-bound fatty

acids as previously described [8]. Briefly, both lipids were

dried and treated (under N2) with 0.5 N NaOH in anhy-

drous methanol at 50 �C for 10 min. This mild alkaline

treatment was also used to obtain, as methyl esters, the

fatty acids ester-bound to total Gpl, thus excluding from

this fraction the fatty acids amide-bound to CerPCho.

Fatty Acid Analysis

For fatty acid quantification, methyl heneicosanoate and

methyl 2-OH lignocerate were added as internal standards

before methanolysis to the CerPCho and Cer samples, and

just methyl heneicosanoate to the rest of the rat testicular

lipids (which do not contain 2-OH fatty acids). Fatty acid

methyl esters (FAME) were prepared from all lipid classes

and subclasses by transesterification with 0.5 N H2SO4 in

anhydrous methanol under N2 [15] by keeping them over-

night at 45 �C in Teflon�-lined, screw-capped tubes.

Before GC, all FAME were routinely purified by TLC

using silica Gel G plates that had been pre-washed with

methanol/ethyl ether (75:25, by vol.) and dried. The FAME

from testicular lipids other than CerPCho and Cer were

directly purified using hexane/ether (95:5, by vol.). The

2-hydroxy and non-hydroxy FAME from CerPCho and Cer

were run with hexane/ether (80:20, by vol.) up to the

middle of the plates, followed by hexane/ether (95:5, by

vol.) up to near the top [16]. All FAME were eluted from

the silica support by thoroughly mixing it with water,

methanol and hexane (1:1:1, by vol.), centrifuging to

recover the upper hexane layer, and repeating twice the

hexane extractions.

Before GC, the 2-OH FAME from sphingomyelin and

ceramide were converted into O-trimethylsilyl (O-TMS)

derivatives [16]. A mixture of N,O-bis (trimethylsilyl)tri-

fluoroacetamide (BSTFA) and 5% trimethylchlorosilane

(TMCS) (Fluka reagent, Sigma-Aldrich) was added to the

dried samples in small silanized glass tubes. After adding

N2 and capping the tubes, CerPCho and Cer samples were

kept overnight at 45 �C with the reactants. The latter were

evaporated and the TMS ethers, taken up into hexane, were

subjected to GC. The VLCPUFA of CerPCho and Cer were

identified by procedures and criteria described in detail in

previous work [16–18].

For fatty acid quantification, a Varian 3700 Gas Chro-

matograph equipped with two (2 m 9 2 mm) glass col-

umns packed with 10% SP 2330 on Chromosorb WAW

100/120 (Supelco, Inc.) was used. Injector and detector

temperatures were set at 220 and 230 �C, respectively, and

N2 (30 ml/min) was the carrier gas. For fatty acid detection

and analysis, two flame ionization detectors, operated in

the dual-differential mode, connected to a Varian Star

Chromatography Workstation (version 4.51) were used.

The column oven temperature was programmed from 150

to 230 �C at a rate of 5 �C/min for nonhydroxy fatty acids

from all lipids and from 190 to 230 �C for 2-OH fatty acids

from CerPCho and Cer, and then kept at the upper tem-

perature long enough to elute FAME of different lengths.

Lipid Droplet Detection

Rat testes were fixed in 4% paraformaldehyde, rinsed in

PBS containing 30% sucrose overnight at 4 �C, and placed

in a small amount of optimal cutting temperature (OCT)

compound (Crioplast�, Biopack) on plastic stubs. Prepa-

rations were frozen, cut into 5–7 lm sections using a

cryostat, and processed for Nile Red staining as previously

described [18]. All samples were observed in a laser

scanning confocal microscope (Leica DMIRE2) with a 63

water objective. Images were collected and processed with

LCS software (Leica) and Photoshop 8.0 (Adobe Systems,

San Jose, CA).
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Statistical Analyses

All data are presented as mean values ± SD, n = 4. In the

figures, asterisks indicate statistically significant differ-

ences compared to non-treated testes at each time point

(p \ 0.05). Data analysis was done using one-way

ANOVA followed by the Dunnett0s test.

Results

Testicular Histology and Weight

Episodes of mild hyperthermia applied to the rat testis as

described here resulted in a significant reduction in the

number of germ cells within seminiferous tubules (Fig. 1).

One week after the last episode of heating (i.e., 12 days

after the first one), the seminiferous epithelium had lost

most of its pachytene spermatocytes and early spermatids,

being still populated by remainders of the relatively more

heat-tolerant elongated forms of spermatids and testicular

spermatozoa, in reduced numbers with respect to controls.

Interestingly, at this time point, giant multinucleated cells

appeared in the epithelium of many tubules (Fig. 1). These

cells are formed from developing round spermatids that are

released together from their location around Sertoli cells

(normally, there is cytoplasmic continuity between germ

cells of a clone through small intercellular bridges, forming

a so-called symplast) and are frequently found in the testis

after any type of disturbance that destabilizes the cyto-

skeletal apparatus and leads to the opening of the inter-

cellular bridges between round spermatids [19]. The

reduced numbers of spermatids and spermatozoa that

occupied the seminiferous tubules at week 1 were no

longer present at weeks 2 and 3 post-treatment. At these

time points, the cells populating the tubules were mostly

Sertoli cells, exhibiting their intact typical nuclei (Fig. 1),

plus some undifferentiated spermatogonia. At week 4, new

cohorts of recently formed spermatocytes began to develop

from the latter. At week 6 most tubules had increased in

size with respect to the previous weeks to accommodate a

new generation of pachytene spermatocytes and some, still

relatively scarce, spermatids. By week 12 the tubules

(although not yet the interstitium) looked similar to those

Fig. 1 Cellular changes in rat seminiferous tubules after mild

hyperthermia. The micrographs depict hematoxylin-eosin stained

sections prepared from rat testes that were subjected for 5 consecutive

days to one daily exposure to 43 �C during 15 min, and were analyzed

at the periods indicated (0, 1, 2, 3, 4, 6 and 12 weeks after the last day

of exposure) (9200). On the lower right panel, the effect of these cell

changes on the testicular weight and total lipid phosphorus are shown
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of untreated animals. In the first phase of germ cell number

reduction, Sertoli cells apparently performed an efficient

phagocytosis and elimination of the degenerating germ

cells, whereas in the second phase of germ cell prolifera-

tion and differentiation Sertoli cells reassumed their main

role as supporters and organizers of spermatogenesis. The

described cellular changes were responsible for the rapid

decrease of testicular weight that occurred in the first three

weeks after heat treatment, and the gradual weight regain

that occurred thereafter (Fig. 1). The total lipid phosphorus

virtually paralleled these changes.

Total Phospholipids, Major Glycerophospholipid

Classes and Their Fatty Acids

The heat-induced loss of germ cells within seminiferous

tubules was accompanied by a 50 and a 57% drop in the

total content of lipid phosphorus per testis at weeks 1 and 2

post-treatment, respectively (Fig. 2). Because testicular

weight and lipid phosphorus decreased almost in parallel,

the concentration of lipid phosphorus per gram of tissue did

not change significantly.

The reduction in the amount per testis of total Gpl

(Fig. 2) was mostly responsible for the decrease in total

lipid (TL) phosphorus. In turn, the two major Gpl classes,

ChoGpl and EtnGpl, were mostly responsible for the

decrease in total Gpl phosphorus.

The diacyl- subclasses were mostly responsible for the

decrease in ChoGpl and EtnGpl (Fig. 2), phosphatidyl-

choline decreasing more than phosphatidylethanolamine in

relative and absolute terms. Although the plasmalogens of

both Gpl also decreased, in this case plasmenyl ethanol-

amine decreased more than plasmenylcholine during the

first two weeks following the heat treatment.

Fig. 3 Consequences of heat treatment on the amounts and percentages of arachidonic and docosahpentaenoic acids in testicular total lipids

(TL), glycerophospholipids (Gpl), and the two major choline and ethanolamine glycerophospholipid subclasses

Fig. 2 Consequences of heat exposure on the phosphorus content of

total lipids (TL) and glycerophospholipids (Gpl) of rat testis. The Gpl

were resolved into classes to obtain the choline and ethanolamine

GPL, and these were then resolved into phosphatidyl- and plasmenyl-

subclasses. Ptd-Cho phosphatidylcholine, Ptd-Etn phosphatidyletha-

nolamine, Pls-Cho plasmenylcholine, PlsEt plasmenylethanolamine

Lipids (2011) 46:443–454 447

123



The decrease in lipid phosphorus was paralleled by a

decrease in Gpl fatty acids. However, species with different

types of fatty acids decreased at different rates, and there

were even differences among species with the two major

PUFA, as shown in the left panel of Fig. 3 for the amounts

of 20:4n-6 and 22:5n-6. Although both fatty acids

decreased dramatically, the amount of 20:4n-6 decreased

less than that of 22:5n-6. The former reached its minimum

at week 1, which was maintained for the next week,

whereas the latter continued to decrease deeply between

weeks 1 and 2 post-treatment. The amounts of Gpl species

that contain both PUFA had started to recover at week 6, a

period of intense new cell generation and concomitant

membrane lipid biosynthesis, and were totally restored by

week 12.

The percentage of 20:4n-6 and 22:5n-6 with respect to

the total fatty acids (Fig. 3), show that the decrease of

species containing these two PUFA was selective, consid-

ering that their proportions were significantly reduced in a

decreasing mass of TL and Gpl, with their minima at week

1 and 2 post-treatment, respectively.

The fatty acid composition of phosphatidyl- and

plasmenyl-subclasses of ChoGpl and EtnGpl (Fig. 3)

shows this even more dramatically. The species of both

lipids that contain 20:4n-6 decreased earlier than, and

recovered before, the species containing 22:5n-6. Consid-

ering the quantitative data in Figs. 2 and 3, at week 2 post-

treatment the amount of 20:4n-6 had decreased 3.5- and

4.6-fold, and that of 22:5n-6 10- and 8-fold, in phosphati-

dylcholine and phosphatidylethanolamine, respectively.

Similarly, at week two, 20:4 had decreased 6- and 2-fold,

and 22:5n-6 14- and 4-fold, in plasmenylethanolamine and

plasmenylcholine, respectively.

Sphingomyelins, Ceramides and Their Fatty Acids

As did the major Gpl, the amount of total testicular CerP-

Cho and Cer decreased concomitantly with the progressive

loss of germ cells after heat exposure (Fig. 4). The species

of these two lipids that contain VLCPUFA decreased up to

their virtual disappearance between weeks 1 and 3 after the

last heat exposure. The separation of the VLCPUFA of both

lipids into nonhydroxy and 2-hydroxy VLCPUFA (n-V and

HO-V in Fig. 4) allowed the additional observation that

species of CerPCho and Cer with n-VLCPUFA decreased

earlier than species with 2-OH VLCPUFA (their nadir

occurred at weeks 1 and 2 post-treatment, respectively).

This finds an explanation in the type of germ cell that is

sequentially affected after heat treatment, considering that

at week 1 pachytene spermatocytes had already disappeared

from the testis, which still contained some elongated sper-

matids and spermatozoa (Fig. 1). Pachytene spermatocytes

were recently shown to be rich in CerPCho and Cer with

n-VLCPUFA, while the more differentiated spermatids and

mature gametes are in turn much richer in CerPCho and Cer

with 2-OH VLCPUFA [9].

The disappearance of germ cells during the first three

weeks post-treatment resulted in a significant increase in

the percentage of CerPCho as one of the remarkable

changes in the phospholipid composition of the testis (from

Fig. 4 Time-course of the in vivo changes after heat exposure in the amounts of rat testicular sphingomyelins and ceramides and their fatty

acids. n-V, nonhydroxy VLCPUFA; 2-OH V, 2-OH VLCPUFA. Total V represents the sum of both types of VLCPUFA
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a 5 to a 10% of the total phospholipids at post-treatment

weeks 1 and 2, not shown). This increase was associated,

on the one hand, to the large decrease undergone by the

major germ cell associated Gpl, and on the other, to the fact

that Sertoli cells contain considerably more sphingomyelin

than germ cells [9, 20]. On the basis of its total fatty acids

(Fig. 4), 1 and 2 weeks after ending the treatment, the

amount per testis of total CerPCho had decreased by 10 and

25%, respectively. Interestingly, at the same time as the

sphingomyelins that contain saturated fatty acids were

reduced by 12 and 24%, respectively, those that contain

n-VLCPUFA were by reduced 90 and 100% and those that

contain 2-OH VLCPUFA were reduced by 75 and 100%,

respectively. These results agree with the fact that the

sphingomyelins of Sertoli cells do not contain VLCPUFA

but are instead rich in saturated, followed by monoenoic

fatty acids [9], and explain the fact that these sphingomy-

elins decreased after heating much less than did the species

that contain VLCPUFA (Fig. 4).

Neutral Lipids and Their Fatty Acids

The time course of the changes that occur after mild tes-

ticular hyperthermia in neutral lipids, focusing on species

that contain PUFA of 20 to 32 carbon atoms, is shown in

Fig. 5. This revealed a marked contrast between triacyl-

glycerols (TAG) on the one hand and the other two neutral

lipids of this study on the other, triglycerides with an ether

Fig. 5 Consequences of testicular heat exposure on the amount per

testis of major neutral lipids and their polyenoic fatty acid constit-

uents. TAG, ADG and CE: triacylglycerols, ether-linked triglycerides

and cholesteryl esters, respectively. Top panels total fatty acids.

Bottom panels main C20 to C32 carbon (n-6) tetraenoic and pentaenoic

fatty acids in each lipid. Polyenoic fatty acids with chains longer than

C24 are depicted as [24C
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bond (abbreviated ADG to include alkyl- and alkenyl-di-

acylglycerols) and cholesteryl esters (CE) (Fig. 5).

In contrast to the marked reduction undergone by Gpl,

the amount per testis of TAG remained unchanged during

the first week after the last exposure to heat (Fig. 5).

Interestingly, this lipid decreased abruptly (50%) between

weeks 1 and 2, and remained at this low level for four

additional weeks. Thus, only after post-treatment week 6

TAG started to increase, to return to control values by

week 12. The quantitative importance of TAG is self-

apparent from the data in Fig. 2, mostly explaining the

post-treatment difference between the recovery of total Gpl

and that of the total lipid in the testis.

The marked decrease undergone by the amounts of

testicular TAG after week 1 in the heat-exposed testes

involved predominantly their major species, i.e., those

containing 22:5n-6 (Fig. 5), followed by species with

24:4n-6 and 24:5n-6 and also with longer polyenes. The

time course of the changes, with persistence of TAG during

the early germ cell loss phase, and with reappearance at a

late period of the restoration phase, indicates that these

TAG species bear an association with the most highly

differentiated cells of the spermatogenic lineage.

In clear contrast with TAG, the ADG and CE exhibited

an intense accumulation (twofold and fourfold, respec-

tively) during the first two weeks after finishing the heat

treatment (Fig. 5). By week 6, the amounts of both lipids

had already returned to levels close to those of controls and

continued at those relatively low levels for the next

6 weeks (Fig. 5).

Although ADG and CE collected an assortment of fatty

acids (including saturates, 18:1 and 18:2, not shown), it

was clearly apparent that they also accumulated tetraenoic

and pentaenoic fatty acids (Fig. 5). Of these, 22:5n-6 was

the single fatty acid that increased the most in quantitative

terms in both neutral lipids during the first two weeks post-

treatment. In ADG there was also a significant increase in

that period of species that contain VLCPUFA with 24

carbon atoms (Fig. 5), but no changes in polyenoic fatty

acids longer than C24. In contrast, VLCPUFA with 24 to

32 carbon atoms were collected in CE (Fig. 5).

Lipid Droplets

In histological sections of testicular tissue from untreated

adult rats, where seminiferous tubules at different stages of

the spermatogenic cycle can be observed, some of the

tubules mostly contain spermatocytes at different stages,

while others clearly contain mostly spermatids and sper-

matozoa in formation. In all of the tubules, the relatively

minor and permanent population of Sertoli cells, located

near the basement membrane of the tubules, can be

observed. In control testis preparations, two types of lipid

inclusions were present, which were discriminated using

Nile Red as previously described [18]. A population of

small lipid droplets, located in the area of the epithelium

facing the lumena of most of the tubules (i.e., mostly

extracellular), was normally the most abundant (Fig. 6a).

These droplets, recently shown to be TAG-rich [9], mostly

correspond to the small but abundant lipid-laden ‘‘residual

bodies’’ that are normally shed from elongated spermatids

in differentiation to spermatozoa. The second type of lipid

inclusion, a population of somewhat larger (but normally

less numerous) lipid droplets, was observable near the

peripheral basement membrane in some of the tubules

(Fig. 6a), mainly included in Sertoli cells.

In the present study, 2 weeks after the last heat exposure

(i.e., 3 weeks after the first), when virtually no germ cells

but mostly Sertoli cells remained in the tubules, the small

and the large type of lipid droplets were all concentrated in

the latter cells (Fig. 6b). This extensive accumulation

occurred exclusively within the seminiferous epithelium,

not in the interstitium (Fig. 6c). The lipid profiles at this

precise post-treatment time point, with maximum concen-

trations of TAG, ADG and EC (note that the results are

Fig. 6 Lipid droplets of rat testis, as revealed with Nile Red.

A Control rat testis, showing the intense concentration of small lipid

droplets near the lumen (L) in some seminiferous tubules and the

more disperse and larger lipid droplets located near the basal

(b) membrane in other tubules (Bar 150 lm); B Rat testis 2 weeks

after the last heat exposure, showing large and abundant L and S lipid

droplets near the (b) base of Sertoli cells (Bar 150 lm); C Enlarged

field of another sample in the latter condition (Bar 50 lm) showing

that lipid droplets were located within seminiferous tubules (ST)

rather than in the interstitial tissue (IT). D Concentration (note that it

is expressed as lg per gram of tissue) of the three neutral lipids

surveyed in this study 2 weeks after daily transient exposures to 22 or

to 43 �C (white and black bars, respectively)
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expressed as the amount per gram of tissue, not amount per

testis in this case) (Fig. 6d) suggest that the small and the

large lipid droplets observed in Sertoli cells contained these

neutral lipids.

Discussion

The presented data demonstrate that repeated episodes of

mild testicular hyperthermia applied to the rat testis result in

virtually equivalent consequences as experimental crypt-

orchidism [8] on spermatogenic cells and their typical

species of polar lipids, represented by their unique fatty

acids, with drops to very low levels of Gpl species that

contain 22:5n-6 and of CerPCho and Cer species that con-

tain VLCPUFA. Similar decreases have been observed

weeks after treatment with other germ cell apoptosis-

inducing agents, such as administration of the antineoplastic

agent doxorubicin [21] and X-ray irradiation [18]. In con-

trast with these two latter conditions, in which repopulation

of the testis by new cohorts of germ cells does not occur, in

the present experimental model it was possible to see these

cells and their membrane lipids to spontaneously reappear

in the testis by week 6 after the last heat exposure and reach

their normal levels by week 12 post-treatment.

The observation that after heat-induced stress the

sphingomyelins and ceramides that contain nonhydroxy-

VLCPUFA disappeared earlier than the corresponding

species of both lipids that contain 2-hydroxy VLCPUFA is

consistent with the timed order of germ cell disappearance,

considering the difference in fatty acid composition major

germ cell types display in the rat testis [9]. Thus, the cells

that in this study had vanished by week 1 post-heat treat-

ment, pachytene spermatocytes, are exceedingly rich in

sphingolipid species with n-VLCPUFA, in contrast to the

more differentiated spermatids and spermatozoa, rich in

species with 2-OH VLCPUFA. These cells were precisely

the last to be lost from the heat-stressed seminiferous

epithelium, in agreement with the fact that elongated

spermatids are more resistant to thermal stress than primary

spermatocytes and round spermatids [22]. The order of re-

emergence of the two groups of species of both sphingo-

lipids with time after reinitiating spermatogenesis was also

consistent with (n-VLCPUFA-rich) spermatocytes reap-

pearing before spermatids, their more mature (2-OH

VLCPUFA-rich) counterparts.

The major Gpl are shown in the present study to loose

most of their species with the major PUFA, 22:5n-6, in

larger proportion than species with any other fatty acid,

including the closely related 20:4n-6, during the first

2 weeks after the last heat exposure. Normally both fatty

acids, in a nearly 1:1 proportion, are the main PUFA of the

major Gpl of pachytene spermatocytes, while the 22:5n-6/

20:4n-6 ratio is significantly higher in Gpl of spermatids

and spermatozoa [9]. Thus, the marked decrease in the

amount of both fatty acids observed here 7 days after the

last heat exposure was associated with the virtual disap-

pearance of spermatocytes, with elongated spermatids and

spermatozoa still being present, in that period. The deep

valley (in amount and percentage) of 22:5n-6-rich Gpl

observed at week 2 post-heating concurs with a profound

loss from the testis of virtually all germ cell types, and

practically a ‘‘Sertoli cell only’’ seminiferous tubule sys-

tem. Part of this drop at week 2 may be associated to the

fact that the heat-tolerant spermatids that were still present

at week 1 probably completed their differentiation to

spermatozoa during this second week, and that these last

gametes left the testis to be transported to the epididymis.

This interpretation is consistent with the fact that heat

impacts first the testis, then the epididymis. Thus, 7 days

after a single episode of testicular heating (43 �C for

15 min), rat testicular weight declines to 70% of control,

whereas epididymal weight does not decrease significantly

until day 26 [7].

In contrast to the massive decrease of 22:5-rich Gpl

observed during the first week after the last heat exposure,

the amounts of 22:5n-6-rich TAG did not change signifi-

cantly. These species of TAG are normally formed in

elongating spermatids at the last stages of spermiogenesis

and are highly concentrated in the particles known as

‘‘residual bodies’’ [9]. Taken together with the present

results, this suggests that 22:5n-6-rich TAG continued to be

produced throughout the period of heat exposure. This

would explain that TAG levels per testis were still high

during the first week after the last heat episode, in con-

comitance with the last round of spermiogenesis. The TAG

concentration in the Sertoli-cell-rich testis at week 2 post-

treatment, and the accumulation in these cells of the small

lipid droplets representative of residual bodies (Fig. 6),

suggests that this process apparently continued at its nearly

normal pace by differentiation of pre-existing temperature-

tolerant elongated spermatids. Eventually, the latter were

also depleted, by transformation into spermatozoa, which

left the testis normally in the course of the next week.

In its effects on neutral lipids, the period of two weeks

of cell depopulation provoked by the five daily episodes of

transient hyperthermia was comparable to the 10 days of

unilateral experimental cryptorchidism previously reported

[8]. Both had in common a significant buildup of CE

species with specific PUFA (e.g., 22:5n-6) and VLCPUFA

(e.g., 28:5n-6) in rat testes. Because this accumulation

occurred concomitantly with vulnerable germ cell disap-

pearance from, but sparing heat-tolerant Sertoli cells in,

seminiferous tubules, it is clearly apparent that CE accu-

mulation is a feature of the latter, not the former cells. The

apoptotic bodies derived from heat-damaged germ cells
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may be expected to have been phagocytosed by Sertoli

cells, this being rapidly followed by hydrolysis and further

processing of the ingested materials. Besides proteins and

nucleic acids, these materials obviously comprised former

germ cell membranes and their lipids (free cholesterol and

phospholipids including Gpl and sphingomyelins). The

temporary accumulation of 22:5- and VLCPUFA-rich

species of CE is interpreted to occur mostly as a conse-

quence of lipid catabolism in Sertoli cells.

One possible explanation for the heat-related CE

accumulation, which we proposed in previous work [8],

was biochemical, i.e., that this could in part be ascribed to

reduced CE hydrolysis due to heat-induced inhibition or

inactivation of HSL (Hormone Sensitive Lipase), or to

increased CE synthesis due to activation of ACAT (acyl-

CoA-cholesterol acyl transferase) in Sertoli cells. How-

ever, we now have more of a cellular conception,

considering that Sertoli cells are active phagocytes, and

that accumulation of 22:5n-6-rich CE in testis also occurs

at physiological temperatures, as a consequence of diverse

situations whose only common feature is that they are

pro-apoptotic to germ cells while sparing Sertoli cells

[doxorubicin treatment [21], X-ray irradiation [18], and

ischemia-reperfusion (Zanetti SR and Aveldaño MI,

unpublished observations)]. We favor the possibility that

Sertoli cells habitually form CE, using ACAT as any

phagocyte would do, after phagocytosing biological

materials whose breakdown leads to an excess of free

cholesterol and fatty acids.

The accumulation of 22:5-rich and VLCPUFA-rich

species of CE is interpreted to reflect a phagocytic cell-

typical activity of Sertoli cells that is always present, but

that is markedly intensified in the presence of factors (like

temperature) that increase the death of germ cells. This

may include a lethal rapid destruction of some cells and the

sublethal damage with survival but eventual degeneration

of others. Thus, the buildup in Sertoli cells of an excess of

germ-cell derived free cholesterol, and (after phospholipid

hydrolysis) free fatty acids, may be naturally prevented in

these cells by producing CoA esters of the latter and col-

lecting them both in the form of innocuous CE. These CE

may be temporarily set aside in their cytoplasm—in the

form of lipid droplets—before their ultimate disposal, i.e.,

until all fatty acids can be oxidized to produce ATP [23]

and/or until all that extra cholesterol can be effluxed, which

requires ATP-driven transporters [24].

Almost in parallel to CE, the amounts per testis of ADG

also increased significantly as a consequence of mild

hyperthermia. Considering the reduced testicular weight,

the concentration of both neutral lipids increased several

fold in Sertoli cells during the first 2 weeks following heat

exposures (Fig. 6). This also agreed with previous obser-

vations in the cryptorchid rat model [8], since in both

temperature-induced situations significant accumulations

of ADG with PUFA (largely 22:5n-6, and to a lesser extent

24:4n-5 and 24:5n-6), occurred in concomitance with the

depletion of germ cells and the corresponding decrease of

22:5n-6 rich Gpl, including plasmalogens.

In physiological conditions, the ether linked triglycer-

ides (mostly 1-O-alkyl, 2,3 diacyl-sn-glycerols) could

somehow be related to the biosynthesis ether-linked lipids

such as PAF or seminolipid, or be precursors of plasmal-

ogens [25]. However, in pathological conditions like the

present temperature-related massive germ cell loss, con-

sidering that ADG accumulate PUFA, their buildup during

the first 2 weeks suggests a relation to catabolism rather

than to biosynthesis of plasmalogens. By a similar self-

defense reason as CE are accumulated in Sertoli cells, as a

strategy to limit any excess of (cell toxic) free cholesterol

and free fatty acids, ADG may represent a form of tem-

porarily capturing potentially harmful or disturbing

excesses of free PUFA and (diradyl) diglycerides derived

from Gpl hydrolysis, in the form of innocuous (non-toxic,

cell-signalling inactive) triglycerides. In other words,

PUFA- and VLCPUFA-rich CE and ADG seem to be

normal, transient by-products formed in Sertoli cells after

they ingest and process apoptotic bodies derived from

spermatogenic cells that die from any cause, whether

pathological or physiological.

Physiologically, the same mechanisms operating during

the normal spermatogenic cycle provide an explanation to

the function of the PUFA- and VLCPUFA-rich CE and

ADG previously reported to be present in seminiferous

tubules of untreated rats [25]. Thus, Sertoli cells habitually

perform phagocyte-typical activities at different stages of

the spermatogenic cycle. Firstly, because they have a

limited germ cell support capacity, they control the num-

bers of early germ cells (which are normally overproduced)

by inducing their apoptosis [4] and then phagocytosing the

resulting apoptotic bodies [26]. Secondly, although at a

different stage of the spermatogenic cycle, Sertoli cells are

also known to perform on a regular basis the phagocytosis

of the myriad of residual bodies that are shed from sper-

matids during spermiogenesis. These particles were

recently shown to be loaded with 22:5n-6-rich TAG, free

cholesterol, 22:5n-6-rich Gpl and 2-OH VLCPUFA-rich

sphingomyelins [9], lipids whose final destination is also

Sertoli cells for eventual hydrolysis and disposal of their

acyl chains.

The period that goes between weeks 4 and 6 post-treat-

ment is an excellent phase in which to study biochemical

aspects of germ cell development. From a germ cell deprived

testis, there is a relatively long period in which pachytene

spermatocytes predominate in seminiferous tubules, resem-

bling in many aspects the onset of spermatogenesis at

pubertal ages. This phase appears promising to study in vivo
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aspects of the biosynthesis of PUFA and n-VLCPUFA, such

as the expression and activity of fatty acid desaturases and

elongases, and the pathways of incorporation of these fatty

acids into the corresponding phospholipids and sphingoli-

pids. The appearance of the first spermatids, with no inter-

ference from the presence of their more differentiated

counterparts, may be useful to determine the cellular location

and mechanism of the 2-hydroxylation that is responsible for

the biosynthesis of the 2-OH VLCPUFA of rat testicular

CerPCho and Cer. Lastly, the phase of fully restored sper-

miogenesis may allow the study of the 22:5n-6 rich TAG that

is so actively synthesized by differentiating spermatids.

Concluding remarks

This study does not focus on those cells that were directly

damaged by temperature: such cells were killed by apop-

tosis (a process that takes just 12–16 h) and disappeared

from the testis in a day or two (the time required for Sertoli

cells to phagocytize and completely eliminate apoptotic

germ cells). These facts and the mechanisms involved have

been comprehensively studied by other authors. It rather

deals with those cells that, not having been lethally affected

by temperature initially, or having succeeded to endure and

overcome its damaging effects, managed to continue with

their functions. During the first weeks, the marked decrease

in the content of PUFA-rich species of Gpl and VLC-

PUFA-rich species of sphingolipids was caused mostly by

the immediate death of vulnerable germ cell line precur-

sors (e.g., pachytene spermatocytes), which led to the

subsequent nonexistence of their whole progeny, but also

by the eventual death of those cells that had been sub-

lethally targeted by temperature but died at later stages of

their differentiation. This phase seems to be a good period

in which to study the biochemistry involved in many as yet

unknown details of the catabolism of lipids with PUFA of

diverse chain lengths and unsaturation (including 22:5n-6

and 2-OH VLCPUFA) in Sertoli cells. In turn, the phase of

gradual germ cell repopulation after recovery from mild

hyperthermia, with long-chain PUFA synthesized and

incorporated into Gpl including plasmalogens, and with

n-VLCPUFA restored before 2-OH VLCPUFA and both

reappearing amide-bound to Cer and CerPCho, offers a

good opportunity to study aspects of the expression of

genes and activity of enzymes that take part in the bio-

synthesis of the unique lipid molecular species that germ

cells contain in the adult rat testis.
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Abstract Tetracosahexaenoic acid (C24:6n-3, THA, 3) is

an essential biosynthetic precursor in mammals of doco-

sahexaenoic acid (C22:6n-3, DHA, 1), the end-product of

the metabolism of n-3 fatty acids. THA 3 is present in

commercially valuable fishes, such as flathead flounder.

Tricosahexaenoic acid (C23:6n-3, TrHA, 2), an odd-

numbered-chain fatty acid, has been identified from marine

organisms such as the dinoflagellate, Amphidinium carte-

rae. To date, few studies have examined THA 3 and TrHA

2 due to difficulties in detecting and identifying these

compounds, so their chemical and biological properties

remain poorly characterized. Only one methodology for the

chemical synthesis of THA 3 has been presented, and no

method for the synthesis of TrHA 2 has been reported. We

report here the efficient synthesis of THA 3 in four steps in

56% overall yield, and the synthesis of TrHA 2 in six steps

in 48% overall yield. We also present the synthesis of

D2-THA 4, an intermediate of b-oxidation of THA 3 to

DHA 1, in three steps in 73% overall yield.

Keywords Tetracosahexaenoic acid � Tricosahexaenoic

acid � Docosahexaenoic acid � Chemical synthesis �
Alzheimer’s disease � b-oxidation � Biosynthetic precursor �
Odd-numbered fatty acids � Fish oil � DHA metabolism

Abbreviations

ALA a-Linolenic acid

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

THA Tetracosahexaenoic acid

TrHA Tricosahexaenoic acid

TAG Triacyl-sn-glycerol

Introduction

The polyunsaturated fatty acid, docosahexaenoic acid

(C22:6n-3, DHA, 1), is largely found in neuronal tissues

such as brain and retina [1]. DHA 1 is an essential com-

ponent of neuronal membranes, is a precursor of potent

neuroprotective mediators, and is important in helping to

prevent both cardiovascular disease and metabolic syn-

drome [2, 3]. Mammals obtain DHA 1 directly from dietary

sources, especially fish, but can also generate DHA 1 in the

liver from n-3 fatty acid precursors obtained from eating

plants [4–6]. The capacity of the human liver to produce

DHA 1 may become critical for maintaining normal levels

of DHA 1 in the brain and retina [4, 6–8] if insufficient

DHA 1 is available from the diet, as is often the case in

modern societies [9].

The pathway for DHA biosynthesis in the liver is shown

in Fig. 1. a-Linolenic acid (18:3n-3, ALA) is converted to

eicosapentaenoic acid (20:5n-3, EPA), which is converted

into docosapentaenoic acid (22:5n-3, DPA) and then into

tetracosahexaenoic acid (24:6n-3, THA, 3). Desaturase and

elongase enzymes are localized in the endoplasmic retic-

ulum of the hepatocyte and act on n-3 fatty acids. Desat-

urase progressively introduces double bonds, and elongase
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extends shorter-chain n-3 fatty acids by two-carbon units,

thereby generating very-long-chain THA 3 [10]. THA 3 is

then transported into the peroxisomes and converted to

DHA 1 by b-oxidation reactions that involve several spe-

cific enzymes: acyl-coenzyme A oxidase, D-bifunctional

protein, and peroxisomal thiolases [11–14]. DHA 1, the

end-product of the metabolism of n-3 fatty acids, is

delivered to the brain by the circulatory system and accu-

mulates in the brain membranes. In contrast, THA 3 is not

incorporated into the brain membranes but is an essential

precursor of DHA 1. Recently, Piomelli’s group reported

that levels of DHA precursors, particularly ALA and THA

3, are elevated in the livers of patients with Alzheimer’s

disease, whereas expression of peroxisomal D-bifunctional

protein, which catalyzes the conversion of THA 3 to DHA

1, is reduced [15]. Piomelli et al. concluded that deficient

liver biosynthesis of DHA 1 correlates with cognitive

impairment in Alzheimer’s patients. Thus, the critical

importance of THA 3 in mammals is becoming clearer.

THA 3 is found in various marine organisms [16–18].

Nichols et al. [19] reported that THA 3 constitutes 9.3% of

the total fatty acids in the jellyfish Aurelia sp. Recently,

Tomita and Ando reported that THA 3 is found preferen-

tially at the sn-2 position (1.6–23.3 mol%) of triacyl-sn-

glycerols (TAG) from flathead flounder flesh [20]. Flathead

flounder is extensively consumed by humans; therefore,

we intake THA 3 in the form of TAG concentrating THA 3

at the sn-2 position. Odd-numbered very-long-chain

polyunsaturated fatty acids have also been identified from

marine organisms [21]. Odd-chain fatty acids can be used

in lipid metabolism [22]. The C23 fatty acid, tricosahexa-

enoic acid (C23:6n-3, TrHA 2), is found in the dinoflagel-

late, Amphidinium carterae [23]. To date, few studies have

examined THA 3 and TrHA 2 due to difficulties in

detecting and identifying these compounds, so their

chemical and biological properties remain poorly charac-

terized. To our knowledge, only one chemical synthesis

method for THA 3 has been reported [24, 25], and none for

TrHA 2. In the course of our synthetic and structural bio-

logical studies of polyunsaturated fatty acids [26–30], we

attempted to derive very-long-chain n-3 fatty acids from

DHA ester. In this paper, we report the efficient chemical

synthesis of THA 3, TrHA 2, and an intermediate of

b-oxidation of THA 3 to DHA 1, D2-THA 4 (Fig. 2).

Materials and Methods

General Experimental Procedures

DHA ethyl ester 5 was a kind gift from the Maruha Nichiro

holdings (Tsukuba, Japan). All the other reagents were

purchased from commercial sources and used without fur-

ther purification. Organic solvents used were dried by

standard methods. All reactions were performed under a

nitrogen atmosphere. Silica gel (wako gel C200) was used

for column chromatography, and pre-coated silica gel

60F254 plates (0.25 mm, Merck) were used for TLC. 1H

NMR (300 MHz) and 13C NMR (75 MHz) were recorded

using a Bruker AV300 instrument in CDCl3 solution with

TMS as an internal standard and the chemical shifts are

given in d values. Splitting patterns are indicated as follows:

s, singlet; d, doublet; t, triplet; q, quartet; quint, quintet; m,

multiplet. Mass spectra were recorded on a JEOL MS700

spectrometer using NBA as positive-ion FAB matrix.

(4Z,7Z,10Z,13Z,16Z,19Z)-Docosa-4,7,10,13,16,19-

Hexaenal (6)

To a stirred solution of DHA ethyl ester 5 (157 mg,

0.440 mmol) in CH2Cl2 (1 mL) was added 1.0 M

Fig. 1 Metabolic pathway of bioconversion of n-3 polyunsaturated

fatty acids

Fig. 2 Chemical structures of the fatty acids discussed in this paper.

Docosahexaenoic acid (1), tricosahexaenoic acid (2), tetracosahexa-

enoic acid (3) and D2-tetracosahexaenoic acid (4)
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diisobutylaluminium hydride (DIBAL-H) in toluene

(523 lL, 0.523 mmol) at -78 �C and the mixture was

stirred for 1 h. The reaction was quenched with 1 N HCl

aq. and the mixture was extracted with EtOAc. The organic

layer was washed with brine, dried over MgSO4 and

evaporated. The residue was chromatographed on silica gel

(9 g, 5% EtOAc–hexane) to give aldehyde 6 (117 mg,

85%). A large scale preparation of 6 was performed using

10.1 g of DHA ester 5 under the similar conditions and

7.45 g of pure compound 6 was obtained (84% yield).
1H NMR (CDCl3) d: 9.78 (1 H, m, H-1), 5.33–5.44 (12

H, m, H-4, 5, 7, 8, 10, 11, 13, 14, 16, 17, 19, 20), 2.78–2.92

(10 H, m, H-6, 9, 12, 15, 18), 2.51 (2 H, m, H-2), 2.40 (2 H,

m, H-3), 2.08 (2 H, quint, J = 7.5 Hz, H-21), 0.97 (3 H, t,

J = 7.5 Hz, H-22); 13C NMR (CDCl3) d: 201.9, 132.0,

129.4, 128.6, 128.4, 128.29, 128.27, 128.1 (2 carbons),

127.90, 127.86, 127.7, 127.0, 43.7, 25.64 (3 carbons),

25.59, 25.5, 20.6, 20.1, 14.3; HRMS (FAB): Calcd for

C22H33O [M ? H]?: 313.2531; found: 313.2537.

Methyl (2E,6Z,9Z,12Z,15Z,18Z,21Z)-Tetracosa-

2,6,9,12,15,18,21-Heptaenoate (7)

To a stirred suspension of sodium hydride (0.71 g,

29.6 mmol) in THF (6 mL) was added trimethyl phos-

phonoacetate (4.25 mL, 29.6 mmol) at 0 �C and the mix-

ture was stirred for 10 min. A solution of aldehyde 6

(4.63 g, 14.8 mmol) in THF (45 mL) was added to the

mixture. The reaction mixture was stirred at 0 �C for 1 h,

then quenched with water at 0 �C and extracted with

EtOAc. The organic layer was washed with brine, dried

over MgSO4 and evaporated. The residue was chromato-

graphed on silica gel (60 g, 0.5% EtOAc–hexane) to give

2Z-7 (0.39 g, 7%) and 2E-7 (4.71 g, 87%) in this order.

2E-7 Rf = 0.51 (10% EtOAc-hexane). 1H NMR

(CDCl3) d: 6.96 (1 H, dt, J = 15.6, 6.6 Hz, H-3), 5.84 (1

H, d, J = 15.6 Hz, H-2), 5.28–5.46 (12 H, m, H-6, 7, 9, 10,

12, 13, 15, 16, 18, 19, 21, 22), 3.73 (3 H, s, H-CO2Me),

2.78–2.91 (10 H, m, H-8, 11, 14, 17, 20), 2.25 (4 H, m,

H-4, 5), 2.08 (2 H, quint, J = 7.5 Hz, H-23), 0.97 (3 H, t,

J = 7.5 Hz, H-24); 13C NMR (CDCl3) d: 167.0, 148.6,

132.0, 129.1, 128.6, 128.29, 128.26, 128.22 (2 carbons),

128.08, 128.06, 128.02, 127.9, 127.0, 121.3, 51.4, 32.1,

25.7, 25.6 (3 carbons), 25.5, 20.6, 14.3; HRMS (FAB):

Calcd for C25H37O2 [M ? H]?: 369.2794; found:

369.2780. 2Z-7 Rf = 0.65 (10% EtOAc-hexane). 1H NMR

(CDCl3) d: 6.22 (1 H, dt, J = 11.5, 7.5 Hz, H-3), 5.79 (1

H, dt, J = 11.5, 1.7 Hz, H-2), 5.26–5.45 (12 H, m, H-6, 7,

9, 10, 12, 13, 15, 16, 18, 19, 21, 22), 3.70 (3 H, s,

H-CO2Me), 2.68–2.91 (12 H, m, H-4, 8, 11, 14, 17, 20),

2.22 (2 H, m, H-5), 2.07 (2 H, quint, J = 7.5 Hz, H-23),

0.97 (3 H, t, J = 7.5 Hz, H-24); 13C NMR (CDCl3) d:

166.7, 149.8, 132.0, 128.8 (2 carbons), 128.6, 128.25,

128.23, 128.18, 128.16, 128.09 (2 carbons), 127.9, 127.0,

119.7, 51.0, 28.8, 26.6, 25.6 (4 carbons), 25.5, 20.6, 14.3;

HRMS (FAB): Calcd for C25H37O2 [M ? H]?: 369.2794;

found: 369.2792.

Methyl (6Z,9Z,12Z,15Z,18Z,21Z)-Tetracosa-

6,9,12,15,18,21-Hexaenoate (8)

To a solution of 2E/2Z mixture 7 (32 mg, 87 lmol) in

MeOH (0.5 mL) was added Mg turnings (20 mg,

0.84 mmol) at 0 �C and the mixture was stirred for 3.5 h at

room temperature. After addition of H2O, the mixture was

extracted with EtOAc. The organic layer was washed with

brine, dried over MgSO4 and evaporated. The residue was

chromatographed on silica gel (10 g, 1% EtOAc–hexane)

to give 8 (26 mg, 81%). A large scale preparation of 8 was

performed using 1.07 g of 2E/2Z mixture 7 under the

similar conditions and 820 mg of pure compound 8 was

obtained (76% yield). 1H NMR (CDCl3) d: 5.28–5.56 (12

H, m, H-6, 7, 9, 10, 12, 13, 15, 16, 18, 19, 21, 22), 3.67 (3

H, s, H-CO2Me), 2.73–2.92 (10 H, m, H-8, 11, 14, 17, 20),

2.32 (2 H, m, H-2), 2.08 (4 H, m, H-5, 23), 1.65 (2 H, quint,

J = 7.7 Hz, H-3), 1.40 (2 H, quint, J = 7.7 Hz H-4), 0.98

(3 H, t, J = 7.5 Hz, H-24); 13C NMR (CDCl3) d: 174.1,

132.0, 129.7, 128.6, 128.4, 128.3, 128.19, 128.16, 128.12,

128.10, 128.0, 127.9, 127.0, 51.5, 34.0, 29.0, 26.9, 25.6 (4

carbons), 25.5, 24.6, 20.6, 14.3; HRMS (FAB): Calcd for

C25H39O2 [M ? H]?: 371.2950; found: 371.2954.

(6Z,9Z,12Z,15Z,18Z,21Z)-Tetracosa-6,9,12,15,18,21-

Hexaenoic Acid (THA 3)

A solution of 8 (1.19 g, 3.23 mmol) in 5% KOH/MeOH–

H2O (19:1, 16 mL) was stirred at 50 �C for 1 h. The reaction

mixture was neutralized with 10% HCl aq. and extracted

with EtOAc. The organic layer was washed with water, dried

over MgSO4, and evaporated. The residue was chromato-

graphed on silica gel (110 g, 50% EtOAc–hexane) to give

THA 3 (1.01 g, 87 %). 1H NMR (CDCl3) d: 5.27–5.55 (12 H,

m, H-6, 7, 9, 10, 12, 13, 15, 16, 18, 19, 21, 22), 2.74–2.91 (10

H, m, H-8, 11, 14, 17, 20), 2.36 (2 H, t, J = 7.4 Hz, H-2),

2.08 (4 H, m, H-5, 23), 1.66 (2 H, m, H-3), 1.42 (2 H, m, H-4),

0.98 (3 H, t, J = 7.5 Hz, H-24); 13C NMR (CDCl3) d: 179.9,

132.0, 129.6, 128.6, 128.4, 128.3, 128.22, 128.18, 128.1,

128.03, 127.96, 128.9, 127.0, 33.9, 29.0, 26.8, 25.6 (4 car-

bons), 25.5, 24.3, 20.6, 14.3; HRMS (FAB): Calcd for

C24H37O2 [M ? H]?: 357.2794; found: 357.2790.

(2E,6Z,9Z,12Z,15Z,18Z,21Z)-Tetracosa-

2,6,9,12,15,18,21-Heptaenoic Acid (D2-THA 4)

A solution of 2E-7 (100 mg, 272 lmol) in 5% KOH/

iPrOH–H2O (19:1, 10 mL) was stirred at 50 �C for 3 h.

Lipids (2011) 46:455–461 457
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The reaction mixture was neutralized with 10% HCl aq.

and extracted with EtOAc. The organic layer was washed

with water, dried over MgSO4, and evaporated. The residue

was passed through a short silica gel column (1 g, 70%

EtOAc–hexane) to give D2-THA 4 (95 mg, 99 %). 1H

NMR (CDCl3) d: 7.07 (1 H, dt, J = 15.6, 6.6 Hz, H-3),

5.84 (1 H, d, J = 15.6 Hz, H-2), 5.28–5.46 (12 H, m, H-6,

7, 9, 10, 12, 13, 15, 16, 18, 19, 21, 22), 2.77–2.91 (10 H, m,

H-8, 11, 14, 17, 20), 2.20–2.36 (4 H, m, H-4, 5), 2.08 (2 H,

quint, J = 7.5 Hz, H-23), 0.97 (3 H, t, J = 7.5 Hz, H-24);
13C NMR (CDCl3) d: 171.9, 151.3, 132.0, 129.2, 128.6,

128.3 (2 carbons), 128.2, 128.13, 128.08 (2 carbons),

128.0, 127.9, 127.0, 121.1, 32.2, 25.6 (4 carbons), 25.5,

20.5, 14.3; HRMS (FAB): Calcd for C24H35O2 [M ? H]?:

355.2637; found: 355.2624.

(4Z,7Z,10Z,13Z,16Z,19Z)-Docosa-4,7,10,13,16,19-

Hexaen-1-ol (9)

To a stirred solution of DHA ethyl ester 5 (6.17 g,

17.3 mmol) in CH2Cl2 (40 mL) was added 1.0 M DIBAL-H

in toluene (51.5 mL, 51.5 mmol) at 0 �C and the mixture

was stirred for 1.5 h. The mixture was quenched with 1 N

HCl aq. at 0 �C and extracted with EtOAc. The organic

layer was washed with brine, dried over MgSO4 and

evaporated. The residue was chromatographed on silica gel

(100 g, 10% EtOAc–hexane) to give alcohol 9 (5.06 g,

93%). 1H NMR (CDCl3) d: 5.28–5.47 (12 H, m, H-4, 5, 7,

8, 10, 11, 13, 14, 16, 17, 19, 20), 3.66 (2 H, t, J = 6.4 Hz,

H-1), 2.85 (10 H, m, H-6, 9, 12, 15, 18), 2.16 (2 H, quint,

J = 6.4 Hz, H-3), 2.08 (2 H, quint, J = 7.5 Hz, H-21),

1.65 (2 H, quint, J = 6.4 Hz, H-2), 0.98 (3 H, t,

J = 7.5 Hz, H-22); 13C NMR (CDCl3) d: 132.1, 129.4,

128.6, 128.5, 128.30, 128.27, 128.20, 128.16, 128.1 (2

carbons), 127.9, 127.0, 62.5, 32.5, 25.65 (2 carbons), 25.63,

25.60, 25.5, 23.6, 20.6, 14.3; HRMS (FAB): Calcd for

C22H35O [M ? H]?: 315.2688; found: 315.2686.

(4Z,7Z,10Z,13Z,16Z,19Z)-Docosa-4,7,10,13,16,19-

Hexaen-1-yl 4-Methylbenzenesulfonate (10)

A mixture of alcohol 9 (5.06 g, 16.1 mmol) and p-toluene-

sulfonyl chloride (4.61 g, 24.2 mmol) in pyridine

(25 mL) was stirred at 0 �C for 13 h. After addition of

water, the mixture was extracted with EtOAc. The organic

layer was washed with 1 N HCl aq., saturated NaHCO3 aq.

and brine, dried over MgSO4 and evaporated. The residue

was chromatographed on silica gel (110 g, 5% EtOAc–

hexane) to give tosylate 10 (6.71 g, 89%). 1H NMR

(CDCl3) d: 7.79 (2 H, d, J = 8.3 Hz, H-Ar), 7.34 (2 H, d,

J = 8.3 Hz, H-Ar), 5.29–5.42 (12 H, m, H-4, 5, 7, 8, 10,

11, 13, 14, 16, 17, 19, 20), 4.03 (2 H, t, J = 6.5 Hz, H-1),

2.75–2.87 (10 H, m, H-6, 9, 12, 15, 18), 2.44 (3 H, s, H-Ph-

Me), 2.04–2.12 (4 H, m, H-3, 21), 1.71 (2 H, quint,

J = 6.5 Hz, H-2), 0.97 (3 H, t, J = 7.5 Hz, H-22); 13C

NMR (CDCl3) d: 144.7, 133.2, 132.0, 129.8 (2 carbons),

129.4, 128.6, 128.29, 128.26 (2 carbons), 128.1 (2 car-

bons), 128.0, 127.9 (4 carbons), 127.0, 69.9, 28.8, 25.6 (3

carbons), 25.5 (2 carbons), 23.0, 21.6, 20.6, 14.3; HRMS

(FAB): Calcd for C29H41O3S [M ? H]?: 469.2776; found:

469.2777.

(5Z,8Z,11Z,14Z,17Z,20Z)-Tricosa-5,8,11,14,17,20-

Hexaenenitrile (11)

A mixture of tosylate 10 (6.71 g, 14.3 mmol) and KCN

(1.31 g, 20.1 mmol) in DMSO (40 mL) was stirred at

70 �C for 2.5 h. After addition of H2O at 0 �C, the mixture

was extracted with EtOAc. The organic layer was washed

with brine, dried over MgSO4, and evaporated. The residue

was chromatographed on silica gel (100 g, 5% EtOAc–

hexane) to give cyanide 11 (4.51 g, 97%). 1H NMR

(CDCl3) d: 5.32–5.40 (12 H, m, H-5, 6, 8, 9, 11, 12, 14, 15,

17, 18, 20, 21), 2.78–2.87 (10 H, m, H-7, 10, 13, 16, 19),

2.34 (2 H, t, J = 7.2 Hz, H-2), 2.01–2.14 (4 H, m, H-4,

22), 1.66 (2 H, m, H-3), 1.42 (2 H, m, H-3), 0.98 (3 H, t,

J = 7.5 Hz, H-23); 13C NMR (CDCl3) d: 132.0, 130.3,

128.6, 128.4, 128.3 (2 carbons), 128.1, 128.0, 127.9, 127.8,

127.3, 127.0, 119.6, 26.0, 25.7 (4 carbons), 25.5, 25.3,

20.6, 16.5, 14.3; HRMS (FAB): Calcd for C23H34N

[M ? H]?: 324.2691; found: 324.2696.

(5Z,8Z,11Z,14Z,17Z,20Z)-Tricosa-5,8,11,14,17,20-

Hexaenal (12)

To a stirred solution of cyanide 11 (2.53 g, 7.86 mmol) in

CH2Cl2 (1 mL) was added 1.0 M DIBAL-H in toluene

(10.1 mL, 10.1 mmol) at -20 �C and the mixture was

stirred for 1 h. The mixture was quenched with 10%

aqueous potassium sodium tartrate at 0 �C and the mixture

was extracted with EtOAc. The organic layer was washed

with brine, dried over MgSO4 and evaporated. The residue

was chromatographed on silica gel (55 g, 3% EtOAc–

hexane) to give aldehyde 12 (1.93 g, 75%). 1H NMR

(CDCl3) d: 9.87 (1 H, t, J = 1.6 Hz, H-1), 5.23–5.48 (12

H, m, H-5, 6, 8, 9, 11, 12, 14, 15, 17, 18, 20, 21), 2.78–2.91

(10 H, m, H-7, 10, 13, 16, 19), 2.45 (2 H, td, J = 7.3 Hz,

1.6 Hz, H-2), 2.02–2.18 (4 H, m, H-4, 22), 1.71 (2 H, quint,

J = 7.3 Hz, H-3), 0.97 (3 H, t, J = 7.5 Hz, H-23); 13C

NMR (CDCl3) d: 202.4, 132.0, 129.1, 128.8, 128.6, 128.3,

128.23, 128.19, 128.12 (2 carbons), 128.08, 127.9, 127.0,

43.8, 26.9, 25.7 (2 carbons), 25.6 (2 carbons), 25.5, 21.9,

20.6, 14.3; HRMS (FAB): Calcd for C23H35O [M ? H]?:

327.2688; found: 327.2696.
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Methyl (5Z,8Z,11Z,14Z,17Z,20Z)-Tricosa-

5,8,11,14,17,20-Hexaenoate (13)

A mixture of aldehyde 12 (1.93 g, 5.92 mmol), KOH

(864 mg, 15.4 mmol) and I2 (1.95 g, 7.70 mmol) in MeOH

(75 mL) was stirred at 0 �C for 1 h. After addition of 10%

solution of aqueous Na2S2O3, the mixture was extracted

with EtOAc. The organic layer was washed with brine,

dried over MgSO4 and evaporated. The residue was chro-

matographed on silica gel (40 g, 2% EtOAc–hexane) to

give methyl ester 13 (1.91 g, 91%). 1H NMR (CDCl3) d:

5.28–5.44 (12 H, m, H-5, 6, 8, 9, 11, 12, 14, 15, 17, 18, 20,

21), 3.67 (3 H, s, H-CO2Me), 2.76–2.90 (10 H, m, H-7, 10,

13, 16, 19), 2.32 (2 H, t, J = 7.4 Hz, H-2), 2.04–2.12 (4 H,

m, H-4, 22), 1.70 (2 H, quint, J = 7.4 Hz, H-3), 0.98 (3 H,

t, J = 7.5 Hz, H-23); 13C NMR (CDCl3) d: 174.0, 132.0,

128.9, 128.8, 128.6, 128.25, 128.24, 128.19, 128.15,

128.09 (2 carbons), 127.9, 127.0, 51.5, 33.4, 26.5, 26.63 (4

carbons), 25.5, 24.8, 20.6, 14.3; HRMS (FAB): Calcd for

C24H37O2 [M ? H]?: 357.2794; found: 357.2790.

(5Z,8Z,11Z,14Z,17Z,20Z)-Tricosa-5,8,11,14,17,20-

Hexaenoic Acid (TrHA 2)

A solution of ester 13 (1.19 g, 3.34 mmol) in 5% KOH/

MeOH–H2O (19:1, 16 mL) was stirred at 50 �C for 1 h.

The reaction mixture was neutralized with 10% HCl aq.

and extracted with EtOAc. The organic layer was washed

with water, dried over MgSO4, and evaporated. The residue

was chromatographed on silica gel (110 g, 50% EtOAc–

hexane) to give TrHA 2 (1.01 g, 88 %). 1H NMR (CDCl3)

d: 5.27–5.44 (12 H, m, H-5, 6, 8, 9, 11, 12, 14, 15, 17, 18,

20, 21), 2.76–2.91 (10 H, m, H-7, 10, 13, 16, 19), 2.37 (2

H, t, J = 7.4 Hz, H-2), 2.02–2.17 (4 H, m, H-4, 22), 1.70

(2 H, quint, J = 7.4 Hz, H-3), 0.97 (3 H, t, J = 7.5 Hz,

H-23); 13C NMR (CDCl3) d: 179.9, 132.0, 129.0, 128.8,

128.6, 128.27, 128.20, 128.19, 128.15 (2 carbons), 128.09,

127.9, 127.0, 33.4, 26.5, 25.6 (4 carbons), 25.5, 24.5, 20.6,

14.3; HRMS (FAB): Calcd for C23H35O2 [M ? H]?:

343.2637; found: 343.2643.

Results and Discussion

Two fatty acids, THA 3 and D2-THA 4, were synthesized

using DHA ethyl ester 5 as the starting material as shown in

Scheme 1. Ester 5 was reduced with 1.2 equivalents of

diisobutylaluminium hydride (DIBAL-H) at -78 �C to

afford aldehyde 6 in 85% yield. Aldehyde 6 was subjected

to the Horner–Wadsworth–Emmons reaction using

trimethyl phosphonoacetate [31] to give two-carbon elon-

gated a,b-unsaturated ester 7 in 94% yield as a mixture of

2E-isomer (87%) and 2Z-isomer (7%). These two isomers

were separated easily by silica gel column chromatography.

Regioselective hydrogenation of a,b-unsaturated ester 7

was achieved by reduction using Mg turnings in MeOH to

provide 8 in good yield (81%) [31–33]. Ester 8 was treated

with 5% KOH/MeOH–H2O (19:1) to provide desired

compound THA 3 in 87% yield. On the other hand, D2-THA

4 was obtained in 99% yield upon treatment of 2E-7 with

5% KOH/iPrOH–H2O (19:1). Thus, THA 3 was synthesized

in four steps in 56% overall yield and D2-THA 4 was syn-

thesized in three steps in 73% overall yield. Kuklev et al.

[24] reported the synthesis of THA 3 from DHA methyl

ester, via a malonic ester derivative as a precursor of two-

carbon-elongated fatty acid; he reported a 21% overall yield

achieved in five steps. Thus, our synthetic route is more

facile and efficient than the previously reported route.

TrHA 2 was synthesized from DHA ethyl ester 5 as

shown in Scheme 2. Ester 5 was reduced with DIBAL-H at

0 �C to afford alcohol 9 in 93% yield. Alcohol 9 was then

treated with TsCl to give tosylate 10 in 89% yield. Tosylate

10 was treated with KCN at 70 �C to afford one-carbon-

elongated cyanide 11 in 97% yield. Cyanide 11 was

reduced with DIBAL-H to afford aldehyde 12 in 75%

yield. Aldehyde 12 was converted to ester 13 in 91% yield

by alkaline-iodine oxidation, a reaction previously devel-

oped by our group [34]. Ester 13 was treated with

5% KOH/MeOH–H2O (19:1) to provide desired compound

TrHA 2 in 88% yield. Thus, TrHA 2 was synthesized in six

steps in 48% overall yield. To our knowledge, this is the

first report of the chemical synthesis of TrHA 2.

Scheme 1 Synthetic route from

DHA ester to

tetracosahexaenoic acid (3) and

D2-tetracosahexaenoic acid (4)
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In conclusion, we have developed efficient chemical

methods for the synthesis of the very-long-chain n-3

polyunsaturated fatty acids, THA 3, D2-THA 4 and TrHA

2. Using these synthetic compounds, we are now investi-

gating their biological activities and metabolism.
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Abstract A mild and convenient method has been

developed for preparing 4,4-dimethyloxazoline (DMOX)

derivatives of fatty acids for GC–MS analysis. First, fatty

acid methyl esters are converted to corresponding amides

by incubation overnight at room temperature with 2-amino-

2-methyl-1-propanol and a catalytic amount of sodium

methoxide. The resulting 2-(methylpropanol) amides were

isolated by partition between hexane–diethyl ether and

water, and then converted to 4,4-dimethyloxazoline deriv-

atives by treatment with trifluoroacetic anhydride under

mild conditions (50 �C for 45 min). Structures of 2-meth-

ylpropanol amide and a DMOX derivative of oleic acid

were confirmed by GC–MS. This method was applied to

different FAME prepared from animal, plant or microbial

lipids. The suggested method is most suitable for structure

analysis of polyunsaturated fatty acids (PUFA) and for

acids with double bonds in close to terminal positions.

Application of the method is illustrated with spectra of the

DMOX derivatives of 16:1(n-13), 24:5(n-6) and 24:6(n-3)

acids.

Keywords GLC-MS � DMOX derivatives �
Fatty acid structure analysis

Abbreviations

AMP 2-amino-2-methyl-1-propanol

DMOX 4,4-dimethyloxazoline

FAME Fatty acid methyl ester(s)

FFA Free fatty acid(s)

PUFA Polyunsaturated fatty acid(s)

TFAA Trifluoroacetic anhydride

TL Total lipids

THA Tetracosahexaenoic acid

TPA Tetracosapentaenoic acid

GLC Gas-liquid chromatography

MS Mass spectrometry

TLC Thin layer chromatography

NMR Nuclear magnetic resonance

BSTFA Bis(trimethylsilyl) trifluoroacetamide

Introduction

Fatty acid methyl esters (FAME) are generally accepted

derivatives of fatty acids for analysis by GLC and GLC–MS.

Methods for FAME preparation are now routine on a small

scale and they have excellent chromatographic properties.

FAME are most suitable for quantitative analysis, but have

limited significance for structure analysis by mass spec-

trometry [1]. Methyl esters are useful for localization of

some branching patterns (iso-, anteiso-), or oxygenated acid

functions (2-OH, 3-OH) by MS. Polyenoic fatty acids often

give a distinctive mass spectrometric fingerprint, which

permits us to differentiate acids of n-3, n-6 and n-9 series, but

does not prove the exact positions of double bonds. However,

it is usually considered that methyl ester derivatives are not

suitable for locating double bonds, especially in monoenoic

fatty acids [1]. The main reason for this limitation is the bond

migration in the unsaturated fatty acid alkyl chain during

ionization. As a result, a number of nitrogen-containing

derivatives have been suggested for GC–MS, because of the

ability of nitrogen atom to stabilize the charge distribution,

thus improving the information value of the spectra.
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Of numerous nitrogen derivatives, mainly pyrrolidides

[2, 3], DMOX [4, 5] and picolinyl esters [6] have found

their use in GC–MS elucidation of fatty acid structure.

Each derivative has advantages for GC–MS of fatty acids

of a particular type; they are prepared by distinct methods,

have different gas chromatographic properties and in-

formativity of mass spectra. A recent review [1] provides

comparative information for different derivatives useful in

structure analysis of fatty acids.

There are several methods for the preparation of the

respective derivatives; these methods have been thoroughly

reviewed by Christie [7]. Preparation of acylpyrrolidides

from FAME and glycerolipids is a relatively mild proce-

dure [2]. At the same time, the usual direct one-step

method for preparation of DMOX derivatives at

170–180 �C overnight [8] gives rise for concern about the

risk of PUFA isomerization and/or degradation. This

reaction is often incomplete, and on chromatograms some

peaks were detected similar to target component mass

spectra [9]. It has been also found that some FA can

undergo isomerization upon such treatment. For example,

trans-3-hexadecenoic acids, an essential component of

plant phosphatidylglycerol, is mainly converted into cis-2-

hexadecenoic acid [10]. Later, lengthier mild two-step

methods for the preparation of oxazolines and DMOX

derivatives [11, 12] have been developed. Methods based

on the conversion of FAME or TL to free fatty acids and

then to mixed anhydrides or acid chlorides with a sub-

sequent reaction with ethanolamine or AMP. Resulting

amides are cyclized by treatment with trifluoroacetic

anhydride to target alkyl oxazolines or 4,4-dimethyloxaz-

olines. Recently, a mild one pot-one step method for con-

version carboxylic acids to range of amides and oxazolines

has been reported [13]. In this method benzoxazoline,

DMOX and 4-phenyloxazoline derivatives were prepared

from FFA, a corresponding amine and fluorinating reagent

Deoxo-Fluor at 0 �C. We present in this paper a mild and

convenient method for preparation of DMOX derivatives

starting from FAME.

Materials and Methods

Materials

Oleic acid, oleic acid methyl ester, methyl-2-hydro-

xytetradecanoate, trioleoylglycerol, (Sigma, USA),

2-amino-2-methyl-1-propanol, trifluoroacetic anhydride

(Fluka, Germany) were used in the experiments. Chloro-

form, methanol, hexane, acetone, diethyl ether and benzene

were redistilled. AMP was used as a 50%, (w/v) solution in

benzene; it was stable at 5 �C for at least for 2 months. A

1% Na solution in methanol was prepared by careful

dissolving sodium metal in cold methanol in a fume cup-

board. The reagent is stable in tightly closed amber bottles

for several months. Extracts of total lipids of the Alcy-

onaria Gersemia rubiformis and the fern Polystichum

subtripteron were used in the experiments.

Extraction of Lipids and Preparation of FAME

Lipids were extracted from biological materials with

chloroform/methanol [14]. FAME were prepared by the

routine method [15] and purified by TLC in benzene or

hexane/diethyl ether (9:1, by v/v).

Thin Layer Chromatography

Progress in the synthesis of the FA derivatives was con-

trolled by TLC on aluminum sheets 10 9 10 cm with

Silica gel 60 F254 Merck (Germany). The solvent system

hexane/acetone (8:2, by v/v) was used for separation of

FAME, FFA, acyl-2-methylpropanol amides, and DMOX

derivatives. Spots on the chromatogram were visualized

using iodine vapor or charring at 110 �C after spraying

with 5% sulfuric acid in methanol.

Gas Chromatography and Gas Chromatography–Mass

Spectrometry

GC and GC–MS analyses were performed on a GC 2010

chromatograph with a flame ionization detector and a gas

chromatograph–mass spectrometer GCMS-QP5050, both

Shimadzu (Japan). Fused silica capillary columns Supelco-

wax 10 and MDN-5S (both columns 30 m, 0.25 mm ID,

0.25 lm film, Supelco, USA) were used in the apparatus.

FAME and DMOX derivatives were analyzed on Supelcowax

10 columns at 200 and 210 �C, respectively. On a nonpolar

MDN-5S column, the temperature program started from 200

to 260 �C, 2 �C/min. Helium was used as the carrier gas at a

linear velocity of 30 cm/sec. Mass spectra were recorded at

70 eV. Spectra were compared with the NIST library and

internet fatty acid mass spectra archive site [7].

Preparation of DMOX Derivatives

To 1–3 mg of FAME or glycerolipids in a 2-ml vial with

tightly fitting cap, were added 60 ll 50%, (w/v) AMP in

benzene, this was mixed and 10 ll of NaOCH3 reagent was

added. After mixing, the vials were flushed with argon and

incubated in the dark overnight at room temperature. Acyl-

2-methylpropanol amides were isolated by partition

between 0.5 ml hexane–diethyl ether 9:1, (v/v) and 0.5 ml

water. Extraction was repeated with 0.5 ml hexane–ether.

After solvent evaporation, acyl-2-methylpropanol amides

were converted to DMOX by adding 150 ll TFAA and
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incubated at 50 �C for 45 min. TFAA was evaporated

under an argon stream. Derivatives were dissolved in

hexane and washed with water to remove the residues of

the reagents. Samples prepared from FAME were ready for

GC or GC–MS. Samples prepared from total lipids, phos-

pholipids or triacylglycerols needed additional purification

by TLC or on a small silica gel column.

Results and Discussion

The current study presents a new method for the prepara-

tion of DMOX derivatives of fatty acids. The general plan

of the synthesis is shown in Scheme 1. We used a modified

method for the preparation of fatty amides or ethanola-

mides by low temperature aminolysis of FAME and laurel

oil, catalyzed by sodium methoxide [16, 17]. The first

experiments demonstrated that incubation of MEFA with

AMP gives either no or very low yields of amides at room

temperature or at 60 �C even after 24 h. An addition of a

catalytic amount of NaOCH3 resulted in conversion of

FAME to the respective amides at room temperature

overnight (Fig. 1). TLC analysis also demonstrated that

FAME are more stable to catalytic amidation than tria-

cylglycerols, TL and PL are, and therefore all experiments

were conducted on methyl oleate. The use of methyl esters

is especially convenient, since FAME are generally

accepted derivatives in GC analysis. The proposed method

has two main advantages. First, acyl-2-methylpropanol

amides were prepared at room temperature and conversion

to DMOX derivatives completed at 50 �C. Second, the

method is simple, because it does not involve preparation

of FFA and then acid halides or mixed anhydrides from TL

or MEFA as the two-step method does [11–13]. The

samples prepared for GC–MS contain only traces of

MEFA.

The structure of oleoyl-2-methylpropanol amide was

characterized by H1NMR and after derivatization with

BSTFA by GC–MS (data not shown). DMOX derivatives

were characterized by TLC and GC–MS (see Figs. 1, 2).

All spectra support the structures depicted in Scheme 1.

Figure 2a shows the spectrum of the DMOX derivative

of the D3 isomer of hexadecenoic acid from the TL extract

of the fern Polystichum subtripteron. The spectrum of this

acid is very similar to those of D3-16:1 [10], and D3-18:1

[18] with the main characteristic peaks at m/z 152 (base)

and 166. Since the peak with m/z 110 characteristic of acids

with a double bond at position 2 [18] was not observed, it

seems, no isomerization took place during the DMOX

preparation. The method described here has also been used

successfully for PUFA of fish oil. Besides the usual acids

of the n-3 series, we have also found an acid with a

spectrum similar to the DMOX derivative of 16:4(n-1)

(data not shown). Therefore, this method can be applied to

fatty acids with a terminal position of the double bond.

Figures 2b and c show mass spectra of two tetracosa-

polyenoic acids, 24:5(n-6) and 24:6(n-3), that were pre-

pared from total lipids of the Alcyonaria Gersemia

rubiformis. Earlier, these very-long-chain PUFA were

found in marine representatives of the phylum Cnidaria

[19]. In both spectra, the double bond in position 6 was

evident by the characteristic fingerprint of ions at m/z 126

Fig. 1 TLC of starting materials, an intermediate (oleoyl-2-methyl-

propanol amide), and the final product (oleic acid DMOX). Lane 1
standard FFA and ME of oleic acid, Lane 2 oleoyl-2-methylpropanol

amide, Lane 3 DMOX derivative of oleic acid. Solvent system:

chloroform/acetone (8:2, by v/v). Detection: charring at 110 �C after

spraying with 5% H2SO4 in methanol

Scheme 1 Preparation of

DMOX derivatives from FAME
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Fig. 2 Mass spectra of DMOX

derivatives prepared from

MEFA of total lipid extracts.

a hexadecenoic acid from the

fern Polystichum subtripteron;

b and c tetracosapentaenoic

24:5(n-6) and

tetracosahexaenoic 24:6(n-3)

acids from the Alcyonaria

Gersemia rubiformis
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(base), 152, 166 and 180 [18]. The locations of the

remaining double bonds were revealed by a gap of 12 amu,

as shown on Figs. 2b and c.

Our attempt to prepare DMOX derivative from methyl-

2-hydroxytetradecanoate by the suggested method was

unsuccessful. A previous effort to synthesize DMOX

derivatives of saturated 2-hydroxy fatty acids by the two-

step method has also failed [7].

This method can probably be applied for the preparation

of other nitrogen-containing derivatives of fatty acids

suitable for GC–MS.
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Abstract Since its introduction as an ionization tech-

nique in mass spectrometry, matrix-assisted laser desorp-

tion ionization (MALDI) has been applied to a wide range

of applications. Quantitative small molecule analysis by

MALDI, however, is limited due to the presence of intense

signals from the matrix coupled with non-homogeneous

surfaces. The surface used in nano-structured laser desorp-

tion ionization (NALDI) eliminates the need for a matrix

and the resulting interferences, and allows for quantitative

analysis of small molecules. This study was designed to

analyze and quantitate phospholipid components of lipo-

somes. Here we have developed an assay to quantitate the

DPPC and DC8,9PC in liposomes by NALDI following

various treatments. To test our method we chose to analyze

a liposome system composed of DPPC (1,2-dipalmitoyl-sn-

glycero-3-phosphocholine) and DC8,9PC (1,2-bis(tricosa-

10,12-diynoyl)-sn-glycero-3-phosphocholine), as DC8,9PC is

known to undergo cross-linking upon treatment with UV

(254 nm) and this reaction converts the monomer into a

polymer. First, calibration curves for pure lipids (DPPC

and DC8,9PC) were created using DMPC (1,2-dimyristoyl-

sn-glycero-3-phosphocholine) as an internal standard. The

calibration curve for both DPPC and DC8,9PC showed an

R2 of 0.992, obtained using the intensity ratio of analyte

and internal standard. Next, DPPC:DC8,9PC liposomes

were treated with UV radiation (254 nm). Following this

treatment, lipids were extracted from the liposomes and

analyzed. The analysis of the lipids before and after UV

exposure confirmed a decrease in the signal of DC8,9PC of

about 90%. In contrast, there was no reduction in DPPC

signal.

Keywords NALDI � MALDI � Mass spectrometry �
Lipids � Quantitation � Drug delivery
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Introduction

Chromatography has been the traditional technique of

choice for the analysis of lipids. Thin-layer chromatog-

raphy [1] and liquid chromatography [2] have been the

most widely used methods in the field, especially in

combination with UV detection [3]. Those techniques are

well-established and robust but they are also time-con-

suming, because they often involve steps of derivatization

and long separation times [4]. Spectroscopic methods,

such as IR and NMR, have been applied in the lipid

analysis field as well [3]. The first use of mass spec-

trometry for the analysis of lipids was reported by Gohlke

in 1959 [5] using gas chromatography mass spectrometry

(GC–MS). Mass spectrometry provides information on the

molecular weight of the species of interest that can be

useful for identification purposes. Since then GC–MS has

been applied to many analytical questions regarding the

biology and chemistry of lipids [6], however GC–MS may

require derivatization when the analyte is not volatile and

thermally stable [7]. While derivatization may help, in

some cases it results in additional steps that can compli-

cate the entire analysis [8].

In recent years with the introduction of the so-called

‘‘soft ionization’’ techniques, electrospray ionization (ESI)

and matrix-assisted laser desorption ionization (MALDI),

[9] that allow for the analysis of intact lipids [10], mass

spectrometry has gained importance in the analysis of lipid

mixtures [11] and in the rapidly growing field of mass

spectrometry tissue imaging [12]. Electrospray ionization

is the most frequently used mass spectrometry technique

for lipid analysis, but MALDI represents a powerful tool in

this field, because the time necessary for the analysis can

be reduced to less than one minute per sample [10]. ESI

mass spectrometry in association with liquid chromatog-

raphy (LC) allows for separation and identification of

molecular species, however analysis times can be long and

the buffers used for LC/MS are often incompatible with

lipid solubility.

In MALDI, the sample is mixed with a solution of

matrix that absorbs the laser energy. The mixture is

allowed to dry to form co-crystals on the surface of target.

The homogeneity of the solid crystals on the plate is

essential for the reproducibility of the analysis, therefore

accurate sample preparation is necessary [10]. In most

cases, the matrix is soluble in the same organic solvents as

the lipid analytes, so very homogenous co-crystals are

produced facilitating the analysis.

The choice of the most suitable matrix is often quite

challenging. While water soluble analytes have a wide

range of useful matrices [13], only a few matrices have

been utilized for lipid analysis due to their lipophilic

nature. Recently Teuber et al. [14] compared a series of

matrices for lipids. Along with the most commonly used

DHB (2,5-dihydroxybenzoic acid), other matrices showed

interesting characteristics, especially a newly synthesized

compound, a-cyano-2,4-difluorocinnamic acid, for analysis

of charged phospholipids, and 9-aminoacridine (9-AA) for

both positive [14, 15] and negative ion analysis [16–19]. In

particular the interest in 9-AA, as a matrix for lipids

analysis in MALDI, has recently been applied by Benad-

dellah et al., for lipid negative ion analysis in a tissue

imaging study that compares MALDI-TOF and secondary

ion mass spectrometry [20]. For small molecule analysis it

is necessary to choose a matrix that does not generate

polymers by photochemical reactions (e.g. sinapinic acid),

because the polymerization products will saturate the

detector [4] and suppress the signal from the analytes. In

addition the presence of interfering peaks due to matrix

adducts (e.g. DHB with Na?), [21] in the lower m/z range

is a crucial issue in the analysis of small molecules,

therefore other approaches have been taken into consider-

ation. Some studies suggested the use of high molecular

weight matrices such as meso-tetrakis(pentafluorophe-

nyl)porphyrin [22–24] for the analysis and quantification of

fatty acids. In this case the signals due to molecular ions of

the matrix or its impurities, adducts or clusters are in a

higher mass range and do not overlap with the analyte

signal.

Recently matrix-free laser desorption ionization (LDI)

has become a promising approach in the field of small

molecules. In this case the sample is applied onto a surface

that absorbs the laser energy without the use of additional

compounds. The direct deposition of the sample involves

minimal sample preparation and practically no signal from

the support surface [21]. Silicon has been one of the first

materials to be used as a suitable support for matrix-free

LDI [25]. Its surface can be easily oxidized and modified to

trap the analyte and it has high absorptivity in the UV,

therefore it can act like the matrix itself. This technique,

termed desorption ionization on silica (DIOS), has been

applied to a number of small molecule analytes [26]. The

use of silicon as a LDI mass spectrometry support has

evolved with the recent introduction of silicon nanowires

[27]. Muck et al. [28] provided evidence of the superiority

of this approach compared with other traditional techniques

that use energy absorbing matrices of questionable purity

and stability. Other nanostructures have interesting char-

acteristics. Carbon nanotubes have shown low signal

background and good capability to transfer energy to the

analytes [29–31]. Carbon nanotubes often have solubility

issues, however. Ren et al. [31] used oxidization to

improve solubility and produced a more homogeneous

phase with reproducible analysis.
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Graphite, a polymorph of the element carbon, has been

applied by several groups to MALDI analysis. Graphite-

assisted laser desorption/ionization (GALDI) has been

successfully used in different applications [32], in partic-

ular for protein and peptides [33] and small molecules such

as triterpenes [34, 35]. More recently colloidal graphite has

been introduced as a support for MALDI imaging studies

of small metabolites from fruits and plants [36, 37] and

cerebrosides from direct analysis of rat brain tissue [38].

An issue with the use of nano-structured materials is that

they are produced by a random process [26] that cannot

always guarantee a homogeneous surface where the sample

should be applied. In contrast, ZnO nanowires can be

selectively grown on a substrate, are easy to synthesize,

and their orientation can be controlled, so that on a flat

substrate they can be organized as vertical wire arrays with

defined dimension and structure [39]. ZnO presents char-

acteristics that are particularly suitable for many industrial

applications [40, 41]. It is a semi-conductive material that

can absorb energy from the laser in wavelengths typically

used in MALDI and transfer it to the analyte. ZnO nano-

particles have been successfully applied to the desorption/

ionization of several small molecules, from drugs to lipids

[42]. Kang et al. [41] compared a suspension of analyte/

ZnO nanowires and the direct deposition of the analyte

onto the surface of a nanowire chip. The nanowire chip

showed better performance and a potential applicability to

quantitative analysis.

There are few examples in the literature of matrix-free

LDI applications for lipids. Other small molecules, such as

fatty acids, have been analysed by DIOS [43] and with

silicon nano-wires in association with lithium hydroxide

[28]. Diamond-like carbon matrix-free targets have been

proven to be capable of absorbing laser energy and trans-

ferring it to a wide range of analytes, including lipids [44].

Another interesting application of a matrix-free approach

for lipids analysis is the one proposed by Vidova et al. [45]

for mice kidney tissue imaging experiments. This study

makes use of a commercially available nanostructured

surface (NALDITM chip, Bruker Daltonics) as a support in

LDI MS and allows the identification of a slightly higher

number of lipids species compared to analysis performed

with alpha-cyano-4-hydroxy cinnamic acid as matrix in

MALDI.

In this study we demonstrate how a NALDITM chip can

be used as a support for desorption/ionization applied for

small molecule quantitative analysis. We have examined

two phospholipids, DPPC and DC8,9PC, that have been

recently used for development of photo-triggerable lipo-

somes [46–48]. Our system represents a novel and elegant

method to determinate the concentrations of the two

phospholipids of interest in the liposomes. This method-

ology bears the potential for future applications for the

analysis of molecules with similar chemical and physical

properties.

Methods and Materials

Liposome Preparation and Treatment

Liposome Reagents

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) were

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL)

as solutions in chloroform. DC8,9PC (1,2-bis(tricosa-10,

12-diynoyl)-sn-glycero-3-phosphocholine) was synthesized

by Dr. Alok Singh at the Naval Research Laboratory

(Washington, DC) using a previously published procedure

[46]. Methanol HPLC grade was purchased from OmniSolv

(EMD Chemicals, Inc., Gibbstown, NJ), while Chloroform

ACS was from Fisher Scientific (Pittsburgh, PA).

Preparation of Liposomes

Liposomes were prepared using the probe sonication

essentially as described [46]. Briefly, DPPC:DC8,9PC

(80:20 mol%) lipid mixtures were mixed in a glass tube.

The lipid film was formed by removing the solvent under

nitrogen and any residual chloroform was removed by

placing the film overnight in a vacuum desiccator. To

encapsulate calcein, the lipid film was reconstituted in

HEPES buffer (HBS, 10 mM HEPES, 140 mM NaCl, pH

7.5) containing self-quenched concentration of calcein

(0.1 M at pH 7.2–7.6). Unilamellar vesicles were formed

by sonication at 4 �C for 5–10 min (1 min pulses and

1 min rest) using a Probe Sonicator (W-375 Heat Systems-

Ultrasonics, New York, USA). The samples were centri-

fuged to remove any titanium particles and larger aggre-

gates. Solute-loaded liposomes were separated from

unentrapped calcein using a size exclusion gel chroma-

tography column (Bio Gel A0.5 m, 1 9 40 cm, 40 ml bed

volume).

UV Treatment

Liposomes were placed in a 96-well plate (total volume of

0.2 ml) as described [47], and irradiated with a UV lamp

(UVP, short wave assembly, 115 V, 60 Hz) at 254 nm in a

distance of 1 inch for 45 min. We routinely examined

calcein leakage and DC8,9PC photo-crosslinking to confirm

the modification in our liposome preparations as previously

described [46, 47]. For mass spectrometry analysis (see

below) lipids were extracted according to the Bligh/Dyer

method [49].
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Mass Spectrometry Analysis

Reagents

Methanol was HPLC grade (OmniSolv, EMD Chemicals,

Inc., Gibbstown, NJ). Chloroform was HPLC grade from

Chromasolv (Sigma–Aldrich, St. Louis, MO). Water was

LC–MS grade from J. T. Baker (Mallinckrodt Baker Inc.,

Phillipsburg, NJ). Cesium chloride (CsCl, 99.9%) was

purchased from Sigma–Aldrich (St. Louis, MO).

Sample Preparation

Sample preparation used only glassware and Wiretrol

disposable glass micropipettes (Drummond Scientific

Company, Broomall, PA). The lipid films obtained from

Bligh–Dyer extraction were reconstituted in 200 lL of

chloroform, then diluted 1:10 in a mixture methanol/chlo-

roform, 1/1, v/v. Standard solutions for each lipid were

prepared in methanol/chloroform, 1/1, v/v. DMPC was

used as an internal standard at a concentration of 25 ng/lL

in methanol/chloroform, 1/1, v/v. A CsCl solution, 50 mM

in methanol, was used as a matrix additive to promote

formation of [M ? Cs] pseudo molecular ions for the lipids

studied. Calibration curves were created for the phospho-

lipid combination by mixing DC8,9PC in equal volume

(5 lL) with the corresponding dilution of DPPC, followed

by addition of 5 lL of DMPC 25 ng/lL and 15 lL of CsCl

50 mM. Concentration ranges for DPPC and DC8,9PC were

10–200 and 2.5–100 ng/lL, respectively. We washed the

NALDI target twice with HPLC grade chloroform and

allowed to dry prior to use. The standard solutions were

mixed and 3 lL spotted onto the surface of a NALDI chip

(Bruker Daltonics, Billerica, MA). Standards were spotted

in triplicate. In a similar fashion, 10 lL of the diluted

sample solutions were mixed with DMPC 25 ng/lL (5 lL)

and CsCl 50 mM (15 lL) and 3 lL of each solution

spotted in triplicate onto the surface of the same target

where the corresponding standard solutions were spotted.

Mass Spectrometry Analysis

All spectra were acquired on a Bruker Ultraflex III TOF/

TOF mass spectrometer (Bruker Daltonics, Billerica, MA).

Spectra of intact lipids were acquired in positive ion

reflector mode, with no ion extraction delay. Ion source

voltage 1 was 25 kV, ion source voltage 2 was 21.30 kV

and lens voltage was 9.52 kV. Reflectron and reflectron 2

were 29.50 and 13.84 kV, respectively. Deflection was set

at 600 Da. Monoisotopic masses were determined using

FlexAnalysis 3.0 (Bruker Daltonics) with the SNAP peak

picking algorithm. The instrument was calibrated in

reflector mode using peptide standards of the Bruker pep-

tide calibration kit (Bruker Daltonics, Billerica, MA). Data

acquisition and peak analysis were completely automated

with an accumulation of 1,200 shots using a random walk

pattern. To create the calibration curves, intensity ratios of

the analyte signal relative to the intensity of the internal

standard were calculated and averaged from the three

measurements at each concentration.

Results and Discussion

Phospholipids are the basis of cellular structures and

because of their amphiphilic properties, they have the

natural tendency to form a bilayers in an aqueous system

[3]. These unique properties allowed A.D. Bangham to

formulate the first preparation of liposomes with encapsu-

lated materials in 1965 [50]. Since then, scientists have

concentrated their efforts to take advantage of the charac-

teristics of liposomes to understand the biophysical prop-

erties of membranes, study lipid interactions and to create

efficient drug delivery systems [48, 51–54]. The evolution

of this concept led Yavlovich et al. [46] to design an

innovative liposome formulation for potential use as an

efficient drug release system in appropriate organs and at

the appropriate times. They were able to co-assemble

several phospholipids (e.g. DPPC and EggPC) and

DC8,9PC in the liposome bilayer. DC8,9PC, a phospholipid

with reactive diacetylenic groups, is known to undergo a

photo cross-linking reaction when treated with UV radia-

tion (254 nm) [55, 56]. Similar photo-crosslinking was

observed when DC8,9PC was embedded in DPPC bilayers

at mole ratios 1:9 and above leading to release of entrapped

liposome contents [46]. It was hypothesized that photo

cross-linking generates local defects in the liposome

membrane that can promote drug release.

The detailed analysis of the individual lipids in these

liposomes is critical to understand the nature of molecular

interactions that result in photo-crosslinking and such

information may improve design of these formulations.

Initially, we set out to develop a quantitative method for

the analysis of these lipids by MALDI mass spectrometry.

MALDI-TOF MS has not been considered the first choice

for quantitative analysis of lipids or other small molecular

weight molecules for two main reasons: first the presence

of matrix peaks and adducts in the low molecular range can

interfere with analyte peak detection and second, inho-

mogeneity of the matrix/sample crystallization process

reduces shot-to-shot reproducibility. Therefore, a matrix-

free approach was chosen to avoid the disadvantages of the

matrix and selected nanowire targets which had been
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shown to be applicable to quantitative analysis of small

molecules [41, 57].

In our initial method development we observed in the

lipid spectra the presence of multiple peaks related to the

analyte of interest—protonated and sodiated adducts—and

realized this could present difficulties in data analysis and

reproducibility of the assay. Considering the work of

Schiller et al. [58], we decided to use CsCl as a cation-

ization agent. Using CsCl, the MS signal of the phospho-

lipids was shifted by 133 Da corresponding to the atomic

mass of cesium. Other groups chose cesium acetate [24]

and they were also able to obtain dominant cesiated

adducts. Our analytes, dissolved in a mixture of chloro-

form/methanol, were mixed with a methanolic solution of

cesium chloride prior to spotting on the NALDI target.

Cesium chloride is soluble in water but not in chloroform/

methanol; therefore we prepared a stock solution of 1 M

cesium chloride in water and diluted to our working con-

centration—50 mM—in methanol, so it would be miscible

with our analyte dilution buffer (chloroform/methanol,

50/50, v/v). We tried to use other, less volatile solvents to

facilitate the sample dilution procedure, but a decrease in

the quality of the spots was observed, and consequently of

the analysis, probably due to solubility issues related to the

lipophilic nature of the analytes.

The choice of organic solvents such as chloroform and

methanol necessitated the use of glassware and glass

micropipettes for the sample preparation. We observed an

advantage in the use of volatile solvent systems: the rapid

evaporation of the solvent mixture promoted an efficient

co-crystallization of lipids and cesium chloride, resulting in

homogeneous spots, as previously observed by other

investigators [59]. Homogenous spots, along with triplicate

analyses, allowed us to control variability issues, such as

shot-to-shot, region-to-region and sample-to-sample [59,

60] variability. The possibility of bias acquisition was

considered and therefore we opted for a completely auto-

mated acquisition of data collecting 1,200 shots, in a ran-

dom walk pattern and with an intensity of laser between 15

and 60% in order to avoid saturation of the instrument. A

better reproducibility was observed with the average of

1,200 spectra, rather than with a smaller number of

acquisitions for each spot.

Release of contents from DPPC: DC8,9PC 4:1 liposomes

occurs as a result of UV-triggered DC8,9PC polymerization

in the bilayer [46]. Therefore the liposomes were loaded

with 50 mM calcein and its release was monitored after

treatment with UV (254 nm) for 45 min using a fluorescent

micro plate reader (Methods section). Before and after UV

treatment liposome lipids were extracted and analyzed by

the NALDI mass spectrometry method.

MALDI signals for DPPC and DC8,9PC were linear over

the selected ranges and the calibration curves resulted in

coefficient of determinations (R2) = 0.99, as shown in

Fig. 1. Figure 2 shows two examples of spectra obtained

from the lipids extracted and treated as described above.

The decrease in intensity of the signal of the pseudo

molecular ion for DC8,9PC after UV treatment is evident.

We were able to determine the concentration for both

DPPC and DC8,9PC using the equation from the linear

regression for each compound. Figure 3 compares the

concentration, expressed in lM, for both species before and

after UV treatment. The concentration of DPPC remained

constant (260 lM) while DC8,9PC decreased from 120 lM

in the starting liposome to 12 lM in the liposome treated

with 254 nm irradiation.

It is important to mention that the possibility of ion

suppression and ionization efficiencies of the individual

lipids we analyzed was considered. This is a common

drawback in any mass spectrometry assay and we

attempted to overcome this issue with the use of DMPC as

the internal standard as it is structurally similar to the

analytes of interest. The use of internal standards for

quantitative analysis is standard practice [24, 61–63] and it

is of crucial importance in any MALDI approach to these

types of analyses. However in some cases a suitable

internal standard may not be available, but reasonable

quantitation may still be possible [64]. For optimal results,

the use of a stable isotope analog of the analyte of interest

would be the primary choice [63] for an internal standard,

but in our case the available stable label analog of DPPC

was not of sufficient purity for use as an internal standard

so we chose a slightly smaller saturated PC as our internal

standard.

By application of this novel MS method to the analysis

of the phospholipids extracted from liposomes prepared

and treated as described by Yavlovich et al. [46], we were
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R2  = 0.992

y = 0.3974x
R2 = 0.992
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Fig. 1 Calibration curves for DPPC and DC8,9PC. Concentration

ranges for DPPC and DC8,9PC were respectively 10–200 ng/lL and

2.5–100 ng/lL

Lipids (2011) 46:469–477 473

123



able to confirm the decrease of DC8,9PC from 120 lM to

12 lM, before and after the UV treatment (Fig. 3). As

expected DPPC concentration did not change. It has been

demonstrated that DC8,9PC liposomal photo-triggering by

UV light occurs via direct photopolymerization mechanism

[46].
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Conclusion

The NALDI-based analysis of the phospholipids presented

here provides a fast and reproducible approach for the

quantitative analysis of lipids in relatively complex mix-

tures. We have demonstrated that our method is sufficiently

specific for the lipids of interest because it was not nec-

essary to use tandem mass spectrometry as suggested by

other investigators [21, 62, 65]. The use of the NALDI

targets allows for greatly simplified sample preparation and

eliminates the matrix-associated issues of inhomogeneous

crystals and matrix adducts. This approach should also be

possible to for a wide range of lipids and structurally

similar molecules.
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Abstract Excessive formation of advanced glycation end

products (AGE) and lipid accumulation in macrophages

play a pivotal role in the progression of atherosclerosis in

diabetes mellitus. This study aimed to determine the

molecular link between AGE-induced fatty acid binding

protein 4 (FABP4) expression and macrophage lipid

accumulation. AGE–BSA markedly increased macrophage

FABP4 expression via engagement of RAGE, a 35-kDa

transmembrane receptor that is able to bind extracellular

AGE and responsible for the corresponding signal trans-

duction, whereas knockdown of RAGE significantly

reversed the FABP4 up-regulation. This effect was further

paralleled with elevated intracellular total cholesterol and

triacylglycerol levels. Finally, administration of FABP4

inhibitor totally abolished the increased lipid contents in

response to AGE–BSA. These results indicate that FABP4

up-regulation is responsible for the enhanced macrophage

lipid accumulation by AGE, which may underlie the

accelerated formation of foam cells and development of

atherosclerotic cardiovascular diseases in diabetic patients.

Keywords Advanced glycation end products �
Receptor for advanced glycation end products �
Fatty acid binding protein 4 � Lipid accumulation

Abbreviations

AGE Advanced glycation end products

aP2 Adipocyte protein 2

BSA Bovine serum albumin

DMSO Dimethyl sulfoxide

esRAGE Endogenous secretary RAGE

FABP4 Fatty acid binding protein 4

FABP5 Fatty acid binding protein 5

FBS Fetal bovine serum

LOX-1 Lectin-like oxidized low-density lipoprotein

receptor 1

MSR Macrophage scavenger receptor

OD Optical density

ORO Oil red O

oxLDL Oxidized low-density lipoprotein

PBS Phosphate-buffered saline

PMA Phorbol 12-myristate 13-acetate

RAGE Receptor for advanced glycation end products

sRAGE Secretary RAGE

TAG Triacylglycerol

TC Total cholesterol

Introduction

Accelerated atherosclerosis accounts for about 80% of

morbidity and mortality in patients with diabetes [1, 2].

Increased formation of advanced glycation end products

(AGE) is recognized as an important player in diabetic

vascular complications [3, 4]. After longstanding exposure

to hyperglycemic milieu, proteins and lipids in blood and

tissues undergo non-enzymatic Maillard reaction, and

finally give rise to the irreversible formation of AGE [4].
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AGE exert adverse effects largely through engagement of

receptor for AGE (RAGE) on the cell membrane of vas-

cular wall [5–7]. Postmortem studies have consistently

shown that RAGE expression was mainly localized in

macrophages within or around necrotic cores of athero-

sclerotic plaques, and was substantially increased in

diabetic patients [8].

Macrophages actively participate in atherogenic pro-

cesses, including formation of lipid-laden foam cells and

atheromatous lipid cores [9]. FABP4, also known as adi-

pocyte protein 2 (aP2), is highly expressed in macrophages

[10]. It functions in cellular lipid metabolism, cholesterol

trafficking and other biologic responses [11, 12]. Expres-

sion of FABP4 in THP-1 monocytes/macrophages was

greatly increased upon treatment with phorbol 12-myristate

13-acetate (PMA) and oxidized low-density lipoprotein

(oxLDL), while transformation of THP-1 monocytes into

foam cells was significantly suppressed by FABP4 inhibi-

tor, a small synthetic molecule designed to competitively

prevent FABP4 from binding fatty acids [13, 14]. Like-

wise, inhibition of FABP4 expression either by macro-

phage-specific gene deficiency or administration of FABP4

inhibitor in vivo led to a protection from the development

of atherosclerosis [15]. Iwashima et al. [6] observed that

macrophage lipoprotein receptors, including CD36, mac-

rophage scavenger receptor (MSR) class A and lectin-like

oxLDL receptor 1 (LOX-1) were up-regulated in response

to AGE stimulation, whereas key proteins localized on the

cell membrane that mediate macrophage cholesterol efflux,

including ABCA1 and ABCG1, were down-regulated or

destabilized [16, 17].

It is still unclear, however, whether macrophage FABP4

remains, equally or to a greater extent, an active pro-ath-

erogenic participator in the context of diabetes where AGE

are greatly enriched. In this study, we tested the hypothesis

that AGE-induced FABP4 expression in THP-1 macro-

phages was potentially associated with an increase in

intracellular lipid levels. The assessment of lipid contents

after FABP4 inhibitor administration was also performed.

Materials and Methods

Cell Culture

Human monocytic leukemia THP-1 cells were obtained

from ATCC and cultured in Gibco RPMI 1640 medium

supplemented with 10% heat-inactivated fetal bovine

serum (FBS), 50 U/ml penicillin and 50U/ml streptomycin

(Gibco, Auckland, New Zealand) at 37 �C in 5% CO2.

THP-1 monocytes were differentiated into macrophages by

induction of 100nM phorbol 12-myristate 13-acetate

(Sigma-Aldrich, MO) for 48 h. Cells were then incubated

in the presence or absence of bovine serum albumin (BSA;

fatty acid free, catalog no. 126575; Calbiochem, CA) or

AGE–BSA (catalog no. 121800; Calbiochem, CA) for the

indicated time intervals. FABP4 inhibitor (Calbiochem,

CA) dissolved in dimethyl sulfoxide (DMSO) at the indi-

cated concentrations was administrated for study purpose.

Transfection of RAGE-Specific siRNA

Transient transfection of THP-1 macrophages with RAGE-

specific and negative control siRNA (Ambion CA) was

scheduled as follows: Silencing RAGE expression was

performed using human RAGE-specific siRNA and siRNA

transfection reagent (Lipofectamine 2000, Invitrogen, CA)

to macrophages. Macrophages grown in 6-well plates were

transfected with various concentrations of siRNA according

to the manufacturer’s protocol. The RAGE-specific siRNA

(100 pM) for reducing RAGE expression was added 48 h

before AGE stimulation; macrophages were then exposed to

BSA or AGE–BSA (Calbiochem CA) for 24 or 48 h for

RNA or protein analysis and ORO-staining, respectively.

Assessment of Intracellular Lipid Contents

Cultured and transfected macrophages were washed twice

in phosphate-buffered saline (PBS, Gibco, Auckland, New

Zealand) and then fixed in 4% paraformaldehyde for

30 min. After rinsing with ddH2O, macrophages were

incubated with filtered Oil Red O solution (0.6 g/L ORO in

60% isopropanol) (ORO, Sigma-Aldrich, MO) for 10 min

and with 1 mL of Mayer’s hemalum (Merck, Darmstadt)

for 1 min. After rinsing with PBS four times, intracellular

lipid droplets were evaluated under Olympus DP-71 micro-

scope. Spectrophotometric quantification of the staining was

performed as described previously [18]. Briefly, stained oil

droplets were dissolved in 100% isopropanol for 10 min.

Then optical density was measured at 500 nm and equalized

with the cell numbers estimated by microscope. Quantifica-

tions of intracellular total cholesterol and triacylglycerol

levels were performed following the protocols from the

manufacture (Biovision, CA) and analyzed with a micro-

titer plate reader (Ex/Em = 538/587 nm). Total cholesterol

and triacylglycerol concentrations were expressed as

micrograms per milligram protein and nanomoles per

milligram protein sample, respectively.

Quantitative Real-Time PCR Analysis

Total RNA was isolated using Trizol reagent (Invitrogen,

CA). For reverse transcription, 1 lg of the total RNA was

converted to first strand complementary DNA in 20-ll

reactions using a reverse transcription kit (Promega, WI).

Quantitative real-time PCR analysis was performed
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(StepOne, Applied Biosystems) using SYBR Green

(Takara, Dalian, China). The thermal cycling program was

10 s at 95 �C for enzyme activation and 40 cycles of

denaturation for 5 s at 95 �C, 31 s 60 �C for annealing and

extension. The comparative cycle threshold (CT) method

was used to determine relative mRNA expression of genes

as normalized by b-actin housekeeping gene. Primers

used are as follows: 50-TGGGATGGAAAATCAACC-30

for FABP4-F, 50-TCTCTCATAAACTCTCGTGG-30 for

FABP4-R, 50-GGCAGAAAAACTCAGAC-30 for FABP5-

F, 50-GACACACTCCACCACTAA-30 for FABP5-R, 50-G
CTGGTGTTCCCAATAA-30 for AGER-F, 50-AGTGTGA

AGAGCCCTGT-30 for AGER-R, 50-CGTGGACATCCG

CAAAG-30 for b-actin-F, and 50-TGGAAGGTGGACAG

CGA-30 for b-actin-R.

Western Blot

Total proteins were prepared by standard procedures and

assessed by microplate protein assay (BSA; Pierce, IL).

Thirty micrograms of protein per sample and known

molecular weight markers were loaded onto a 12% SDS-

polyacrylamide gel. After SDS-polyacrylamide gel elec-

trophoresis, proteins were transferred to PVDF membranes

(Millipore, MA). The blocked membranes (5% nonfat milk

in TBS buffer containing 0.1% Tween 20) were incubated

with anti-FABP4 (1:1000; Santa Cruz Biotechnology, CA),

anti-RAGE (1:1000; Abcam, MA) and anti-b-actin anti-

body (1:1000; Cell Signaling Technology, MA) for over-

night at 4 �C. The membranes were then treated with

horseradish peroxidase-conjugated rabbit anti-goat, goat

anti-rabbit or goat anti-mouse antibodies (1:5000; Bio-Rad,

Hercules, CA). After washing, immunodetection analysis

was accomplished using the Immobilon Western Chemi-

luminescent HRP Substrate (Millipore, MA).

Statistical Analysis

Data are expressed as means ± SEM. The mean values for

biochemical measurements from each group were com-

pared using Student’s t test. A P \ 0.05 was considered

statistically significant.

Results

AGE–BSA-Induced Up-Regulation of FABP4

Expression

After incubation with AGE–BSA for 24 h at various con-

centrations (from 25 to 200 lg/ml), FABP4 expression was

substantially up-regulated, and reached the maximum level

Fig. 1 Up-regulation of FABP4

mRNA expression by AGE–

BSA. a, c THP-1 macrophages

were treated with indicated

doses of BSA or AGE–BSA

for 24 h. b Macrophages were

either untreated or treated with

100 lg/ml AGE–BSA for

various time intervals. FABP4

and FABP5 mRNA levels were

detected by quantitative real-

time PCR; data are expressed

relatively to untreated cells,

arbitrarily set at the level of 1,

and are the means ± SEM

of at least three independent

experiments. *P \ 0.05 and

**P \ 0.01 when compared

with untreated cells

Lipids (2011) 46:479–486 481

123



at 100 lg/ml (3.59 ± 0.53-fold vs. con; P = 0.001),

whereas BSA did not affect FABP4 expression signifi-

cantly (0.95 ± 0.14-fold vs. con, P = 0.577; Fig. 1a). A

3.9-fold increase in FABP4 expression was observed by

48 h of incubation (P = 0.0003; Fig. 1b). FABP5, another

fatty acid binding protein expressed in macrophages, was

not affected by AGE (Fig. 1c).

RAGE Mediates AGE–BSA-Induced FABP4

Expression

AGE–BSA moderately increased RAGE expression by

1.2-fold in cells transfected with non-specific negative control

siRNA (P = 0.010, Fig. 2a). After gene silencing of RAGE,

AGE exposure no longer affected FAPB4 expression both at

mRNA (1.38 ± 0.24-fold vs. BSA, P = 0.069; Fig. 2b) and

protein (Fig. 2c) levels when compared with negative control-

treated groups (2.78 ± 0.36-fold vs. BSA, P = 0.001).

AGE–BSA-Induced Macrophage Lipid Accumulation

Oil red O (ORO) staining of lipid droplets was most evident

at 100 and 200 lg/ml of AGE–BSA (Fig. 3a, b). A similar

trend was also obtained for intracellular TC (100 lg/ml

AGE–BSA: 37.20 ± 2.52 lg/mg, P = 0.0002; 200 lg/ml

AGE–BSA: 29.89 ± 4.67 lg/mg, P = 0.0066 vs. con:

15.10 ± 1.61 lg/mg; Fig. 3c) and TAG levels (100 lg/ml

AGE–BSA: 4.35 ± 1.35 nmol/mg, P = 0.0252; 200 lg/ml

AGE–BSA: 2.89 ± 0.75 nmol/mg, P = 0.0463 vs. con:

1.64 ± 0.08 nmol/mg; Fig. 3d). RAGE knockdown mark-

edly reduced lipid contents in response to AGE exposure

(TC, 21.92 ± 3.09 lg/mg vs. BSA: 17.23 ± 2.20 lg/mg,

P = 0.0980; TAG, 5.64 ± 1.43 nmol/mg vs. BSA: 1.85 ±

1.10 nmol/mg, P = 0.0220) when compared with nega-

tive control-treated cells, as demonstrated by ORO

staining (Fig. 3e, f), TC (Fig. 3g) and TAG (Fig. 3h)

quantification.

Fig. 2 Effect of RAGE knockdown by siRNA transfection on

FABP4 expression. Macrophages were transfected with negative

control or RAGE specific siRNA for 48 h and exposed to BSA or

AGE–BSA, respectively, at the concentration of 100 lg/ml. Then

mRNA expression levels of RAGE (a) and FABP4 (b) were

determined using quantitative real-time PCR; data are expressed

relatively to untreated cells, arbitrarily set at the level of 1, and are the

means ± SEM of at least three independent experiments. c Protein

expression levels of FABP4 and RAGE in each group were analyzed

by Western blot. b-actin demonstrated equal loading. The right panel

shows the average densitometric analysis of three independent

experiments. Data are expressed in arbitrary units. *P \ 0.05 and

**P \ 0.01 compared with BSA-treated cells in the same group.
#P \ 0.01 versus cells with the same BSA or AGE–BSA treatment in

negative control group
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Changes After Incubation with FABP4 Inhibitor

After incubation with FABP4 inhibitor for 48 h, AGE-induced

lipid accumulation in macrophages was substantially

suppressed and reached the maximum effect at 40 lM as

demonstrated by ORO staining (Fig. 4a, b), TC (14.92 ±

1.54 lg/mg vs. BSA: 14.56 ± 0.81ug/mg, P = 0.7356;

Fig. 4c) and TAG (0.79 ± 0.35 nmol/mg vs. BSA:

Fig. 3 Up-regulation of lipid contents by AGE–BSA via RAGE.

a–d Macrophages were either untreated or treated with indicated

doses of BSA and AGE–BSA for 48 h. e–h Macrophages were

transfected with negative control or RAGE specific siRNA for 48 h

and then exposed to BSA or AGE–BSA, respectively, at the

concentration of 100 lg/ml. a, e Intracellular lipid droplets were

observed through light microscope after ORO staining; pictures

acquired at the magnification of 4009 and processed using identical

conditions are representative of three independent experiments.

b, f Spectrophotometric quantifications of ORO staining by optical

density at 500 nm were shown. Intracellular total cholesterol

(c, g) and triacylglycerol (d, h) concentrations were determined

using a fluorometric method; data are presented as micrograms of

total cholesterol per milligrams of protein or nanomoles of triacyl-

glycerol per milligrams of protein ± SEM of three independent

experiments. *P \ 0.05 versus untreated cells (b, c, d) or BSA-

treated cells in the same group (f, g, h). **P \ 0.01 versus untreated

cells
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0.52 ± 0.24 nmol/mg, P = 0.2656; Fig. 4d) quantification

when compared with macrophages without FABP4 treat-

ment. AGE–BSA up-regulated FABP4 protein levels

irrespective of FABP4 inhibitor at each concentration

(Fig. 4e). FABP5 expression was not affected by FABP4

inhibitor (Fig. 4f).

Fig. 4 Effect of FABP4 inhibitor on AGE–BSA-induced lipid

accumulation. Macrophages were treated with 100 lg/ml BSA or

AGE–BSA in the absence or presence of indicated doses of FABP4

inhibitor for 48 h. a Intracellular cellular lipid droplets were stained

with ORO and quantified by optical density at 500 nm or b observed

through light microscope; pictures acquired at the magnification of

4009 and processed using identical conditions are representative of

three independent experiments. Intracellular total cholesterol (c) and

triacylglycerol (d) concentrations were determined using a fluoro-

metric method; data are presented as micrograms of total cholesterol

per milligrams of protein or nanomoles of triacylglycerol per

milligrams of protein ± SEM of three independent experiments.

e FABP4 protein expression levels in each group were analyzed by

Western blot. b-actin demonstrated equal loading. f THP-1 macro-

phages were treated with or without 40 lM FABP4 inhibitor for 48 h.

FABP5 mRNA levels were detected by quantitative real-time PCR;

data are expressed relatively to untreated cells, arbitrarily set at the

level of 1, and are the means ± SEM of at least three independent

experiments. *P \ 0.05; **P \ 0.01 versus BSA-treated cells in the

same group
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Discussion

In THP-1 macrophages, AGE-induced FABP4 expression

via a RAGE-dependent signaling pathway resulted in

increased intracellular lipid levels, which could be attenu-

ated by FABP4 inhibitor.

AGE are increasingly regarded as an indispensable factor

for severity and progression of atherosclerosis in patients

with diabetes [8]. AGE-albumin, a further glycation modi-

fied protein derived from Amadori adduct exerts more

severe pathogenic influence. Elevated serum AGE-albumin

and decreased serum endogenous secretary RAGE (esRAGE)

levels highly correlated with the extent of angiographic

severity in patients with type 2 diabetes [19, 20]. In contrast,

in vivo studies showed that administration of soluble RAGE

(sRAGE), another truncated form of RAGE acting as a decoy

for AGE, completely suppressed diabetic atherosclerosis in

glycemia- and lipid-independent manners [21]. Other

approaches utilizing inhibitors for AGE formation, including

aminoguanidine and an AGE cross-link breaker ALT-711,

also led to a striking reduction in atherosclerotic lesions in

diabetic apoE-deficient mice [22].

Despite the important contribution of AGE to the accel-

erated atherosclerosis in diabetes, the specific molecular

mechanisms in response to AGE within a macrophage

(a central player in atherogenesis) remain unclear. In this

study, we discovered that exposure of THP-1 macrophages

to AGE was time-dependently associated with a significant

elevation of FABP4 expression, reaching its maximum

level when 100 lg/ml AGE–BSA was used. At the same

time, the enhanced expression of FABP4 was paralleled

with increases in intracellular TC and TAG levels. RAGE-

specific gene silencing led to reversions both in FABP4

expression and lipid contents, suggesting that AGE-elicited

atherogenic effects in macrophages were, at least partly,

RAGE-dependent. Finally, this increase in lipid levels was

totally abolished by simultaneous administration of FABP4

inhibitor.

Our study is the first to show that macrophage FABP4

expression, a critical participant in atherogenesis, is further

enhanced in the context of diabetes. In an animal experi-

ment, Gerrity et al. [2] observed that FABP4 deficiency

protected against the development of insulin resistance,

diabetes, and atherosclerotic cardiovascular disease.

Recent population studies revealed that genetic variations

at the FABP4 locus in humans led to lowered serum

triglyceride levels, and a markedly reduced risk of coro-

nary heart disease in type 2 diabetes [23]. These anti-

atherosclerotic effects were mainly attributed to the

improvement of glucose control, insulin resistance and

dyslipidemia [24, 25]. In this study, we demonstrated that

exposure of macrophages to AGE was capable of

increasing intracellular FAPB4 levels and lipid contents,

similar to that when transforming macrophages to foam

cells in the presence of oxLDL stimulation [14]. These

observations suggest that excessive formation of AGE

could render diabetic patients under high risk of developing

atherosclerosis like those with dyslipidemia. [26–28].

Furthermore, our results imply that FABP4 might be a

potential therapeutic target for the treatment of diabetic

patients with atherosclerosis. In this study, mild doses of

FABP4 inhibitor (10–20 lM) greatly attenuated AGE–

BSA elicited macrophage lipid accumulation, whereas lipid

levels in the absence of AGE were not affected. These

findings indicate that FABP4 inhibitor may not disturb

physiological lipid metabolism in macrophages, but, on the

contrary, suppresses exclusively pathological excessive

lipid accumulation.

This study does not specify the mechanisms by which

lipid contents and trafficking are affected by AGE besides

the elevated FAPB4 level. Deficiency of FABP4 enhanced

CD36-mediated lipoprotein entry and, at the same time,

activated ABCA1-dependent lipid efflux to a greater

extent, thereby lowering intracellular lipid contents [29].

Likewise, AGE stimulation on macrophages could increase

SRA-1 and CD36 and decrease ABCG1 protein levels

[6, 16, 17]. Thus, enhanced expression of FABP4 by AGE

might extensively affect lipid influx and efflux, directly or

indirectly, at the same time to increase lipid accumulation.

Further studies including analysis of lipid trafficking in

macrophages from FABP4-deficient mice and blocking

lipoprotein transporters by their specific siRNA or anti-

bodies, are needed to elucidate the mechanisms.

In conclusion, this study demonstrates a causal molec-

ular link between AGE and FABP4 in macrophage lipid

accumulation. FABP4 inhibitor may be useful for sup-

pressing the atherosclerotic process in patients with

diabetes.

Acknowledgments This work was supported by grant from Chinese

National Nature Science Foundation (No. 30871084).

Conflict of interest All authors have no conflict of interest.

References

1. Kannel WB, McGee DL (1979) Diabetes and cardiovascular

disease. The Framingham Study. JAMA 241:2035–2038

2. Gerrity RG, Natarajan R, Nadler JL, Kimsey T (2001) Diabetes-

induced accelerated atherosclerosis in swine. Diabetes 50:1654–

1665

3. Basta G, Schmidt AM, De Caterina R (2004) Advanced glycation

end products and vascular inflammation: implications for accel-

erated atherosclerosis in diabetes. Cardiovasc Res 63:582–592

4. Goldin A, Beckman JA, Schmidt AM, Creager MA (2006)

Advanced glycation end products: sparking the development of

diabetic vascular injury. Circulation 114:597–605

Lipids (2011) 46:479–486 485

123



5. Morigi M, Angioletti S, Imberti B, Donadelli R, Micheletti G,

Figliuzzi M, Remuzzi A, Zoja C, Remuzzi G (1998) Leukocyte-

endothelial interaction is augmented by high glucose concentra-

tions and hyperglycemia in a NF-kB-dependent fashion. J Clin

Invest 101:1905–1915

6. Iwashima Y, Eto M, Hata A, Kaku K, Horiuchi S, Ushikubi F,

Sano H (2000) Advanced glycation end products-induced gene

expression of scavenger receptors in cultured human monocyte-

derived macrophages. Biochem Biophys Res Commun 277:

368–380

7. Lander HM, Tauras JM, Ogiste JS, Hori O, Moss RA, Schmidt

AM (1997) Activation of the receptor for advanced glycation end

products triggers a p21(ras)-dependent mitogen-activated protein

kinase pathway regulated by oxidant stress. J Biol Chem

272:17810–17814

8. Burke AP, Kolodgie FD, Zieske A, Fowler DR, Weber DK,

Varghese PJ, Farb A, Virmani R (2004) Morphologic findings of

coronary atherosclerotic plaques in diabetics: a postmortem

study. Arterioscler Thromb Vasc Biol 24:1266–1271

9. Luliano L (2001) Inflammation, atherosclerosis, and coronary

artery disease. Lipids 352:S41–S44

10. Hotamisligil GS, Johnson RS, Distel RJ, Ellis R, Papaioannou

VE, Spiegelman BM (1996) Uncoupling of obesity from insulin

resistance through a targeted mutation in aP2, the adipocyte fatty

acid binding protein. Science 274:1377–1379

11. Boord JB, Maeda K, Makowski L, Babaev VR, Fazio S, Linton MF,

Hotamisligil GS (2002) Adipocyte fatty acid-binding protein, aP2,

alters late atherosclerotic lesion formation in severe hypercholes-

terolemia. Arterioscler Thromb Vasc Biol 22:1686–1691

12. Fu Y, Luo N, Lopes-Virella MF, Garvey WT (2002) The adi-

pocyte lipid binding protein (ALBP/aP2) gene facilitates foam

cell formation in human THP-1 macrophages. Atherosclerosis

165:259–269

13. Pelton PD, Zhou L, Demarest KT, Burris TP (1999) PPARgamma

activation induces the expression of the adipocyte fatty acid

binding protein gene in human monocytes. Biochem Biophys Res

Commun 261:456–458

14. Fu Y, Luo N, Lopes-Virella MF (2000) Oxidized LDL induces

the expression of ALBP/aP2 mRNA and protein in human THP-1

macrophages. J Lipid Res 41:2017–2023

15. Furuhashi M, Tuncman G, Gorgun CZ, Makowski L, Atsumi G,

Vaillancourt E, Kono K, Babaev VR, Fazio S, Linton MF, Sulsky

R, Robl JA, Parker RA, Hotamisligil GS (2007) Treatment of

diabetes and atherosclerosis by inhibiting fatty-acid-binding

protein aP2. Nature 447:959–965

16. Passarelli M, Tang C, McDonald TO, O’Brien KD, Gerrity RG,

Heinecke JW, Oram JF (2005) Advanced glycation end product

precursors impair ABCA1-dependent cholesterol removal from

cells. Diabetes 54:2198–2205

17. Isoda K, Folco EJ, Shimizu K, Libby P (2007) AGE–BSA

decreases ABCG1 expression and reduces macrophage choles-

terol efflux to HDL. Atherosclerosis 192:298–304

18. Kim KA, Kim JH, Wang Y, Sul HS (2007) Pref-1 (preadipocyte

factor 1) activates the MEK/extracellular signal-regulated kinase

pathway to inhibit adipocyte differentiation. Mol Cell Biol

27:2294–2308

19. Lu L, Pu LJ, Zhang Q, Wang LJ, Kang S, Zhang RY, Chen QJ,

Wang JG, De Caterina R, Shen WF (2009) Increased glycated

albumin and decreased esRAGE levels are related to angio-

graphic severity and extent of coronary artery disease in patients

with type 2 diabetes. Atherosclerosis 206:540–545

20. Pu LJ, Lu L, Shen WF, Zhang Q, Zhang RY, Zhang JS, Hu J,

Yang ZK, Ding FH, Chen QJ, Shen J, Fang DH, Lou S (2007)

Increased serum glycated albumin level is associated with the

presence and severity of coronary artery disease in type 2 diabetic

patients. Circ J 71:1067–1073

21. Bucciarelli LG, Wendt T, Qu W, Lu Y, Lalla E, Rong LL, Goova

MT, Moser B, Kislinger T, Lee DC, Kashyap Y, Stern DM,

Schmidt AM (2002) RAGE blockade stabilizes established ath-

erosclerosis in diabetic apolipoprotein E-null mice. Circulation

106:2827–2835

22. Forbes JM, Yee LT, Thallas V, Lassila M, Candido R, Jandeleit-

Dahm KA, Thomas MC, Burns WC, Deemer EK, Thorpe SR,

Cooper ME, Allen TJ (2004) Advanced glycation end product

interventions reduce diabetes-accelerated atherosclerosis. Diabe-

tes 53:1813–1823

23. Tuncman G, Erbay E, Hom X, De Vivo I, Campos H, Rimm EB,

Hotamisligil GS (2006) A genetic variant at the fatty acid-binding

protein aP2 locus reduces the risk for hypertriglyceridemia, type

2 diabetes, and cardiovascular disease. Proc Natl Acad Sci USA

103:6970–6975

24. Furuhashi M, Fucho R, Görgün CZ, Tuncman G, Cao H,

Hotamisligil GS (2008) Adipocyte/macrophage fatty acid-

binding proteins contribute to metabolic deterioration through

actions in both macrophages and adipocytes in mice. J Clin Invest

118:2640–2650

25. Shaughnessy S, Smith ER, Kodukula S, Storch J, Fried SK (2000)

Adipocyte metabolism in adipocyte fatty acid binding protein

knockout mice (aP2-/-) after short-term high-fat feeding: func-

tional compensation by the keratinocyte fatty acid binding pro-

tein. Diabetes 49:904–911

26. Bahramian N, Ostergren-Lundén G, Bondjers G, Olsson U (2004)

Fatty acids induce increased granulocyte macrophage-colony

stimulating factor secretion through protein kinase C-activation

in THP-1 macrophages. Lipids 39:243–249

27. Goff DC Jr, Bertoni AG, Kramer H, Bonds D, Blumenthal RS,

Tsai MY, Psaty BM (2006) Dyslipidemia prevalence, treatment,

and control in the Multi-Ethnic Study of Atherosclerosis

(MESA): gender, ethnicity, and coronary artery calcium. Circu-

lation 113:647–656

28. Nakhjavani M, Khalilzadeh O, Khajeali L, Esteghamati A,

Morteza A, Jamali A, Dadkhahipour S (2010) Serum oxidized-

LDL is associated with diabetes duration independent of main-

taining optimized levels of LDL-cholesterol. Lipids 45:321–327

29. Makowski L, Brittingham KC, Reynolds JM, Suttles J, Hotami-

sligil GS (2005) The fatty acid-binding protein, aP2, coordinates

macrophage cholesterol trafficking and inflammatory activity.

Macrophage expression of aP2 impacts peroxisome proliferator-

activated receptor gamma and IkappaB kinase activities. J Biol

Chem 280:12888–12895

486 Lipids (2011) 46:479–486

123



ORIGINAL ARTICLE

Temporary Increase of PPAR-c and Transient Expression
of UCP-1 in Stromal Vascular Fraction Isolated Human
Adipocyte Derived Stem Cells During Adipogenesis

Seong Jin Jo • Won Woo Choi • Eun Seong Lee •

Jae Yong Lee • Hyun Sun Park • Dae Won Moon •

Hee Chul Eun • Jin Ho Chung

Received: 14 July 2010 / Accepted: 20 December 2010 / Published online: 10 February 2011

� AOCS 2011

Abstract In this study, cells from the stromal vascular

fraction of human subcutaneous tissues were induced to

differentiate toward adipose cells in vitro for 2 weeks.

During adipogenic differentiation, we followed the chro-

nological changes in their morphology with Coherent anti-

Stokes Raman scattering (CARS) microscopy and checked

the PPAR-c and UCP-1 expression with RT-PCR. On day 4

after inducing adipogenic differentiation, CARS imaging

showed multiple small lipid droplets (LD) distributed

peripherally along the cellular membrane. PPAR-c began

to express at this time and increased until day 14 at a steady

rate. On day 7, the cells appeared as brown adipocytes with

numerous small LD throughout the cytoplasm, and the

mRNA level of UCP-1 rose abruptly by 6- to 7-fold. After

an additional 7 days, CARS imaging showed the devel-

opment of a large LD, which is characteristic of white

adipocytes, and the mRNA level of UCP-1 slumped sig-

nificantly. These results demonstrate the possibility that

ADSC pass through a brown adipocyte-like stage while

differentiating into white adipocytes.

Keywords Adipogenesis � Adipose-derived stem cell �
UCP-1

Abbreviations

ADSC Adipose-derived stem cell

BAT Brown adipose tissue

CARS Coherent anti-Stokes Raman scattering

DMEM Dulbecco’s modified Eagle’s medium

FBS Fetal bovine serum

IBMX Isobutyl-methylxanthine

LD Lipid droplet

PBS Phosphate-buffered saline

PPAR-c Peroxisome proliferator-activated receptor-c
SVF Stromal vascular fraction

UCP-1 Mitochondria-uncoupling protein-1

WAT White adipose tissue

Introduction

Adipose tissue has been classified into two distinct types in

mammals: WAT and BAT [1]. WAT is mainly involved in

energy storage [2], while BAT forms heat using accumulated

lipids [3] and the thermogenic capability depends on the

presence of UCP-1 which is unique and specific to brown

adipocytes [4, 5]. Although both of them are important to

control the energy balance, they are regarded as distinct tissues

and thought to develop independently for several reasons. One

of the reasons is that white adipocytes do not express UCP-1

during adipogenesis, which was supported indirectly by an

experiment using double transgenic mice [6].

Adipogenesis is a complicated process, which eventually

results in the expression of various adipocyte-associated genes

as well as an increased capacity of the cell for lipid-filling [7, 8].

For the past 20 years, many studies of adipogenesis have been

conducted using preadipocyte clonal lines from rodents [8–10].
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Although the results of studies using established cell lines have

been invaluable, they are limited in their applicability to an in

vivo human context because of their aneuploidy, unipotency,

site-restriction and the species–species differences between

humans and mice [9, 11]. Recently, a new era has started after

the identification of human ADSC, mesenchymal stem cells

isolated from adipose tissue. ADSC have a self-renewal

capacity and multi-lineage potential toward adipocytes, osteo-

blast, chondrocytes, myoblasts and neuronal cells [12, 13].

Additionally, they are easily processed from lipoaspirated fat

and can provide a significant quantity of multipotent stem cells

[14]. Compared to clonal cell lines from mice, human ADSC

may be much more appropriate for studies of adipocyte dif-

ferentiation because they can offset the disadvantages of pre-

vious models and can better reflect the in vivo human context.

CARS microscopy is an advanced technique for the real-

time imaging of live cells. It requires neither fixation nor a

fluorescent probe. In the CARS process, a ‘‘pump’’ beam at

a higher frequency (xp), a ‘‘Stokes’’ beam at a lower fre-

quency (xs) and a ‘‘probe’’ beam (x0p) at the same fre-

quency as the pump beam interact with a sample to

generate an ‘‘anti-Stokes’’ beam, presented in the form of

the equation 2xp - xs. These signals are maximized by

tuning the frequency difference (xp - xs) to the vibration

of specific chemical bonds, which provides chemical

selectivity in CARS microscopy [15]. In particular, CARS

microscopy shows high sensitivity to the C–H vibration of

lipid-rich molecules. Thus, CARS microscopy has been

used to visualize lipids, axonal myelin sheaths and lipid-

rich cells [16, 17]. Moreover, it was shown to be effective

for imaging LD, in which the fatty acyl group is highly

accumulated, in live cells without fixation [18].

In this study, we isolated the stromal-vascular fraction

(SVF) cells from human subcutaneous tissue which con-

tains ADSC and induced the cells to differentiate toward

adipose tissue in vitro. To characterize the morphologic

and molecular change of the cells during adipogenic dif-

ferentiation, we serially imaged live cells with CARS

microscopy and examined the PPAR-c and UCP-1

expression with RT-PCR. On day 7 of adipogenesis, these

cells transiently appeared multilocular with numerous

small LD with an abrupt increase of UCP-1, thus sug-

gesting that stem cells passes through a brown adipocytes-

like stage while differentiating to white adipocytes.

Materials and Methods

Isolation and Culture of Human ADSC

Before the study, the protocols for fat collection were

reviewed and approved by the institutional research board

of the Seoul National University Hospital Clinical

Research Institute, and informed consent was obtained

from the human subjects. Liposuction aspirates from

abdominal subcutaneous tissue were acquired from three

healthy female donors undergoing elective procedures

under tumescent anesthesia. The lipoaspirates were washed

with PBS and were subsequently finely minced. The

extracellular matrix was digested with 0.075% collagenase

type I (Sigma-Aldrich, St. Louis, MO). Enzyme activity

was neutralized with DMEM containing 10% FBS and the

tissue was centrifuged for 10 min at 1,200g at room tem-

perature. The supernatant, containing mature adipocytes,

was aspirated. The pelleted SVF cells were collected and

then plated in 175 cm2 flasks (Becton–Dickinson AG,

Basel. Switzerland) in a control medium which consisted

of DMEM, 10% FBS, and 1% penicillin/streptomycin

5,000 U/ml (Invitrogen AG, Bagel, Switzerland). After

that, they were incubated overnight at 37 �C in 5% CO2.

The resulting cell population includes human ADSC. [12,

13]. This initial passage was referred to as passage 0 (P0).

After they achieved 90% confluence, the cells were pas-

saged repeatedly until P8 by trypsin (0.05%, Invitrogen

AG, Basel, Switzerland) in the same way.

Flow Cytometry

Cells at passage 4 were harvested and labeled with the

following anti-human antibodies: anti-CD29-FITC (Santa

Cruz Biotechnology, Santa Cruz, CA), anti-CD44-FITC

(Dako, Carpinteria, CA), anti-CD31-FITC, and anti-CD34-

FITC (Becton–Dickinson, San Diego, CA). Mouse isotype

antibodies served as controls. Cells were analyzed using a

FACS Calibur flow cytometer (Becton–Dickinson) [19].

Multilineage Differentiation of Human ADSC in Vitro

Human ADSC at passage 4 were analyzed to confirm their

capacity to differentiate toward the adipogenic, osteogenic,

and chondrogenic lineages. To induce the respective dif-

ferentiations, ADSC were cultured with previously

described lineage-specific induction media [12, 20, 21], as

detailed in Table 1. To induce adipogenic and osteogenic

differentiation, cultures in respective lineage-specific

media were maintained at 37 �C in 5% CO2 for 2 weeks.

Chondrogenic differentiation was determined using a slight

modification of a previously described pellet culture tech-

nique [22]. Briefly, ADSC were placed in 15 ml polypro-

pylene conical tubes, centrifuged at 1,500 rpm for 5 min,

and then cultured in chondrogenic medium (CM) at 37 �C

in 5% CO2 for 4 weeks. ADSC maintained in the control

medium were analyzed as negative controls. During the

culturing process, the medium was changed every 2 days.
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Histological Analysis

Differentiated ADSC were confirmed using histological

assays [12]. Oil red O stain was used for adipogenesis, alkaline

phosphatase (AP) activity and von Kossa stain for osteogen-

esis, and Safranin O stain for chondrogenesis. For Oil red O

stain, cells were fixed with a 3.7% solution of formaldehyde,

washed with distilled water, and stained with Oil red O solu-

tion for 10 min. AP activity was detected by fixing the cells

with a 3.7% solution of formaldehyde and staining with AP

solution including 1% naphthol ABSI phosphate. For von

Kossa staining, the cells were fixed with 1% paraformalde-

hyde for 15 min and overlaid for 15 min with a 5% silver

nitrate solution in the dark at room temperature. Then, they

were left under UV light for 20 min, followed by incubation

with sodium thiosulfate for 2 min. For Safranin-O staining,

the tissue sections were deparaffinized with xylene and etha-

nol. Then 1% aqueous Safranin-O was added for 30 min and

0.2% fast green was added for 3 min. After that, the sections

were washed with distilled water and with serial concentra-

tions of 70, 80, and 95% ethanol.

Coherent Anti-Stokes Raman Scattering (CARS)

Microscopy

For the CARS image measurements, the pump and the

Stokes beams were generated from two synchronized

76-MHz near-infrared mode-locked lasers. An Nd:Vanadate

laser with a pulse duration of 7 ps (PicoTRAIN, High Q

Laser Production GmbH, Hohenems, Austria) was used as

the Stokes beam at 1,064 nm, and a pump beam with a

duration of 6 ps at 776 nm was generated from an intracavity

doubled optical parametric oscillator (Levante, APE GmbH,

Berlin, Germany) that is synchronously pumped by the

Nd:vanadate laser. The power levels of the pump and the

Stokes beams were kept around 50 and 25 mW, respectively.

A multiplexed pump beam of 30 nm bandwidth at 817.2 nm

was produced from a femtosecond Ti:sapphire laser (Micra-

10, Coherent Inc., Santa Clara, CA) with an average power of

900 mW, whose output pulse train was synchronized with

that of the 1,064 nm picosecond laser by using an electronic

cavity feedback module (SynchroLock-AP, Coherent Inc.).

The Raman shift value set in the laser wavelengths was

nearly in resonance with the CH-stretching vibrational

modes of the sample. The synchronized three laser beams

were then collinearly combined and sent to and inverted

optical microscope (IX81, Olympus, Tokyo, Japan). The

CARS excitation beams were then focused onto a sample by

a 1.2-NA water immersion objective lens (UPLSAPO/IR

60X, Olympus). The forward CARS signal in the lipid

window (644–683 nm) was collected by a 0.55-NA con-

denser lens and directed to the photomultiplier tube (R3896,

Hamamatsu Photonics, Hamamatsu, Japan). The CARS

images having a maximum field of view of 250 9 250 lm2

were acquired by performing raster scans of the laser beams

on the sample.

Reverse Transcription-Polymerase Chain Reaction

(RT-PCR) Analysis

Adipogenic differentiated cells were collected at defined

time points (day 1, 4, 7 and 14), and non-induced cells

were also examined as a negative control. Total RNA from

each cell group was extracted by TRIzol reagent (Invitro-

gen) and was reverse transcribed using the TaqMan Gold

RT-PCR kit (Applied Biosystems, Foster City, CA, USA).

All real-time PCR measurements were performed using an

ABI 7000 real-time PCR system (Applied Biosystems)

according to the standard temperature cycling protocol for

the relative quantification assays. The expression of PPAR-

c and UCP-1 was quantitated and the primer pairs used

were as follows: PPAR-c: 50-ATGACAGCGACTTGG

CAA-30 (forward primer) and 50-AATGTTGGCAGTG

GCTCA-30 (reverse primer); UCP-1: 50-AGAGCCATCT

CCACGGAA-30 (forward primer) and 50-CCAGGATCCA

AGTCGCAA-30 (reverse primer). The expression of human

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

used to normalize the gene expression levels.

Image Analysis

We used the IMT morphology program (iMT technology,

Bucheon, Korea) to count the number of LD and to esti-

mate the size of each LD.

Statistical Method

Statistical significance was determined using the Student’s

t-test and a p value of \0.05 was considered significant.

Table 1 Media supplementation for lineage-specific differentiation

Medium Media Serum Supplements

Adipogenic

(AM)

DMEM 10%

FBS

0.5 mM isobutyl-methylxanthine

(IBMX), 1 lM dexamethasone,

10 lM insulin, 200 lM

indomethacin, 1% antibiotic/

antimycotic

Osteogenic

(OM)

DMEM 10%

FBS

0.1 lM dexamethasone, 50 lM

ascorbate-2-phosphate, 10 mM

b-glycerophosphate, 1%

antibiotic/antimycotic

Chondrogenic

(CM)

DMEM 10%

FBS

1.08 lM insulin, 0.23 nMl TGF-

b1, 50 nM ascorbate-2-

phosphate, 1% antibiotic/

antimycotic
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Statistical analysis was performed using SPSS version 17.0

(SPSS, Chicago, IL, USA).

Results

Primary Culture and Phenotypic Characterization

of SVF Cells

SVF cells including ADSC extracted from the lipoaspirates

adhered to the tissue culture dish and grew into spindle-

shaped cells, while non-adherent cells such as red blood

cells were removed by changing the media. SVF cells

proliferated rapidly and exhibited a relatively consistent

population doubling rate from passage 0–8 (data not

shown). At passage 4, these cells appeared to have a

fibroblast-like shape. To examine the immunophenotype of

these cells, we characterized the cell population according

to its CD marker profile using flow cytometry. The results

demonstrated that cells at passage 4 expressed CD29

(99.5%) and CD44 (97.6%) but did not express hemato-

poietic lineage markers CD31 (6.1%) and CD34 (5.4%)

(Fig. 1).

Multi-lineage Differentiation of ADSC

To verify the ADSC, we tested the multilineage capacity of

the cultured cells. Cells were differentiated toward the

adipogenic, osteogenic, and chondrogenic lineages using

lineage-specific induction media, and the instances of dif-

ferentiation were assessed by histology (Fig. 2). Our cells

were cultured in AM for 2 weeks and developed lipid-

containing droplets which were stained by Oil Red O,

which is consistent with the phenotype of mature adipo-

cytes. Cells treated with OM formed a dense and extensive

network. They expressed the increased AP activity by

which an osteoblast was characterized and calcification as

detected by von Kossa staining. Finally, Safranin-O stain-

ing showed distinct proteoglycan production, which indi-

cated chondrogenic differentiation, in cells cultured in CM

by the pellet technique. These indicated that ADSC com-

posed the SVF cells from human lipoaspirates.

Serial Observation of Human ADSC in Adipogenic

Differentiation

SVF cells including ADSC were cultured in control med-

ium and then switched to AM at passage 4. Using Oil red O

stain and CARS microscopy, we observed the chronolog-

ical change of morphology during the adipogenic differ-

entiation of human ADSC on day 0, 1, 7, and 14 after

induction. Treatment with AM generally resulted in

enlarged cell morphology and a time-dependent increase in

intracellular LD (Fig. 3). Details are as follows: on day 0,

the cells were elongated and fibroblast-like. Oil red O

staining was negative, and the CARS image showed a

centered nucleus with low signal intensity and a ground

glass-appearing cytoplasm with multiple medium signal

intensity spots.

On Day 1, there appeared to be no significant changes in

the morphology of the cells. Cells were still elongated and

not stained with Oil red O. The CARS finding was some-

what similar to that on day 0. The characteristic changes

began to be observed only after 4 days. The ADSC had

become rounder, and Oil red O staining showed sparse

positively stained LD. Additionally, multiple 1–3 lm sized

high signal globules were distributed in a lace-like pattern

peripherally along the cell border in the CARS image.

On day 7, slightly enlarged, rounder cells were

observed. They had several enlarged and positively stained

LD with Oil red O. The CARS image demonstrated a

number of 4–6 lm high signal globules that filled the entire

cytoplasm. The nucleus was spared and positioned in the

center or on the slight periphery. These morphologic fea-

tures in CARS image are similar to those of the brown

adipocytes [1].

Treatment of AM for additional 7 days enlarged the

cells much more. On day 14, Oil red O staining showed

large and densely positive LD. On CARS microscopy, the

ADSC resembled white adipocytes with a large globule

approximately 10 lm in size that had been generated from

aggregation of adjacent LD. The nucleus was distorted and

leaned onto the cytoplasmic membrane. The number of LD

per cell decreased compared to that on day 7.

Monitoring Adipogenesis with Real-Time qPCR

Real-time qPCR demonstrated that PPAR-c was expressed

at an essentially steady rate since it was detected initially

on day 4 (Fig. 4a). The mRNA level of UCP-1, a specific

marker of brown adipocytes, rose 6- to 7-fold abruptly on

day 7 (Fig. 4b), however, slumped significantly on day 14.

Discussion

To reflect an in vivo human context better, we undertook

this study using cells from human subcutaneous tissue.

Before inducing these cells to differentiate toward adipose

tissue, we showed that SVF cells exhibit a stable prolifer-

ation rate and a self-renewal capacity, and were positive for

mesenchymal cell markers CD29, CD44 but negative for

CD31, CD34. This indicates that our cells were not con-

taminated with progenitors from bone marrow or hemato-

poietic lineage cells from blood vessels. In addition, we

demonstrated the multipotentiality of our cells at passage 4
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through differentiating them into osteoblasts, adipocytes,

and chondrocytes using lineage-specific induction media.

Thus, we concluded that the cultured cells included pre-

viously known ADSC. Afterward, the cells including

ADSC were induced to differentiate into adipocytes as

described previously [12, 20]. In the adipogenic media,

IBMX and dexamethasone turn on the transcriptional fac-

tor PPAR-c to direct the transcription of the lipid synthesis

Fig. 1 Phenotypic

characterization of human SVF

cells. Cells at passage 4 were

harvested and flow cytometric

analyses of the expression of

CD29, CD31, CD34 and CD44

were performed

Fig. 2 Multi-lineage

differentiation of SVF cells in

vitro. SVF cells (a) were

cultured in lineage-specific

media respectively: adipogenic

media (AM), osteogenic media

(OM), and chondrogenic media

(CM). Adipogenic

differentiation was confirmed

by Oil red O staining (b),

osteogenic differentiation by

alkaline phosphatase activity

(c) and von Kossa staining (d),

and chondrogenic

differentiation by Safranin O

staining (e). These indicated

that the SVF cells contained

ADSC
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gene, and insulin facilitates glucose uptake and promotes

adipocyte differentiation of ADSC [23]. We continuously

used this media for 2 weeks.

During adipogenic differentiation, we used CARS

microscopy to image ADSC. Traditionally, LD, charac-

teristic structures in adipocytes, can be labeled with Oil red

O and imaged using fluorescent microscopy [24]. However,

these methods are only applicable to a fixed sample; they

disturb LD structures significantly when organic solvents

such as ethanol and acetone are used for fixation [25]. Even

with formalin fixation, aggregation, fusion, deformation

and growth in size of LD arise [18, 26], preventing adi-

pogenesis from being precisely evaluated. In contrast,

CARS microscopy allows selective imaging of LD in

unstained live cells with a very high contrast, as LD are

aggregates of neutral lipids, mainly triglycerides rich in

C–H bonds. Consequently, compared to conventional

methods, we were able to observe adipogenic differentia-

tion of live ADSC in real-time without fixing and without

perturbing the cells.

In addition to the images of high-signal-intensity LD

from day 4, CARS images on day 7 were reminiscent of

brown adipocytes with numerous scattered small LD

showing a multilocular appearance with a very recogniz-

able nucleus, which was either central or somewhat dis-

placed at the periphery of the cell in accordance with the

Fig. 3 Chronological observation of adipogenic differentiation with

Oil red O staining (a) and CARS microscopy (b). Lipid droplets (LD)

began to be stained sparsely on day 4 and showed a continuous

increment of staining by Oil red O (a). CARS imaging also

demonstrated that multiple 1–3 lm LD were distributed at the

periphery of the cells on day 4, which then enlarged to 4–6 lm on day

7 with a centrally placed nucleus. On day 14, a few 10 lm LD

pushing the nucleus to the periphery developed (b), and this was

clearer in the magnified figure (c). The number of LD per cell

decreased on day 14 compared to that on day 7 (d), while the mean

size of LD increased (e). LD lipid droplet, Nu nucleus, a.u. arbitrary

unit). *p \ 0.05 and **p \ 0.01

Fig. 4 Assessment of gene

expression in adipogenesis. The

mRNA level of PPAR-c
increased steadily since it was

detected initially on day 4 (a).

UCP-1 showed an abrupt six–

sevenfold increment on day 7

though this regressed on day 14

(b). *p \ 0.05 and **p \ 0.01

versus day 0
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amount of LD. These features were strikingly similar to

those of brown adipocytes in human newborns [27].

However, on day 14, a single large LD was eventually

formed perhaps through the coalescence of numerous small

LD, pushing the nucleus to the side, which is a typical

morphology of mature white adipocytes. The result from

the real-time qPCR of UCP-1, which is considered to be the

single and best characterized means to distinguish clearly

both cell types thus far [5, 6, 28], was consistent with the

morphological change of ADSC in adipogenesis; UCP-1

showed a sudden peak on day 7 with a brown adipocyte-

like appearance of ADSC, slumping on day 14 with a white

adipocyte-like appearance.

As described previously, WAT and BAT has been

thought to develop independently for several reasons. First,

the developmental patterns of both adipose cells are dif-

ferent, as BAT occurs during late gestation and possesses

all the features of mature tissue at birth whereas WAT

development takes place mainly after birth [1]. Second, it

has been assumed that functional BAT is absent in healthy

adults. Third, in vitro precursor cells isolated from WAT or

BAT are already committed and therefore differentiate

primarily into white or brown adipocytes, respectively [29–

31]. However, recent studies have shown that brown adi-

pocytes are dispersed throughout human adipose tissue and

are metabolically active [32]. It was also found that BAT

activity occurs in healthy men during exposure to cold

[33]. Additionally, large depots of BAT development were

observed in a patient with a pheochromocytoma that

secretes catecholamines [34], although it remains unde-

termined whether this was reactivation of remnant BAT

from neonatal depots or conversion from WAT. Regarding

the conversion of white adipocyte to brown adipocyte tis-

sue, Tiraby et al. [35] suggested that it is possible to induce

a metabolic shift in white fat cells with PPAR-c coactivator

1a (PGC-1a) experimentally. Furthermore, upon chronic

exposure to rosiglitazone, a specific PPAR-c agonist,

ADSC-derived white adipocytes are able to switch to

brown adipocytes by expressing UCP-1 [28]. Our results

also support that WAT and BAT do not develop indepen-

dently, suggesting that white adipocytes undergo a

momentary brown adipocyte-like stage during their

development. Even if this is not the case, it remains pos-

sible that a certain association exists between the devel-

opmental processes of both adipocytes.

This study has some limitations. The SVF cells usually

represent a very heterogeneous population, which means

that every cell we dealt with was not a multipotent stem

cell. However, ADSC seems to be mostly responsible for

the changes during adipogenic differentiation including

transient increase of UCP-1 because cells other than ADSC

do not show adipogenic differentiation when cultured in

AM. Another limitation is that the morphology of ADSC

on day 14 during adipogenesis was not completely identi-

cal to that of mature lipid cells. There still remained several

small LD although a distinctively large globule developed.

However, we think that ADSC would show unilocular LD

finally if observation were extended a few days more.

In summary, we observed and characterized the chro-

nological stages of SVF cells including ADSC during

adipogenic differentiation. On day 7 of adipogenesis, cells

appeared multilocular with numerous small LD according

to CARS imaging and the level of UCP-1 increased sig-

nificantly. However, on day 14, they showed a unilocular

appearance with a large single LD and the level of UCP-1

decreased markedly. Based on this morphological change

and on the transient expression of UCP-1, we suggest that

ADSC passes through a brown adipocyte-like stage while

differentiating to white adipocytes.
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Abstract In a transgenic growth hormone (GH) mouse

model, highly elevated GH increases overall growth and

decreases adipose depots while low or moderate circulating

GH enhances adipose deposition with differential effects

on body growth. Using this model, the effects of low,

moderate, and high chronic GH on fatty acid composition

were determined for adipose and hepatic tissue and the

metabolites of 20:4n-6 (arachidonic acid) were character-

ized to identify metabolic targets of action of elevated GH.

The products of D-9 desaturase in hepatic, but not adipose,

tissue were reduced in response to elevated GH. Propor-

tional to the level of circulating GH, the products of D-5

and D-6 were increased in both adipose and hepatic tissue

for the omega-6 lipids (e.g., 20:4n-6), while only the

hepatic tissues showed an increase for omega-3 lipids (e.g.,

22:6n-3). The eicosanoids, PGE2 and 12-HETE, were ele-

vated with high GH but circulating thromboxane was not.

Hepatic PTGS1 and 2 (COX1 and COX 2), SOD1, and

FADS2 (D-6 desaturase) mRNAs were increased with

elevated GH while FAS mRNA was reduced; SCD1 (ste-

aroyl-coenzyme A desaturase) and SCD2 mRNA did not

significantly differ. The present study showed that GH

influences the net flux through various aspects of lipid

metabolism and especially the desaturase metabolic pro-

cesses. The combination of altered metabolism and tissue

specificity suggest that the regulation of membrane com-

position and its effects on signaling pathways, including

the production and actions of eicosanoids, can be mediated

by the GH regulatory axis.

Keywords Growth hormone � Arachidonic acid �
Fatty acid composition
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STAT Signal transducers and activators of

transcription

ZnSO4 Zinc sulfate

Introduction

The fatty acid composition of membrane phospholipids

plays an important role in the structural, functional, and

signaling properties of biological membranes and has been

implicated in regulation of immunologic, physiologic,

reproductive and metabolic processes and the functions of

tissues from liver to adipose [1]. Arachidonic acid (C20:4n-

6, ARA), the most abundant long chain polyunsaturated

fatty acid in membranes, appears to be the primary bio-

logically active polyunsaturated species mediating signal-

ing in a variety of peripheral tissues Similarly, the n-3

polyunsaturated fatty acid docosahexaenoic acid (C22:6n-

3, DHA) has a role in neural and optical signaling [2].

The negative consequences of deficiencies or excesses of

polyunsaturated fatty acids correlate with ARA levels [3–5].

For example, alteration in tissue arachidonate levels can

quantitatively account for many of the effects of dietary fish

oils due to the omega-3 fats replacing the omega-6 fats in the

membranes [3, 6–8] and metabolic deficiencies of arachid-

onate affect the cardiovascular and immune systems [9].

Whereas all the metabolic, physiologic and immunologic

roles of ARA are not yet known, the majority of recognized

effects of ARA are thought to be mediated by its conversion

to biologically active signal molecules, the eicosanoids [10].

ARA oxygenation by cyclooxygenases produce thrombox-

ane and prostaglandins, while lipoxygenases produce the

hydroxyeicosatetraenoic acids (HETE) and leukotrienes

(reviewed in [11, 12]). ARA can be also metabolized by

cytochrome P450 monooxygenases to yield the epoxyei-

cosatrienoic acids. These oxygenated derivatives of ARA

function to maintain a variety of physiological systems, such

as ion exchange in the kidney [13], gaseous exchange in the

lung, vascular smooth muscle tone [14], immune cell

recruitment and function [10, 15], and activation or inhibi-

tion of endocrine glands [16]. While important in specific

roles of physiological functions, elevated eicosanoids are

considered to be detrimental contributing to a variety of

degenerative and inflammatory disease states. As a result of

this link, minimizing eicosanoid synthesis is the basis for

many therapeutics aimed at controlling inflammation,

thrombosis, and pain. Eicosanoids are also a target for pro-

liferative disorders including various cancers, vascular

dysfunctions, and autoimmunity.

In vivo, the limiting step for eicosanoid synthesis is the

availability of ARA. Although ARA levels are regulated

highly within individuals, the absolute amounts vary sig-

nificantly among a population. Nonetheless, little is known

about the basic mechanisms that control the absolute and

relative quantities of ARA within cellular membranes.

While traditionally most attention has focused on diet,

recent observations that polymorphisms of the various

desaturase genes are associated with altered fatty acid

composition of membranes and various health outcomes

has redirected attention on the mechanisms by which fatty

acids are metabolized, incorporated into membranes, and

converted into bioactive signaling molecules [17]. The

limiting steps to membrane composition are still not clear,

with both diet and genotype appearing to be important [18,

19]. The importance of hormonal signaling to this inter-

action has not been defined.

Elevated circulating growth hormone (GH) in a growth

hormone transgenic mouse model (the oMt1a-oGH trans-

genic mouse) reduced essential precursors of long chain

polyunsaturated fatty acids (18:2n-6 and 18:3n-3) and

increased desaturation and elongation products 20:4n-6 and

22:6n-3 indicating increased activity of the D-5 and D-6

desaturation enzymes [20]. These mice with chronically

elevated circulating GH, relative to wild-type control mice,

exhibit about a two-fold increase of ARA content in the

phosphatidyl choline phospholipid pool of hepatic mem-

branes. The phosphatidyl ethanolamine component of

membrane phospholipids, while not as great a constituent

of membrane phospholipids on a percentage basis as

phosphatidyl choline pools, also show a modest though

significant increase in ARA abundance in response to GH

[20]. Arachidonate hydrolyzed from membrane phospho-

lipids of the phosphatidyl choline compartment by phos-

pholipase A2 can be metabolized to eicosanoids thereby

serving as local or paracrine effectors [13]. A shift toward a

greater proportion of ARA in membrane compartments that

are the source of liberated ARA used for subsequent

metabolism should correspond to an increase in ARA

metabolites. The metabolites of ARA have a wide range of

physiological, immunological, neurological and reproduc-

tive functions. Therefore, a GH-specific increase in ARA

could alter many biological activities, even potentiating the

various negative consequences associated with inappro-

priately elevated eicosanoids.

Dependent upon the degree of transgene induction in the

oMT1a-oGH transgenic mouse model, differential adipose

phenotypes can be generated: chronically highly expressed

circulating GH generates a physically larger, leaner animal

[21] while minimal expression of the transgene results in

mice of normal in body weight but having enlarged fat

depots [22] and moderate transgene stimulation induces an

intermediate level of circulating oGH corresponding to a

physically larger, yet obese animal [21]. These findings

suggest that circulating GH affects growth and adipose
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accretion profiles differentially, dependent upon the con-

centration of circulating GH. Because highly elevated GH

induces a change in the fatty acid composition of mem-

branes toward a more unsaturated profile [20, 23], we

wanted to determine the extent of GH action on those

membranes. Therefore, we asked if long-term different

levels of circulating GH, known to alter body composition

and fat mass, could change lipid characteristics, and alter

the products derived from the arachidonate phosphatidyl

pools. Further, we assessed whether genes predicted to

respond to changes in the desaturation of tissue lipids were

also affected.

Materials and Methods

Animals

Mice used in this study were produced by mating wild-type

C57Bl/6 9 CBA female mice with males hemizygous for

the oMt1a-oGH transgene. This mating scheme produces

an average of 50% hemizygous transgenic progeny and

50% homozygous wild-type (i.e., non-transgenic wild-type

control) animals. A single copy of the transgene acts in an

autosomal dominant fashion to elevate GH expression

when stimulated by adding zinc sulfate to the drinking

water [24]. Mice were toe-notched for identification and

genotyping [25] at 10 days of age and weaned at 21 days

of age. All mice were maintained in an AAALAC approved

facility in accordance with NIH animal use guidelines

under conditions of constant temperature (21�C), humidity

(55%), and a 14:10 h light:dark cycle. The study protocol

and all procedures were reviewed and approved by the

Institutional Animal Care and Use Committee at the Uni-

versity of California, Davis.

Experiment 1

To characterize the role of GH on adipose and hepatic lipid

profiles, five to six females were randomly assigned to each

of three transgene stimulus groups within a genotype (wild-

type or transgenic): 25, 15, or 0 mM ZnSO4 in the drinking

water to yield different circulating GH concentrations.

Females were chosen to corroborate the lipid alterations

observed in studies of male oMt1a-oGH mice [20, 23].

Mice were housed two per cage and provided food (For-

mulab Chow 5008, Purina Mills, St. Louis, MO) and

drinking water ad libitum. Mice were weighed weekly until

10 weeks of age at which time the mice were killed by CO2

narcosis and gonadal fat pads, blood, and livers collected.

Plasma was isolated from blood samples collected at time

of animal collection and plasma circulating ovine GH

concentrations (resulting from transgene expression) were

assayed in duplicate using a double-antibody radioimmu-

noassay; ovine somatotropin standards were used

(NIADDK O-GH-I-3) and a rabbit anti-ovine GH antisera

(NIDDK-anti oGH-2) [26].

Lipid Analyses

To determine the effect of GH on modifying the unsatu-

rated lipid pool, the fatty acid class composition was

quantified for the phosphatidyl choline fraction of adipose

and hepatic tissue as previously described [20]. Briefly

tissue lipids were extracted from 200 mg tissue with H2O/

SDS/EtOH/hexanm (1:1:2:2, v/v). Phospholipids were

separated by high performance thin layer chromatography

using a CHCl3/MeOH/acetic acid/H2O (50:37.5:3.5:2.0,

v/v) solvent system. Samples and standards (Sigma

Chemical Co., St. Louis, MO) were visualized and specific

lipid-containing bands collected for methylation and gas

chromatography separation. The analytical methods used

[27] were the most appropriate to quantify the absolute

amounts of lipid species present and were designed to be

highly quantitative with a cocktail of internal standards and

surrogates added quantitatively to each sample. The

extractions, derivatizations, and analyses were conducted

on platforms to minimize quantitation problems associated

with ionization efficiency. Additional hepatic tissue was

flash frozen and stored at -80 �C for mRNA analyses.

RNA Analyses

The mRNA levels of genes associated with fatty acid

profiles were also assessed: FADS2 (D-6 desaturase), fatty

acid synthetase (FAS), SCD1 (stearoyl-coenzyme A

desaturase 1), and SCD2 (also named D-9 desaturase).

Several enzymes regulate the production of ARA metab-

olites, therefore genes expected to change in response to

alterations in the desaturation status of tissue lipids were

also assessed: prostaglandin H synthase (PTGS) 1 and 2

(also known as cyclooxygenase (COX-1 and 2), and

superoxide dismutase 1 (SOD1). RNA was analyzed by

Northern blot analysis for SCD2, FAS, SOD1, and COX-1.

All reagents, unless noted, were from Sigma Chemical

Company (St. Louis, MO). The RNA probes were as fol-

lows: SCD2 was as described [28], FAS was a gift from

S.D. Clarke [29], Cu–Zn SOD (SOD1) was from the

American Type Tissue Collection, and a 1,257 bp fragment

of the murine COX-1 (PTGS1) was synthesized using

50-TTCCTGATTCAAAAGAAGTTCTGG-30 as the forward

primer and 50-ATGGTGGCTGTTTTGGTAGGCTGT-30

as the reverse primer on reverse transcribed RNA isolated

from murine liver using published methodology [30].

Hepatic FADS2 (D-6 desaturase) and SCD 1 mRNA levels

were assessed by quantitative real time PCR using
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published primers [31, 32], respectively) and mouse spe-

cific primers for COX-2 (PTGS2, NM_011198.3) were

designed using the NCBI Primer-blast tool: forward 50-G
GCTGTTGGAATTTACGCAT-30 and reverse 50-CAGG

GCCTTCAAAATGTCTA-30. The internal endogenous

control was GAPDH and used published primers [33].

Primers were fluorescently labeled and the mRNA was

transcribed to cDNA with the iScript cDNA synthesis kit

(Bio-Rad, Hercules, CA) containing oligo d(t) and random-

hexamer primers following the manufacturer’s recom-

mendations. All real-time qPCR reactions were run in

96-well plates using UDG-SupermixTM (Invitrogen,

Carlsbad, CA). Each reaction contained 10 lM of each

primer (forward and reverse), and 5 ll diluted cDNA, in a

final volume of 50 ll. The samples were amplified in an

MJ Research Chromo 4TM Detector (BioRad, Hercules,

CA) and fluorescence was collected during each plate read

immediately following the annealing period at 60�C. All

reactions were run in triplicate and average values used in

quantifying the relative expression of the genes. Levels of

mRNA for the genes evaluated were not different across

zinc treatments in the wild-type animals (p [ 0.1) and

therefore the data were pooled and the relative quantifi-

cation of the target genes was determined by the compar-

ative Ct (DDCT) method using the wild-type animal

samples as the calibrator. Both the calibrator and samples

from the transgenic animals were normalized to GAPDH.

Experiment 2

To explore the consequences of increased ARA levels in

tissue, lungs which represent an excellent model to eval-

uate the production of lipoxygenase metabolites were col-

lected from three adult male transgenic and three adult

male wild-type mice maximally stimulated to express GH

(25 mM ZnSO4) for 7 days. Nakumura et al. [23] reported

a 2.5-fold increase in liver and adipose D-6 desaturase

activity within 7 days; therefore, this time frame was

selected to evaluate the short term consequences on the

products derived from the arachidonate phosphatidyl pools.

Lungs were homogenized in four volumes of 0.05 M

phosphate buffer (pH 7.4) and incubated for 10 min at

37�C. The lipoxygenase metabolite 12-hydroxyeicosatet-

raenoic acid (12-HETE) was extracted and analyzed by

HPLC and diode array detection as described [34]. The

effects of GH on circulating prostaglandin E2a (PGE2) and

thromboxane were determined for 15 adult male transgenic

and 15 adult male wild-type mice supplemented with

25 mM ZnSO4 for 3 weeks. An additional 15 adult male

transgenic mice were supplemented with 0 mM ZnSO4 for

the same time period. The objective was to evaluate the

effects of the transgenically derived GH and as such all

wild-type mice received the transgene stimulus to control

for any potential zinc effects on PGE2 or thromboxane.

Male mice were used to avoid the confounding estrogen

effects. Blood samples were collected by cardiac puncture

immediately after sacrifice, plasma processed, derivatized

and assayed using commercially available ELISA kits

according to manufacturer’s directions (Amersham, UK).

Circulating GH was determined as described.

Statistical Analyses

Data were analyzed by least-squares analysis of variance

procedures using PROC GLM of SAS (Version 9.1, 2004)

with fixed effects of genotype, zinc stimulation level, and

their interaction. Data are presented as means ± standard

error of the mean. Post-hoc analysis was done using a t test

with a Bonferroni adjustment. Significance was defined as

p \ 0.05.

Results

Experiment 1

Circulating ovine (transgene derived) GH in these trans-

genic mice was correlated directly with the concentration

of zinc stimulus. Circulating ovine GH was 750.53 ±

43.83, 131.98 ± 40.40, and 49.22 ± 37.68 ng/ml for 25,

15, and 0 mM ZnSO4, respectively. Zinc, regardless of the

level (0, 15, or 25 mM), did not significantly alter body

weight nor fat pad depots in the wild-type control mice

used in the present study. The body weights associated with

the circulating GH were 32.5 ± 0.4, 31.7 ± 0.6, and

22.2 ± 0.4 g for 25, 15, 0 mM ZnSO4, respectively; wild-

type mice across all zinc levels weighed 22.6 ± 0.4 g. This

was reported in a previously published study of these mice

[21].

Adipose Lipid Profiles

The composition of phosphatidyl choline esterified fatty

acids was calculated as a mole percent for each lipid spe-

cies. All three zinc treatments (0, 15, and 25 mM ZnSO4)

did not significant alter the adipose lipid profiles in the

wild-type animal (p [ 0.1); as such, the values for wild-

type animals were pooled regardless of the zinc treatment

given. The fatty acid composition of adipose lipids is

presented in Table 1. In most cases, the profile for wild-

type animals was generally equivalent to that for the

transgenics without transgene stimulation (0 mM ZnSO4)

with some exceptions. In particular, the fatty acids typi-

cally associated with de novo lipogenesis, 14:1n-7 and

16:1n-7, were elevated significantly while 18:0 was

reduced. These same fatty acids were also significantly
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changed in mice receiving 15 mM ZnSO4. In general,

substrates of the D-5 and D-6 pathways were reduced in

proportion to circulating GH (p \ 0.05). Specifically, ani-

mals with the greatest circulating GH levels had reduced

18:2 and 20:3 (*10% reduction) with elevated 20:4n-6

(*2.4-fold increase); this pattern, though not the extent,

was also true for the moderate level of GH (15 mM

ZnSO4). In contrast, animals exposed to the lowest level of

chronic GH (transgenics receiving 0 mM ZnSO4), while

having significantly elevated 20:4n-6 (*1.2-fold increase),

also had higher levels of 18:2 (*8%). The ratio of ARA to

its 18:2 precursor was significantly elevated in animals

exposed to high GH levels (* 3- to 4-fold increase for the

15 and 25 mM ZnSO4, respectively). Omega-3 lipids were

not affected by the altered GH nor was the D-9 pathway

(p [ 0.10).

Hepatic Lipid Profiles

Similar to that found for adipose, dietary provision of zinc

did not significantly alter any parameter evaluated for wild-

type animals (p [ 0.2), therefore values for wild-type

animals were pooled across zinc treatments. The fatty acid

composition of hepatic phosphatidyl choline esterified fatty

acids, calculated as a mole percent for each lipid species, is

presented in Table 2. For fatty acids associated with de

novo lipogenesis, there was no affect of circulating GH

levels on the proportion of the fatty acids within the hepatic

tissue. In contrast, for all 18 carbon fatty acids other than

18:3n-6, elevated GH reduced their percentage in the

membrane and did so in proportion to the level of transgene

expression. A concomitant increase in 20:4n-6 (*1.8-fold

increase) was seen also correlating with the level of GH

Table 1 Adipose lipid profile as mole percent for wild-type (WT) mice and transgenic (TG) mice supplemented with either 0, 15, or 25 mM

ZnSO4 to induce variable levels of chronic circulating GH

Fatty acid

species

WT TG ? 0 mM ZnSO4 TG ? 15 mM ZnSO4 TG ? 25 mM ZnSO4 Model

significance(n = 9) (n = 5) (n = 4) (n = 5)

14:0 2.27 ± 0.06 2.19 ± 0.09 2.22 ± 0.09 1.97 ± 0.08 p \ 0.13

14:1n-7 0.21 ± 0.01ab 0.23 ± 0.01bc 0.25 ± 0.01c 0.18 ± 0.01a p \ 0.003

16:0 26.01 ± 0.46 25.93 ± 0.62 27.49 ± 0.68 25.25 ± 0.61 p \ 0.11

16:1n-7 4.83 ± 0.22a 5.69 ± 0.29a 7.38 ± 0.32b 4.67 ± 0.29a p \ 0.001

18:0 5.03 ± 0.15bc 4.59 ± 0.20ab 4.07 ± 0.22a 5.56 ± 0.22c p \ 0.001

18:1n-9 33.4 ± 3.87 37.93 ± 5.20 35.72 ± 5.72 31.12 ± 5.07 p \ 0.836

18:1n-7 6.80 ± 5.20 0.82 ± 10.41 2.48 ± 10.24 11.28 ± 7.18 p \ 0.841

18:2 17.86 ± 0.22b 19.14 ± 0.29c 15.58 ± 0.32a 16.40 ± 0.28a p \ 0.001

18:3n-6 0.12 ± 0.00a 0.13 ± 0.01ab 0.14 ± 0.01bc 0.15 ± 0.01c p \ 0.001

18:3n-3 0.92 ± 0.31 1.07 ± 0.42 2.07 ± 0.46 0.70 ± 0.41 p \ 0.183

20:0 0.11 ± 0.01b 0.10 ± 0.01ab 0.08 ± 0.01ab 0.07 ± 0.01a p \ 0.011

20:1 0.72 ± 0.07 0.45 ± 0.09 0.43 ± 0.10 0.42 ± 0.09 p \ 0.040

20:2 0.18 ± 0.01a 0.16 ± 0.01a 0.18 ± 0.01a 0.24 ± 0.01b p \ 0.001

20:3 0.15 ± 0.00b 0.13 ± 0.01a 0.12 ± 0.01a 0.13 ± 0.01a p \ 0.002

20:4n-6 0.25 ± 0.01a 0.32 ± 0.02b 0.47 ± 0.02c 0.60 ± 0.02d p \ 0.001

20:5n-3 0.15 ± 0.01 0.18 ± 0.02 0.20 ± 0.02 0.21 ± 0.02 p \ 0.162

22:0 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.04 ± 0.00 p \ 0.196

22:1 0.04 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 p \ 0.129

22:4 0.05 ± 0.00a 0.05 ± 0.01a 0.07 ± 0.01a 0.10 ± 0.01b p \ 0.001

22:5n-3 0.20 ± 0.01 0.15 ± 0.02 0.19 ± 0.02 0.15 ± 0.02 p \ 0.118

24:0 0.00 ± 0.00 0.00 ± 0.00 0.000 ± 0.00 0.16 ± 0.07 p \ 0.323

22:6n-3 0.68 ± 0.06 0.68 ± 0.09 0.82 ± 0.09 0.56 ± 0.08 p \ 0.279

24:1 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 p \ 0.621

18:1n-9/18:0 6.65 ± 0.78 8.26 ± 1.04 8.779 ± 1.17 5.59 ± 1.26 p \ 0.133

20:4n-6/18:2 0.01 ± 0.00a 0.02 ± 0.00a 0.03 ± 0.00b 0.04 ± 0.00b p \ 0.001

22:6n-3/18:3n-3 0.74 ± 0.08 0.63 ± 0.11 0.40 ± 0.07 0.80 ± 0.13 p \ 0.887

Zinc treatment had no effect on lipid profiles in wild-type mice (p [ 0.1) therefore the wild-type data represent values pooled over all three zinc

treatments. Values are least square means ± sem; means carrying different superscripts within a row are significantly different (p \ 0.05)
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expressed from the transgene. Elevated GH reduced the

18:1/18:0 ratio by nearly 50% and the combined effects of

GH raising ARA (20:4n-6) and decreasing alpha linoleic

(18:2) resulted in a significantly elevated 20:4/18:2 (ARA:

linoleic acid) ratio (*2.5-fold increase, p \ 0.001). A

similar result was detected for the 22:6/18:3n-3 (DHA:

alpha linolenic acid) ratio (p \ 0.002). The elevated ratios

were proportional to the degree of elevated GH in circu-

lation: the 25 mM ZnSO4 treated transgenic animals had

the greatest ratios followed by the 15 mM ZnSO4 treated

transgenics which were in turn greater than the 0 mM

ZnSO4; with the last group’s ratios statistically equivalent

to those of the wild-type controls.

Hepatic RNA

Wild-type control animals given 0, 15, and 25 mM ZnSO4

supplementation did not exhibit significant differences in

mRNA levels for any of the genes evaluated (p [ 0.1) due

to zinc treatment and were therefore pooled for analyses.

Stearyl-CoA desaturase 1 hepatic mRNA levels were

unaffected by alterations in circulating GH (p [ 0.5) and

SCD 2 levels were not significantly reduced in proportion

to the level of circulating GH (Fig. 1; p \ 0.1). Animals

experiencing the highest levels of circulating GH had sig-

nificantly reduced FAS mRNA compared to wild-type

control animals (p \ 0.01). The animals with low, but

chronic GH had intermediate FAS mRNA values that were

not significantly different than the wild-type animals that

had the highest FAS mRNA levels. In contrast, SOD1

mRNA was elevated in animals expressing the highest

levels of GH while animals with the low and moderately

elevated GH levels had SOD1 levels equivalent to wild-

type expression (p \ 0.001). Levels of COX-1 mRNA

were significantly elevated for the animals with moderate

to highly elevated GH (transgenics supplemented with 15

Table 2 Hepatic lipid profile as mole percent for wild-type (WT) mice and transgenic (TG) mice supplemented with either 0, 15, or 25 mM

ZnSO4 to induce variable levels of chronic circulating GH

Fatty acid

species

WT TG ? 0 mM ZnSO4 TG ? 15 mM ZnSO4 TG ? 25 mM ZnSO4 Model

significance(n = 8) (n = 4) (n = 5) (n = 4)

14:0 0.58 ± 0.05 0.51 ± 0.08 0.51 ± 0.07 0.32 ± 0.08 p \ 0.086

14:1n-7 0.22 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 p \ 0.242

16:0 23.68 ± 2.06 24.24 ± 3.00 25.36 ± 2.63 23.15 ± 2.93 p \ 0.881

16:1n-7 4.27 ± 1.34 2.08 ± 1.96 2.44 ± 1.71 4.52 ± 1.91 p \ 0.665

18:0 10.75 ± 0.63a 14.25 ± 0.92b 13.90 ± 0.81b 14.84 ± 0.90b p \ 0.006

18:1n-9 22.91 ± 1.16b 17.33 ± 1.70a 18.83 ± 1.48ab 17.36 ± 1.66ab p \ 0.017

18:1n-7 2.96 ± 0.24 1.90 ± 0.36 2.20 ± 0.31 1.87 ± 0.40 p \ 0.044

18:2 14.44 ± 0.73b 14.46 ± 1.07ab 11.43 ± 0.93ab 9.96 ± 1.04a p \ 0.007

18:3n-6 0.19 ± 0.01a 0.27 ± 0.02b 0.26 ± 0.02b 0.27 ± 0.02b p \ 0.007

18:3n-3 0.33 ± 0.03b 0.34 ± 0.04b 0.29 ± 0.03ab 0.18 ± 0.04a p \ 0.014

20:0 0.05 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 p \ 0.913

20:1 0.32 ± 0.02b 0.18 ± 0.03a 0.24 ± 0.02ab 0.25 ± 0.03ab p \ 0.003

20:2 0.42 ± 0.02 0.32 ± 0.03 0.37 ± 0.03 0.40 ± 0.03 p \ 0.107

20:3 1.16 ± 0.04c 0.92 ± 0.06b 0.69 ± 0.05ab 0.55 ± 0.06a p \ 0.001

20:4n-6 7.00 ± 0.66a 9.07 ± 0.96ab 10.65 ± 0.84bc 12.84 ± 0.94c p \ 0.001

20:5n-3 0.95 ± 0.08b 1.26 ± 0.11b 0.94 ± 0.10b 0.42 ± 0.11a p \ 0.001

22:0 0.17 ± 0.01 0.19 ± 0.02 0.17 ± 0.02 0.20 ± 0.02 p \ 0.762

22:1 0.01 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 p \ 0.232

22:4n-6 0.16 ± 0.02a 0.18 ± 0.03a 0.22 ± 0.02a 0.34 ± 0.03b p \ 0.001

22:5n-3 0.48 ± 0.05 0.64 ± 0.08 0.47 ± 0.07 0.35 ± 0.08 p \ 0.139

24:0 0.09 ± 0.02 0.12 ± 0.03 0.14 ± 0.03 0.17 ± 0.03 p \ 0.320

22:6n-3 8.64 ± 0.54a 11.35 ± 0.78ab 10.42 ± 0.68ab 11.53 ± 0.76b p \ 0.025

24:1 0.31 ± 0.03 0.33 ± 0.05 0.33 ± 0.04 0.39 ± 0.05 p \ 0.494

18:1n-9/18:0 2.13 ± 0.16b 1.22 ± 0.24a 1.35 ± 0.20ab 1.17 ± 0.23a p \ 0.006

20:4n-6/18:2 0.48 ± 0.08a 0.63 ± 0.11ab 0.93 ± 0.10bc 1.29 ± 0.11c p \ 0.001

22:6n-3/18:3n-3 26.25 ± 5.06a 33.24 ± 7.04a 35.53 ± 5.34ab 64.77 ± 6.82b p \ 0.002

Zinc treatment had no effect on lipid profiles in wild-type mice (p \ 0.1) therefore the wild-type data represent values pooled over all three zinc

treatments. Values are least square means ± sem; means carrying different superscripts within a row are significantly different (p \ 0.05)
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and 25 mM ZnSO4, respectively) when compared to the

wild-type animals (p \ 0.01). Transgenic mice not given

any zinc stimulus therefore having low chronic GH in

circulation, had intermediate levels of COX-1 mRNA

(Fig. 1). A similar trend was seen for the COX-2 mRNA

levels (p \ 0.1) with the highest mRNA levels showing a

nearly a seven-fold increase, detected in the animals

experiencing the greatest circulating GH. The mRNA

levels of FADS2 paralleled the changes in hepatic lipid

membranes: the highest GH exposure resulted in the

greatest level of FADS2 mRNA (p \ 0.001).

Experiment 2

Arachidonic Acid Metabolites

Because the transgene had not been stimulated during the

growth phase of the adult males used in this experiment,

body weights did not significantly differ: 42.5 ± 1.7 and

42.4 ± 0.9 g for the transgenic and wild-type mice,

respectively. Upon activation of the transgene, circulating

ovine GH levels in the adult transgenics were 332.0 ±

23.8 ng/ml. The arachidonic metabolite 12-HETE was

significantly elevated in mice after 1 week of exposure to

elevated GH (p \ 0.05). Transgenic mice supplemented

with 25 mM ZnSO4 had over twice the quantity of

12-HETE in their lungs than wild-type mice also supple-

mented with 25 mM ZnSO4 (Fig. 2). Similarly, plasma

PGE2 was significantly elevated in response to high cir-

culating GH. In contrast, the unstimulated transgenic mice

with low chronic GH (0 mM ZnSO4) did not exhibit any

changes in PGE2 relative to the wild-type mice given

25 mM ZnSO4 (Table 3). Circulating thromboxane was not

significantly affected by elevated GH (Table 3).

Discussion

The effects of elevated circulating GH on the regulation of

lipid profiles, specifically metabolites of the long chain

saturated and polyunsaturated fatty acid desaturases, were
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Fig. 1 Hepatic mRNA levels in

oMT1a-oGH transgenic (TG)

mice exposed to 0, 15, and

25 mM ZnSO4 transgene

stimulus used to vary the level

of circulating GH as compared

to wild-type control (WT) mice,

pooled across all zinc treatment

levels. Values are expressed as

means ? sem, n = 5–6 mice

per group, and means with an

asterisk differ from control mice

p \ 0.05; means denoted with

a� differ from control mice

p \ 0.1. a Stearyl-CoA

desaturase (SCD) 1 (gray bars)

and 2 (white bars), b Fatty acid

synthase (FAS),

c Cyclooxygenase (COX) 1

(gray bars) and 2 (white bars),

d Superoxide dismutase 1

(SOD1, gray bars) and FADS2

(white bars)
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Fig. 2 Production of the 12 lipoxygenase product 12 HETE in lungs

of wild-type control (WT) and oMT1a-oGH transgenic (TG) mice

exposed to the transgene stimulus (25 mM zinc). Data are expressed

as means ? sem (ng/lung) and are significantly different (n = 3 per

group)
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studied. In this GH transgenic model, mice exposed to

moderate but chronically increased circulating GH become

obese whereas highly elevated circulating GH reduces

adipose stores [21] and alters hepatic membrane lipid

profiles in a rapid and sustained manner [20, 23]. Although

elevated GH is frequently associated with reduced adipose

mass, in this model development of obesity in the presence

of moderately elevated GH is thought to be mediated by

greater expression of GH receptor binding protein [21] or

through increased leptin and insulin secretion as seen in the

moderately obese GHRH transgenic mouse that also has

elevated GH levels [35].

In hepatic tissues, the activity of the D-9 desaturase as

indicated by the lipid products was decreased in response

to high circulating GH whereas the D-5 and D-6 enzymatic

activities appeared to be increased in both adipose and

hepatic tissues as evidenced by a greater percentage of

ARA. Elevated DHA in response to GH was only detected

in hepatic but not adipose tissue indicating that GH exerts

tissue specificity in the processing of fatty acids. These

findings corroborate previous studies evaluating hepatic

lipid profiles [20, 23] although there were some discrep-

ancies likely due to duration of GH exposure and down-

stream effects of the elevated GH. Specifically, short term

elevated GH significantly depressed DHA and ARA in

adipose, whereas the present study with long-term GH

exposure did not significantly depress DHA and elevated

ARA. Additionally, the data demonstrate that the GH

induced change to lipid profiles occurs in both males and

females. The latter is important in that women have lower

D-6 enzymatic activities than men [36]; the finding that

both male and female mice responded similarly with

enhanced activity to GH suggests that GH may be a key

endogenous regulator of the net flux through the desaturase

pathway. The higher the circulating GH, the greater the D-5

and D-6 desaturase activity as evidenced by changes in the

lipid profile and greater FADS expression. However, in this

mouse model high GH is associated with elevated insulin;

insulin levels decline following GH withdrawal [26]

indicating that the transgenically derived GH impairs

insulin signaling causing a mild diabetic state. Insulin is

known to induce the expression of the D-5, D-6, and D-9

desaturases in rats [37] suggesting that long-term GH

action observed in the present study may be mediated

through elevated insulin.

An increased proportion of ARA in tissues would be

expected to elevate ARA metabolites and that was the case

for circulating PGE2 and lung produced 12-HETE. Simi-

larly, the constitutively active COX1 mRNA as well as

COX2 mRNA were increased in response to elevated cir-

culating GH suggesting coordinated regulation of this

pathway. In contrast, the most pro-thrombotic eicosanoid,

thromboxane was unchanged despite the dramatic increase

in the level of ARA, its precursor. Thromboxane has been

shown to be associated directly with membrane arachido-

nate; specifically thromboxane is lower in animals fed alpha

linolenic acid (18:3n-3) which correlates to higher levels of

18:3n-3 in the liver membranes [39] that replace 18:2 low-

ering overall arachidonate, a precursor of thromboxane [38].

Levels of circulating thromboxane in the current study did

not significantly change with exposure to GH even though

arachidonate was increased appreciably. The GH induced

increase of ARA may not have been within the specific

precursor pools for the thromboxane production.

Elevated highly unsaturated fatty acid species within

membranes could serve as targets for reactive oxygen

species and could increase the opportunities for oxidative

modification and damage. As tissue membranes became

more unsaturated in response to high GH, SOD1 mRNA

was significantly elevated. Generally SOD1 is constitu-

tively expressed although ARA can upregulate SOD1 gene

transcription in vitro (39). High circulating GH with its

shift toward unsaturated fatty acid species increased

expression of SOD1 indicating that only supraphysiologi-

cal arachidonic levels pose an oxidative risk and increase

SOD1 expression in vivo.

Fatty acid synthetase, a key regulator of de novo long

chain fatty acid biosynthesis, promotes adipose storage;

inhibition of FAS in vivo results in weight loss [40]. FAS

activity is regulated at the level of gene expression rather

than enzymatic activation and FAS can be transcriptionally

regulated by STAT5A, a GH signal transducer [41]. GH

activation of STAT5 plays a defined role in adipogenesis

[42] and by activating STAT5, GH can block the tran-

scriptional activation of FAS in adipocytes [41] thereby

reducing lipid accrual. GH also reduces glucose uptake

thereby further reducing de novo long chain fatty acid

biosynthesis and the substrates available for desaturation.

Hogan and Stephens [41] showed that GH inhibition of

FAS is rapidly reversible, consistent with the observation

that chronic exposure to GH produces a lean phenotype but

withdrawal of GH results in the rapid accumulation of

Table 3 Plasma arachidonic acid metabolites as a consequence of

circulating growth hormone

Treatment PGE2 (pg/ml) Thromboxane (ng/ml)

WT ? 25 mM ZnSO4 13.54 ± 11.19a 224.8 ± 97.6

(n = 8) (n = 8)

TG ? 0 mM ZnSO4 13.23 ± 11.19a 385.3 ± 83.3

(n = 8) (n = 11)

TG ? 25 mM ZnSO4 49.84 ± 10.50b 237.1 ± 71.3

(n = 9) (n = 15)

Values are least square means ± sem; means carrying different

superscripts within a column are significantly different (p \ 0.05)
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adipose [25]. FAS mRNA was reduced in the presence of

all levels of GH, even those known to promote adipogen-

esis and adipose accrual in these animals [21]. The increase

in adipose deposition observed in these transgenic animals

upon withdrawal of high GH or in response to moderate

levels of GH occurs regardless of feed restriction [24]

indicating that GH overrides the expected composition of

gain observed for normal rodents [42] and the expectation

of reduced adipose deposition associated with lowered FAS

expression. Therefore, FAS expression alone is insufficient

to account for adipose deposition in animals that become

obese while experiencing moderately high GH levels.

Although alterations in mRNA levels may not necessarily

imply changes in protein activity, clearly this is an area that

requires further exploration. Metabolic end-products of

FAS, in particular 16:1n-7 have recently been identified as

participating in tissue to tissue communication and the

overall regulation of systemic energy [27]. In the present

GH manipulated animals 16:1n-7 was elevated in the adi-

pose of overweight animals and lowered in GH stimulated

mice implying that an additional level of regulation by GH

may be through this form of metabolic end product, i.e.

lipokine signaling.

Exposure to GH did not significantly decrease hepatic

SCD2 mRNA. In a study where only SCD1 mRNA was

evaluated, lactating cows given recombinant bovine GH

[43] had reduced SCD1 mRNA in adipose but not mam-

mary tissue implying tissue specificity in GH modulation

of SCD expression. SCD1 null mice have lowered body

adiposity, depressed hepatic expression of fatty acid syn-

thesis genes, and increased expression of fatty acid oxi-

dation genes [44]. In response to elevated GH in the present

study, SCD expression was reduced although not signifi-

cantly so. FAS and fatty acid oxidation gene expression

followed an expression pattern similar to that seen for the

SCD1 null mouse indicating a potential mechanism of

action for GH.

The interplay between circulating GH and adipose cannot

be accounted for by changes in membrane lipids and their

potential signaling metabolites. It is curious that GH stimu-

lated the desaturase pathways in membrane lipids in a tissue

specific manner between adipose and hepatic membranes

with particular reference to the omega-3 lipids. Similarly,

GH altered ARA metabolites differentially with PGE2 and

12-HETE elevated but with no effect on thromboxane. This

mouse model, especially by targeting adipose tissue, may be

useful in elucidating the mechanism behind the differential

tissue and eicosanoid response. Particularly as the finding

that the desaturase process responds to different GH levels is

intriguing and suggests the possibility of modifying the

pathway to minimize the negative aspects of inappropriately

elevated eicosanoids.
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Abstract Sphingolipids are constituents of cellular mem-

branes and play important roles as second messengers

mediating cell functions. As significant components in

foods, sphingolipids have been proven to be critical for

human health. Moreover, diverse metabolic intermediates of

sphingolipids are known to play key roles both in proin-

flammatory and in anti-inflammatory effects. However, the

effect of dietary sphingolipids on inflammation is a com-

plicated field that needs to be further assessed. Our study

evaluated the effects of orally administered maize gluco-

sylceramide (GluCer), one of the most conventional dietary

sphingolipids, on inflammation using the 2,4-dinitro-1-

fluorobenzene-treated BALB/c murine model. Oral admin-

istration of GluCer inhibited ear swelling and leukocyte

infiltration to the inflammatory site, suggesting that dietary

GluCer has anti-inflammatory properties. ELISA analyses

revealed that oral administration of GluCer for 6 days had

not modified the Th1/Th2 balance, but significantly down-

regulated the activation of TNF-a at the inflammatory site.

Based on these results, the down-regulation of TNF-a by

dietary GluCer may suppress vascular permeability and

reduce the migration of inflammatory cells. Our findings

increase understanding of the actions of dietary sphingoli-

pids on the balance of the immune response.

Keywords Sphingolipids � Dietary supplements �
Glucosylceramide � Anti-inflammatory agents � DNFB �
BALB/c mice � TNF-a � Immune response

Abbreviations

DNFB 2,4-Dinitro-1-fluorobenzene

GluCer Glucosylceramide

IFN-c Interferon-gamma

IgE Immunoglobulin E

IL-1b Interleukin-1beta

IL-4 Interleukin-4

IL-6 Interleukin-6

NF-jB Receptor activator of nuclear factor-kappa B

Th1 T-helper 1

Th2 T-helper 2

TNF-a Tumor necrosis factor-alpha

Introduction

Sphingolipids are commonly believed to protect the cell

surface against harmful environmental factors by forming

the mechanically stable and chemically resistant outer

leaflet of the plasma membrane lipid bilayer [1–4]. Sphin-

golipids generate diverse metabolic intermediates, notably

ceramide, sphingosine, sphingosine-1-phosphate, and cer-

amide-1-phosphate, which serve as important mediators in

the signaling cascades involved in apoptosis, proliferation,

and stress responses [5–8]. Although we have already

demonstrated that dietary sphingolipids are poorly absor-

bed by the intestine [9], sphingolipids that are significant

components of foods have gained considerable atten-

tion for their potential and essential roles in human health
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[10–14]. It has been reported that dietary supplementation

with sphingolipids has diverse physiological effects, such

as lowering plasma lipids [15], improving the skin barrier

function [16], preventing melanin formation [17], contrib-

uting to central nervous system myelination [18] as well

as protecting the colon against inflammation [19–25].

However, the functional, regulatory, and physiological

significance of the immune regulating effects of dietary

sphingolipids is an appreciably complicated field that is not

well understood.

One hypothesis of immune regulation involves the bal-

ance between T-helper 1 (Th1) and T-helper 2 (Th2) cells,

which direct different immune response pathways. Th1

cells drive the ‘‘cellular immunity’’ pathway to fight viruses

and other intracellular pathogens, eliminate cancer cells,

and stimulate delayed-type hypersensitivity skin reactions.

Th2 cells are involved in ‘‘humoral immunity’’ and

up-regulate antibody production to fight extracellular

organisms. Either pathway can down-regulate the other.

Disruption of the Th1/Th2 balance can cause immunological

diseases [26, 27]. Via the actions of sphingolipid degrading

enzymes, such as sphingomyelinase, glycoceramidases, and

ceramidase, dietary sphingolipids are hydrolyzed to various

kinds of metabolic intermediates which are critical for the

activation and mediation of various types of immune cells.

Metabolites of sphingolipids initiate and maintain diverse

aspects of immune cell balance and functional responses by

regulating cell migration and inflammatory pathways [8, 20,

28–31]. For instance, sphingolipid hydrolysis products reg-

ulate cyclooxygenase-2, interleukin 1b (IL-1b), interleukin 6

(IL-6), tumor necrosis factor a (TNF-a) and nuclear factor

kappa B (NF-jB) via the sphingosine kinase 1/sphingosine-

1-phosphate and ceramide kinase 1/ceramide-1-phosphate

pathways, and thus cause the activation of mast cells, control

thymocyte maturation and regulate the balance of lympho-

cyte subpopulations [32–37].

The goal of this study was to evaluate the effects of

orally administered glucosylceramide (GluCer), one of the

most important dietary sphingolipids, against DNFB-

induced ear swelling in the BALB/c murine model, to

provide further understanding of how dietary sphingolipids

act on the balance between proinflammatory and anti-

inflammatory responses.

Materials and Methods

Maize GluCer Preparation

GluCer from maize was kindly donated by Nippon Flour

Mills Co. Ltd. (Atsugi, Japan). The purity of this GluCer

was 96%, which was determined by HPLC equipped with

an evaporative light-scattering detector, as described pre-

viously [12].

Animals

Female BALB/c mice (6 weeks old, 15–20 g body weight)

were purchased from Japan SLC Inc. (Shizuoka, Japan).

Animals were group-housed at six mice per cage, and were

bred at the Institute’s animal facilities at 25 �C with a 12-h

light/dark cycle. Pure water and AIN-93G diet (Oriental

Yeast Co., Ltd., Tokyo, Japan) were available ad libitum.

All experiments were performed according to the guide-

lines of Kyoto University for the use and care of laboratory

animals.

Contact Hypersensitivity Induced by DNFB

After a 2-week acclimatization period, allergic contact

dermatitis was induced by DNFB in BALB/c mice

according to a previously published method with minor

modifications [38]. Briefly, mice were sensitized on day 0

by application of 100 ll 0.5% DNFB in acetone–soybean

oil (4:1, v/v) on their shaved dorsal skin. The mice were

divided into control, low dose (5 mg) and high dose

(50 mg) groups (n = 12 in each group). An identifying

mark was made on the tail of each mouse.

The maize GluCer was suspended in 0.5% carboxy-

methyl cellulose (CMC) (Nacalai Tesque Co. Ltd., Kyoto,

Japan) solution and was orally administered at 5 or 50 mg

to each mouse daily for 6 days. One hour after the final

treatment, mice were challenged with 20 lL 0.5% DNFB

in acetone–soybean oil (4:1) on both ears. The thickness of

the right ear of each mouse was measured with a Dial

Thickness Gauge (Mitutoyo Co., Kanagawa, Japan) at 0, 6

and 24 h after the DNFB challenge. Ear swelling was

calculated as the difference in thickness before and after

challenge [39].

Six hours (n = 6) and 24 h (n = 6) after DNFB treat-

ment, blood was collected and mice were sacrificed under

anesthesia. The right ear and spleen of each mouse was

immediately excised and frozen in liquid nitrogen, then

stored at -80 �C until use.

Morphological Analysis

The left ear of each mouse was fixed in 10% neutral buf-

fered formalin solution and was then processed routinely

into paraffin wax. Formalin fixed paraffin sections were

stained with hematoxylin and eosin (H&E) to observe

morphological changes using a microscope (Keyence Co.,

Osaka, Japan).
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Measurement of Cytokine Production and Serum

Immunoglobulin E

Amounts of IFN-c, interleukin-4 (IL-4), TNF-a and

interleukin-10 (IL-10) in homogenates of tissues were

quantified using Murine IL-4 (Diaclone Research, Besan-

con, France), Murine IFN-c (Diaclone Research), Mouse

TNF-a (Pierce Biotechnology Inc., Rockford, IL, USA), and

Murine IL-10 (Diaclone Research) ELISA kits, respectively,

according to the manufacturer’s instructions. Levels of those

cytokines in each supernatant were normalized to total

protein content, which was determined using a DC Protein

assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Total

serum IgE levels of DNFB-challenged mice were quantified

using a Mouse IgE ELISA kit (Immunology Consultants

Laboratory, Newberg, ON, USA) according to the manu-

facturer’s instructions.

Statistical Analysis

Data are reported as means ± SD. Statistical analyses were

performed using one-way analysis of variance (ANOVA)

with Fisher’s PLSD method to identify levels of signifi-

cance between the groups.

Results

GluCer Suppresses DNFB-Induced Ear Swelling

of BALB/c Mice

After challenge with DNFB, typical allergic contact der-

matitis was provoked in the ears of BALB/c mice, which

was characterized by an initial increase in ear thickness and

visible congestion of blood vessels. Oral treatment with

maize GluCer suppressed DNFB-induced inflammatory

symptom (redness and thickness) of ears. As shown

in Fig. 1a significant depression of ear thickness was

observed at 6 h in both low (5 mg/day) and high dose

(50 mg/day) GluCer treated groups (p \ 0.05). At 24 h, the

average value of ear thickness was also reduced by GluCer,

but there were no statistical differences among the three

groups, which may due to large individual differences. The

reduction of DNFB-induced ear swelling implies dietary

GluCer has anti-inflammatory property.

GluCer Inhibits Inflammatory Infiltrates in the Ears

of BALB/c Mice

Histological specimens of ears were prepared at 6 and

24 h after topical application of DNFB in BALB/c mice.

In the control group, typical allergic contact dermatitis

with congested blood vessels and apparent edema could

be observed by H&E staining. As shown in Fig. 2a, b,

microvascular dilations and dense leukocytes infiltrat-

ing the connective tissue, which are characteristics of

inflammatory reactions, were clearly observed in the

control group. At higher magnification, various kinds of

migrated inflammatory cells could also be observed,

including fibrocytes, mononuclear cells, degranulated

mast cells and other leukocytes. These results confirm that

DNFB induces severe inflammation in the ears of BALB/

c mice and that a variety of lymphocytes migrated out

from blood vessels during this contact sensitivity proce-

dure. In both the low (5 mg/day) and the high (50 mg/

day) dose GluCer-treated groups, microvascular dilation

and leukocytes in inflammatory infiltrates were inhibited

at 6 h (Fig. 2b, c) and 24 h groups (Fig. 2e, f). These

results show that dietary GluCer inhibits microvascular

dilation and inflammatory infiltration of DNFB-induced

BALB/c mice.

GluCer Inhibits Inflammation by Reducing TNF-a
Production in the Ear

To clarify the effect of GluCer on DNFB-induced inflam-

mation, especially on Th1/Th2 balance, levels of IFN-c as

an indicator of Th1 cells and IL-4 as an indicator of Th2

cells were measured by ELISA assay. IFN-c and IL-4

levels of GluCer-treated group were not significantly

altered (Table 1). In other words, Th1/Th2 balance was not

modified by oral administration of GluCer for 6 days.

A B

Fig. 1 Effect of orally administered GluCer on DNFB-induced ear

swelling in BALB/c mice. The thickness of the left ear of each mouse

was measured both before and after the DNFB challenge. Ear

swelling values are presented as the difference in thickness at 6 h

(a) and at 24 h (b). Ear swelling = ear thickness after challenge (6/24

h) - ear thickness before challenge (0 h). Con, 6 days 0.5% CMC

(vehicle) orally administered; low, 6 days low dose (5 mg/day) maize

GluCer orally administered; high, 6 days high dose (50 mg/day)

maize GluCer orally administered. Values are means ± SD, n = 6.

Values with different superscript letters are significantly different

(p \ 0.05)
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For further evaluating the effect of GluCer on DNFB-

induced inflammation, IL-10 was determined. In ear, IL-10

was significantly decreased at 6 h both low and high dose

groups, whereas this effect did not prolong to 24 h

(Table 1). However, in spleen, IL-10 was increased by

GluCer treatment at 24 h, but not reached a statistical

significance in 6 h because of the relatively large individ-

ual differences (Table 1).

TNF-a as the most important proinflammatory cytokine

and IgE as the most important antibody in the serum were

also measured. As shown in Fig. 3a, the TNF-a level in the

ear was significantly suppressed both in the low and high

dose GluCer groups (p \ 0.05). Moreover, TNF-a level

was also significantly down-regulated at 24 h by the effect

of high dose GluCer (Fig. 3b). In contrast, IgE in the serum

was almost at the same level among the control, low and

high GluCer dose groups (Fig. 3c, d). The anti-inflamma-

tory effect of dietary GluCer on contact dermatitis in

DNFB-induced BALB/c mice is via regulation of the level

of TNF-a secreted by inflammatory cells in the ear.

Table 1 IFN-c, IL-4 and IL-10

levels in ears and spleens of

DNFB-challenged BALB/c

mice

These data represent the

means ± SD for groups of six

mice. Values with different

superscript letters in the same

series differ significantly

(p \ 0.05)

GluCer Dose (mg/day) Cytokines Ear (pg/mg protein) Spleen (pg/mg protein)

6 h 24 h 6 h 24 h

0 IFN-c 482.4 ± 106.3 85.9 ± 16.7 7.6 ± 4.9 6.8 ± 1.7

5 362.0 ± 089.4 89.1 ± 18.3 7.5 ± 4.1 8.5 ± 2.7

50 373.2 ± 107.1 92.1 ± 13.1 5.9 ± 2.2 6.0 ± 2.9

0 IL-4 25.3 ± 4.4 10.3 ± 2.5 2.8 ± 0.9 1.9 ± 0.4

5 30.6 ± 6.5 10.7 ± 2.3 4.0 ± 1.0 1.8 ± 0.2

50 29.8 ± 8.4 09.0 ± 2.1 3.2 ± 0.7 1.5 ± 0.2

0 IL-10 3137.7 ± 881.3a 698.7 ± 212.5 105.5 ± 23.5 56.3 ± 07.8a

5 1326.7 ± 297.7a,b 543.0 ± 158.9 131.0 ± 37.9 72.0 ± 33.1a,b

50 1578.5 ± 352.3b 618.0 ± 264.9 170.2 ± 47.6 110.4 ± 48.7b

Fig. 2 Histopathological analysis of orally administered maize

GluCer on DNFB-induced ear swelling in BALB/c mice. Morpho-

logical changes in the left ear of 6 and 24 h after DNFB-challenged

BALB/c mice were observed. Ear sections from control mice (a), low

dose (5 mg/day) maize GluCer administered mice (b) and high dose

(50 mg/day) maize GluCer administered mice (c) were stained with

hematoxylin and eosin (H&E). Microvascular (asterisk marks) and

leukocyte (arrowheads) were pointed out in the histological sections.

Sections are representatives of more than five observations
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Discussion

The findings presented here indicate that dietary plant

GluCer, one of the most important and abundant sphingo-

lipids in food [12], suppresses the DNFB-induced ear

swelling of BALB/c mice, and inhibits the microvascular

dilation and inflammatory infiltration response via down-

regulating levels of TNF-a, but not modifying the balance

of Th1/Th2. Meanwhile, over-expressed IL-10 in inflam-

matory ear skin was suppressed by dietary GluCer. This

anti-inflammatory effect of dietary GluCer increases our

understanding of biofunctional sphingolipids.

Dietary GluCer is known to be hydrolyzed to ceramide,

sphingosine and free fatty acids in the intestinal lumen. In

mucosal cells, exogenous free sphingosine and dihydrosp-

hingosine are rapidly absorbed and metabolized to palmitic

acid [40]. A smaller portion of the sphingoid bases is

reincorporated into ceramide and more complex sphingo-

lipids. Our recent findings revealed that dietary GluCer

originating from higher plants can be hydrolyzed in the

intestine and that the intact plant form of sphingoid bases is

barely absorbed by the tissues [9, 41]. Ono et al. [42]

reported that dietary maize and yeast GluCer did not alter

the sphingoid base composition in the skin of NC mice. We

speculate that dietary maize GluCer accomplishes its

anti-inflammatory effect, not only by producing bio-active

metabolic intermediates through the sphingolipid metabolic

pathways, but also via the activation of sphingolipid met-

abolic enzymes that affect endogenous sphingolipids at the

inflammatory site, because diverse metabolic intermediates

of sphingolipids, including ceramide, sphingosine, sphin-

gosine-1-phosphate and ceramide-1-phosphate are well

known important and highly bioactive endogenous regu-

lators, which are involved in a complex metabolism net-

work and play critical roles in inflammation [43–46].

In the case of our study, dietary maize GluCer accom-

plishes its inhibition of inflammation via the down-regula-

tion of TNF-a level at the inflammatory site. TNF-a,

produced by mononuclear phagocytes and other inflamma-

tory cells (neutrophils, lymphocytes, natural killer cells, and

mast cells) or non-inflammatory cells (endothelial cells), is

known to be one of the most important inflammatory medi-

ators [47, 48]. TNF-a facilitates the formation of adhesion

molecules, vascular permeability and migration of leuko-

cytes to sites of inflammation by affecting endothelial cells

[49–51]. Our results reveal that dietary maize GluCer down-

regulates levels of TNF-a in inflammatory ears. This down-

regulation of TNF-a may affect endothelial cells and

inflammatory cells, and also can inhibit vascular perme-

ability at the site of inflammation. As a result, leukocyte

migration is reduced. In the inflammatory cells, DNFB

activates NF-jB by depredating the inhibitor of NF-jB (IjB)

[52]. In addition, it has been reported that sphingolipids

down regulated TNF-a via inactivating of NF-jB in
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Fig. 3 TNF-a levels in the ears

and IgE levels in the serum of

DNFB-challenged BALB/c

mice. TNF-a (a, b) levels in the

right ear homogenates and IgE

levels in the serum (c, d) of

control, low dose (5 mg/day)

and high dose (50 mg/day)

maize GluCer administered

mice were measured both 6 h

(a, b) and 24 h (b, d) after the

DNFB challenge. These data

represent the means ± SD for

groups of six mice. Values with

different letters differ

significantly (p \ 0.05)
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histamine-induced mouse skin tissues [53]. Thus, dietary

GluCer seems to inhibit the DNFB activated NF-jB and

down-modulate TNF-a expression in this study.

Moreover, IL-10 levels were increased in spleens but

suppressed in ears by dietary GluCer. This well known

anti-inflammatory cytokine, IL-10, has been reported over-

expressed during the antigen-specific type of skin inflam-

mation [54] and DNFB-challenged ear [55, 56]. IL-10 is

released by CD4? T helper 2 (Th2) cell clones and a

variety of other cells, including keratinocytes, macro-

phages, B lymphocytes, and mast cells [56]. The suppres-

sive effect of dietary GluCer on IL-10 expression in

DNFB-challenged ears might be caused by the inhibition of

leukocytes infiltrating to inflammatory site.

Ono et al. [42] demonstrated that supplementation of

0.1% GluCer diet for 7-week prevented atopic dermatitis-

like symptoms in a mouse model by regulating the Th1/

Th2 balance. However, IFN-c, IL-4 and IgE levels, the

markers of Th1/Th2 balance, were not notably affected by

GluCer administration for 6 days in the present study. It

appears that the period of treatment is important for

immunological response of dietary GluCer.

Furthermore, allergic inflammatory skin disease is

associated with a loss of ceramide in the extracellular

lamellar membranes which causes an abnormal barrier

function of the stratum corneum [57]. Application of

ceramide on diseased skin could significantly reduce

allergic inflammatory reactions by improving the severity

score, stratum corneum cohesion and hydration [58–60].

Dietary GluCer might also improve the stratum corneum

cohesion and hydration of ear skin to reduce the skin

inflammation.

In summary, our data provide evidence that maize

GluCer has anti-inflammatory effects on the DNFB-

induced inflammation of BALB/c mice. We confirmed that

dietary GluCer inhibits ear swelling and leukocyte infil-

tration. Furthermore, our results indicate that this effect is

accomplished mainly by down-regulating TNF-a, but does

not significantly affect Th1/Th2 balance or IgE levels in the

serum. We hypothesize that dietary GluCer accomplishes

its anti-inflammatory effect by down-regulating TNF-a to

suppress vascular permeability. This reduces the migration

of inflammatory cells, affects endogenous sphingolipids

through metabolic pathways by activating sphingolipid-

related enzymes, and moreover, by hydrolysis to ceramide

to improve skin barrier function at the dermatitis site. Our

findings increase the comprehensive understanding of the

actions of dietary sphingolipids on the balance of immune

responses.
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Abstract Triglyceride (TAG) absorption involves its

initial hydrolysis to fatty acids and monoacylglycerol

(MAG), which are resynthesized back to diacylglycerol

(DAG) and TAG within enterocytes. The resynthesis of

DAG is facilitated by fatty acyl-CoA dependent monoac-

ylglycerol acyltransferases (MGATs). Three MGAT

enzymes have been isolated in humans and the expression

of MGAT2 and MGAT3 in the intestines suggests their

functional role in the TAG absorption. In this paper, we

report that the Mogat3 gene appears to be a pseudogene in

mice while it is a functional gene in rats. Examination of

the mouse genomic Mogat3 sequence revealed multiple

changes that would result in a translational stop codon or

frameshifts. The rat Mogat3 gene, however, is predicted to

encode a functional enzyme of 362 amino acids. Expres-

sion of rat MGAT3 in human embryonic kidney 293

(HEK293) cells led to the formation of a 36-kDa protein

that displayed significant MGAT but not DGAT activity.

Tissue expression analysis of rat MGAT3 by real-time PCR

analysis indicated that rat MGAT3 has a high level of

expression in intestines and pancreas. Our results thus

provide the molecular basis to understand the relative

functional role of MGAT2 and MGAT3 and also for future

exploration of MGAT3 function in animal models.

Keywords Monoacylglycerol (MAG) �
Diacylglycerol (DAG) � Triacylglycerol (TAG) �
Acyl coenzymeA:monoacylglycerol acyltransferase

(MGAT) � Acyl coenzymeA:diacylglycerol

acyltransferase (DGAT)

Abbreviations

TAG Triacylglycerol

DAG Diacylglycerol

MAG Monoacylglycerol

MGAT Monoacylglycerol acyltransferase

DGAT Diacylglycerol acyltransferase

Introduction

The pandemic of obesity is caused by the imbalance of

energy absorption and energy expenditure. Nutrients are

processed and absorbed primarily within the gastro-intes-

tinal tract. The most energy-rich form of the nutrients,

triacylglycerols (TAG), is first hydrolyzed primarily by

pancreatic lipase into monoacylglycerols (MAG) and fatty

acids. After absorption into the enterocytes within the

intestinal tract, MAG and fatty acids are synthesized

sequentially back to diacylglyceol (DAG) and TAG, which

is subsequently assembled into chylomicrons and secreted

into the lymph [1–4]. The critical role of TAG absorption
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in energy homeostasis has triggered substantial interest in

developing therapies against this pathway and this is

highlighted by the success of Orlistat, which is a pancreatic

lipase inhibitor that inhibits TAG absorption and accord-

ingly reduces body weight [5, 6].

Fatty acyl-CoA dependent monoacylglycerol acyl-

transferases (MGAT) and diacylglycerol acyltransferases

(DGAT) are responsible for the sequential re-esterification

of MAG [7]. Breakthroughs were made in recent years

when these enzymes were cloned and studied. DGAT1

was the first enzyme that was isolated in the family with a

high level of expression in the intestines [8]. DGAT1

deficient mice were resistant to diet-induced obesity and

developed significant improvement in insulin sensitivity

and hepatic steatosis [9, 10]. While the mechanisms of

metabolic benefits from DGAT1 deficiency were not

entirely understood, it was found that DGAT1 deficiency

did not alter the balance of intestinal lipid absorption

while the rate of TG absorption was significantly reduced

[11]. Interestingly, DGAT1 also displayed MGAT activity

in vitro [12, 13].

The first MGAT gene cloned was MGAT1 with low

expression in intestines [14]. This led to the discovery of

MGAT2 and MGAT3, which have a high level of

expression in the intestines. MGAT2 is largely expressed

in the proximal intestines while MGAT3 appears to have

a high level of expression in the distal intestines [15–18].

Both enzymes have demonstrated significant enzymatic

activity in vitro in catalyzing the formation of DAG

from MAG and fatty acyl-CoA substrates [16–18].

Interestingly, MGAT2/3 displayed DGAT activity as well

[19, 20]. The physiological role of MGAT2 was studied

recently by Farese and colleagues via Mogat2 deficient

mice. Similar to DGAT1 mice, Mogat2 deficient mice

were resistant to diet-induced obesity, and had significant

improvement in insulin sensitivity, dislipidemia, and

hepatic steatosis. These mice exhibited increased energy

expenditure and reduced body weight that could poten-

tially explain the metabolic benefits of these mice.

Again, the total lipid absorption was not different in

Mogat2 deficient mice compared to that of the wild type

animals, but significant temperal and spatial delays in

TG absorption were observed [21]. These studies con-

vincingly established MGAT2 as a critical enzyme in the

intestinal TAG absorption process and whole body

energy homeostasis.

A relevant question is the physiological role of MGAT3

in the intestinal TAG absorption process because of its high

expression in intestines. In this study, we report that the

Mogat3 gene in mice appears to be a pseudogene while the

gene in rats is functional. Our studies thus provide the

molecular basis for future exploration of MGAT3 function

in vivo.

Materials and Methods

cDNA Cloning and the Expression Construct

Rat Mogat3 cDNA was isolated by PCR from rat small

intestine mRNA (BioChain Co.) based on sequence pre-

diction of rat Mogat3 in rat genomic database using the

following primers: 50 primer, 50-TTGCTAGTGTGTGACT

CCCCTCTAAAG-30; and 30 primer, 50-GTCTCTCAGGA

AGGCCAGGACATG-30. Multiple independent PCR

clones were sequenced to eliminate PCR-induced muta-

tions. The nucleotide sequences encoding full-length rat

Mogat3 were inserted into a mammalian expression vector

pcDNA3.1(?) (Invitrogen) with an N-terminal FLAG tag.

The resulting construct was used in transfection and

functional assays. Human MGAT2 and DGAT1 cDNA

were cloned from human intestinal tissues and the proteins

were expressed in insect sf9 cells via a baculoviral

expression system.

Cell Culture

HEK293 cells were purchased from American Type Cul-

ture Collection (Manassas, VA) and cultured in Dulbecco’s

modified Eagle’s/F-12 (3:1) medium supplemented with

5% fetal bovine serum in a humidified air atmosphere

containing 5% CO2. For transfections, 5 9 105 HEK293

cells were seeded into 6-well plates (Falcon, Corning, NY).

One lg of DNA was transfected using FuGENE 6 (Roche

Diagnostics, Indianapolis, IN) according to the manufac-

turer’s instructions. Expression of FLAG-tagged rat

MGAT3 was verified by Western blotting analysis with a

mouse anti-FLAG monoclonal antibody (Sigma, St. Louis,

MO).

Rat cDNA Panel, Reverse Transcription

and Real Time PCR

The total RNA was isolated from Sprague Dawley rat tissues

using TRIzol reagent (Invitrogen, Carlsbad, CA). The cDNA

was synthesized from 1 lg of total RNA utilizing the

SuperScriptTM III First-strand Synthesis System (Invitrogen)

with random hexamers for reverse transcriptase-PCR. The

SYBR Green PCR Master Mix for the TaqMan gene

expression assay was ordered from Applied Biosystems

(Foster City, CA). The rat Mogat2 and Mogat3 primers were

designed by Primer Express following the amplicon design

guidelines defined by the software and the primers were

tested and optimized for PCR. The sequences of the primers

for rat Mogat2 and Mogat3 are as follows: rat Mogat2;

50GGTGAGTGCTGATCACATTCTGA-30 (forward) and

50-AAGGGAGATGCCCATGATCT-30 (reverse), rat Mo-

gat3; 50-AGCCTGGAACAGTGAGTTTGC-30 (forward)
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and 50GGCTTCGCTGCACTGGAA-30 (reverse). Real-

Time PCR was performed on 7900HT Fast Real-time PCR

System (Applied Biosystems) using TaqMan� SYBR Green

PCR Master Mix. Cycle threshold (Ct) values were obtained

using Applied Biosystems SDS2.3 software, with 18S rRNA

used as a reference gene. The data were normalized by set-

ting the average brain expression value to 1.

In Vitro MGAT Activity Assay

Cell pellets were homogenized with three short 10-s pul-

ses from a Brinkmann Polytron homogenizer in

20 mM NaCl containing a protease inhibitor mixture

(Roche Diagnostics). The resultant homogenates were

used to assess the relative acyltransferase activity. Protein

concentrations were determined using a commercially

prepared protein assay kit (Pierce, Rockford, IL) with

bovine serum albumin used as a standard. MGAT activity

was determined at room temperature in a final volume of

100 ll. Briefly, MGAT or DGAT activity was determined

by measuring the incorporation of [14C]oleoyl-CoA

(American Radiolabeled Chemical Inc., St. Louis, MO)

into the acyl acceptor monooleoylglycerol or dioleoyl-

glycerol. The acyl acceptors were introduced into the

reaction mixture by liposomes. The acyl acceptor and

dioleoylphosphatidylcholine (molar ratio 1:5) were dis-

solved in chloroform and dried by vacuum. Liposomes

were formed by adding water and sonicating for 5 min.

The reaction mixture contained 100 mM Tris/HCl, pH 7.4,

5 mM MgCl2, 1 mg/ml fatty acid free bovine serum

albumin (Sigma), 200 mM sucrose, 10 lM [14C]oleoyl-

CoA (50 mCi/mmol; American Radiolabeled Chemicals),

100 lM acyl acceptors in liposomes, and various amounts

of cellular homogenates. The reaction was initiated by

adding protein homogenate, incubated for 20 min at room

temperature and was stopped by adding 1 ml of chloro-

form/methanol (2:1, v/v). Lipids were extracted with

chloroform/methanol (2:1, v/v) by vortexing for 30 s.

After centrifugation to remove debris, aliquots of the

organic phase containing lipids were dried under a N2

stream and separated by the Linear-K Preadsorbent TLC

plate (Waterman Inc., Clifton, NJ) with hexane/ethyl

ether/acetic acid (80:20:1, v/v/v). The TLC plates were

exposed to a Phosphor-Imager screen to assess the

incorporation of 14C-labeled acyl moieties into dioleoyl-

glycerol or trioleoylglycerol products. Phosphorimaging

signals were visualized using a Storm 860 PhosphorIm-

ager (Amersham Biosciences).

Comparative Genomic DNA Sequence Analysis

The analysis was carried out using the Artemis comparison

tool (ACT) [22]. Mouse, rat and human genomic sequences

in the target gene cluster, corresponding to the human

sequences between ZHHIT1 and VGF genes, were down-

loaded from NCBI using the Entrez Gene functions. Both

FASTA and ‘‘GenBank_Full’’ files were downloaded for

each sequence. The source genomic sequence (e.g., the

human FASTA file) to be used as the source database was

first formatted using the ‘‘formatdb’’ tool. The comparator

files were then generated for ACT by running the blastall

alignment program between target genomic (e.g., mouse)

and database (e.g., human): blastall -m 8 -i mouse_geno-

mic.fasta -d human_genomic.fasta -p blastn -o mouse.

human.blastn. Another copy of FASTA file, without being

formatted by the ‘‘formatdb’’ program, is needed for ACT.

In the file, all features from GenBank file are copied to the

top of the FASTA sequence. The ACT program was run

according to its user manual.

Phylogenetic Analysis

The Clustal multiple sequence alignment of DGAT2 and

MGAT2/3 protein sequences of mouse, rat and human was

carried out, using default parameters, with the integrated

tools in JalView [23]. The construction of the phylogenetic

tree was based on the percent identity of the protein

sequences.

Results

The DGAT2 and MGAT2 tandem gene pair is located

within a gene cluster that is conserved among mouse, rat

and human (Supplemental Figure 1A). We reasoned that a

similar syntenic relationship may also exist between human

MGAT3 and its rodent homologues. Indeed, there is

extensive orthology between human and rodent gene

clusters that contain Mogat3. All of the five human genes

(RABL5, FIS1, CLDN15, ZNHIT1, and PLOD3, excluding

pseudogenes) upsteam of Mogat3 were found in mouse and

rat in the same order, except that Zhhit1 was absent in the

rat. Downstream of Mogat3, the orthology between human

and mouse further extends to at least three other genes

(VGF, AP1S1, and Serpine1). This human-rodent orthol-

ogy around Mogat3 (Fig. 1a) suggests the likely chromo-

somal location of rodent Mogat3. In support of this

hypothesis, TBLASTN search of translated mouse and rat

genomes using human MGAT3 protein sequence resulted

in hits within this cluster. In the mouse genome, one of the

hits was LOC639992 (Mm7284), a predicted gene imme-

diately downstream of Plod3. The top hit in rat genome

was LOC68550, a predicted gene known as ‘‘similar to

monoacylglycerol O-acyltransferase 2’’, also located at the

expected locus of Mogat3. Based on the orthology and the

predicted coding sequence similarity, we reasoned that
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LOC639992 and LOC68550 could be MGAT3 candidate

genes in mouse and rat, respectively.

Comparative genomic sequence analysis at the pre-

sumed Mogat3 locus showed a high degree of conservation

between the mouse LOC639992 and the rat LOC68550

genomic DNA sequences (Fig. 1b). The putative rodent

Mogat3 gene contains 6 exons and 5 introns (Fig. 1b).

However, the mouse and rat genes exhibited low genomic

sequence similarity to the human MGAT3 genomic

sequence. Subsequent examination of the putative mouse

Mogat3 gene revealed sequences that would result in an in-

frame stop codon and frameshifts. Specifically, in the

putative mouse Mogat3 gene, there is an in-frame stop

codon in exon 2 and two deletions that would result in

frameshifts within exon 3 (Supplemental Figure 2).

Examination of the mouse Mogat3 genomic sequences of

12 different mouse strains from Perlegen revealed that the

stop codons that interrupted exon 3 were present in all

strains, thus precluding mutations or sequencing errors

(data not shown). In addition, there was no Mogat3 EST

discovered in the mouse expression sequence tag (EST)

database. Our effort to amplify a potential Mogat3 cDNA

did not yield any products either. Taken together, these

data suggest that the mouse putative Mogat3 gene sequence

does not appear to encode a functional gene and we con-

clude that the mouse Mogat3 is a pseudogene.

A similar analysis was performed in the rat genome,

which revealed a potential functional gene product. Sear-

ches in the rat EST database revealed three EST clones at

the 30 end of the gene (Fig. 1c). Using sequences derived

from the ESTs and the predicted rat cDNA sequence based

on rat genomic sequences, a rat Mogat3 cDNA was cloned

Fig. 1 a Conservation of the human chromosome 7 gene cluster

surrounding Mogat3 in mouse chromosome 5 and rat chromosome 12.

The human gene cluster is shown in opposite orientation to those of

mouse and rat ones. Mogat3 and its suspected rodent homologues are

marked with black arrow. Only the Cldn15-Zhhit1(mouse only)-

Plod3 interval upstream of Mogat3, and Vgf-Ap1s1 interval down-

stream are shown. b Genomic sequence similarity between human

MOGAT3 and suspected mouse and rat homologues. The predicted

mouse and rat Mogat3 genomic sequences are highly homologous

with each other throughout the entire gene, but only three exons (3, 4,

and 5) showed similarity to human genomic sequences, and these are

upstream of the Mogat3 locus. The predicted coding sequence of

mouse Mogat3 is interrupted by one termination codon in exon 2

(marked with*) and two frameshifts in exon 3 (marked with Fs*). See

supplemental Figure 2 for details. c Rat EST clone numbers and the

relative locations within the rat Mogat3 gene
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from rat intestines and was subsequently subcloned into a

mammalian expression vector. The predicted amino acid

sequence and the alignment with human MGAT3; rat,

mouse and human MGAT2 and DGAT2 are shown in

Supplemental Figure 3. Rat MGAT3 protein contains 326

amino acids and shares 47% identity with human MGAT3

and is 56% identical compared to rat MGAT2 (Supple-

mental Table 1). To facilitate the expression analysis, a

FLAG tag was inserted at the amino-terminus of the

enzyme. When the expression vector was transfected into

the human embryonic kidney (HEK) 293 cells and the

cellular extracts were analyzed by Western blotting

analysis against the FLAG tag, a protein of 36 kD was

readily detectable compared to the vector control

(Fig. 2a). To assess whether rat MGAT3 protein possesses

MGAT activity, cellular extracts from HEK293 cells

transfected with rat MGAT3 expression vector were

incubated with substrates of MAG and radio-labeled

oleoyl-CoA and the formation of DAG was analyzed by

thin layer chromatography. Compared to the vector con-

trol, significant MGAT activity was detected using

extracts from cells expressing rat MGAT3 (Fig. 2b). To

further characterize the rat MGAT3 acyltransferease

activity, we compared its relative MGAT and DGAT

activities using either MAG or DAG as substrates. Human

MGAT2 and DGAT1 proteins demonstrated significant

MGAT or DGAT activities as controls (Fig. 2c). While

rat MGAT3 displayed MGAT activity, no DGAT activity

was detected. In the head-to-head experiment to compare

human and rat MGAT3 activities, MGAT activity

appeared comparable (data not shown) while only human

MGAT3 displayed DGAT activities (Fig. 2d). Thus, the

rat gene encodes a functional MGAT3 enzyme that dis-

plays only MGAT activity.

ba

c d

Fig. 2 a Rat MGAT3 protein expression in HEK 293 cells. Rat

MGAT3 cDNA was cloned as described in the ‘‘Methods’’ section.

The subcloning of rat MGAT3 cDNA into the expression vector and

transfection to HEK293 cells were described in ‘‘Methods’’ section.

Western blotting analysis was performed with a mouse anti-FLAG

monoclonal antibody as described in the ‘‘Methods’’ section. b Rat

MGAT3 protein displayed MGAT activity. The expression of rat

MGAT3 in HEK293 cells, the preparation of cellular extracts for

MGAT activity analysis and the details for MGAT activity

assessment were described in the ‘‘Methods’’ section. Rat MGAT3

enzyme activity was compared to the vector control. c Rat MGAT3

protein has MGAT but not DGAT activity. Similar activity studies

were carried out using either MAG or DAG as an acyl acceptor to

assess potential MGAT or DGAT activity rat MGAT3 may have.

Human MGAT2 and DGAT1 were used as controls. d Rat MGAT3

protein does not have DGAT activity. Rat MGAT3 and human

MGAT3 were compared in the same experiment on their respective

DGAT activity
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The rat Mogat3 mRNA expression pattern was exam-

ined in a rat tissue panel by real-time RT-PCR. As

expected, rat Mogat3 was highly expressed within the

intestines, and the expression was low in the majority of

other tissues examined including the colon (Fig. 3a).

Interestingly, rat Mogat3 had a fairly high level of mRNA

expression in the pancreas as well (Fig. 3a). Rat Mogat2

expression was high in the intestines and low in all the

other tissues examined as expected (Fig. 3b). On the rela-

tive scale as assessed by real-time PCR analysis, Mogat3

expression was much lower compared to rat Mogat3

although both genes had overlapping expression within the

intestinal tract (Fig. 3c).

Because of its functional presence in rat but not in

mouse, we searched for Mogat3 ESTs in other rodent

species. There were two rodent EST hits, GH463792 and

GH463793, belonging to oldfield mice (Peromyscus pol-

ionotus subgrisieus). A full-length oldfield mouse Mogat3

cDNA sequence was generated (Supplemental Figure 3),

the function of which is yet to be tested.

A phylogenetic tree analysis (Fig. 4) was carried out on

DGAT2/MGAT2/3 family proteins that suggested evolu-

tionary branching of DGAT2 family genes including

DGAT2 and MGAT2, while MGAT3 formed a distinct

Fig. 3 a Tissue distribution of rat Mogat3. The Mogat3 mRNA level

was quantified by real-time PCR and normalized by 18 s RNA. The

small intestines were separated into 5 different parts from proximal to

distal intestines. RNAs were prepared and analyzed as described in

the ‘‘Methods’’ section. Data were normalized by setting the average

brain expression value to 1. b Tissue distribution of rat Mogat2. The

Mogat2 mRNA level was quantified by real-time PCR and normalized

by 18 s RNA. The data were normalized by setting the average brain

expression value to 1. c Relative expression levels of rat Mogat3 and

Mogat2. The rat Mogat2 and Mogat3 mRNA levels were normalized

by 18 s RNA level. Data were normalized by setting brain Mogat3

as 1

Fig. 4 Phylogenetic tree analysis of MGAT2/DGAT2/MGAT3 pro-

teins based on sequence identity (See supplemental Figure 2 for

sequence alignment). Evolutionary distances between different nodes

are shown (as generated by JalView). mus_mogat2: NP_803231.1

(Mus musculus), hom_mogat2: NP_079374.2 (Homo sapiens),

rat_mogat2: XP_001060766.1 (Rattus norvegicus), mus_dgat2:

NP_080660.1 (Mus musculus), rat_dgat2: NP_001012345.1 (Rattus
norvegicus), hom_mogat3: NP_835470.1 (Homo sapiens), rat_mo-

gat3: Mogat3 sequence from this study (Rattus norvegicus), per_mo-

gat3: Mogat3 sequence identified in this study (Peromyscus
polionotus)
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member of the family. Based on the percent identity

assessment, rodent MGAT3 is closest evolutionarily to the

MGAT2 gene, and human MGAT3 is most likely derived

from gene duplication of DGAT2.

Discussion

The intestinal TAG absorption process is an important

component of energy homeostasis. While it has been

known for years that TAG is hydrolyzed to fatty acids and

MAG, which are subsequently resynthesized back to TAG

in enterocytes, it was only recently that the molecules

responsible for sequential acylation of MAG to DAG and

TAG were cloned and characterized. Specifically, the ini-

tial cloning of DGAT1, generation and characterization of

DGAT1 deficient mice greatly improved the understanding

in the field and also highlighted the importance of the

pathway in the whole body energy balance. In addition, the

metabolic benefits observed from the DGAT1 deficient

mice triggered an industry-wide pursuit of DGAT1 inhib-

itors for metabolic disorders.

While MGAT1 does not have a high level of expression

in intestines [14], successful cloning of both human and

mouse MGAT2 revealed its tissue specific expression in

intestines that implied a significant role of MGAT2 in the

intestinal TAG absorption process [17, 18]. Not surpris-

ingly, characterization of Mogat2 deficient mice indicated

similar metabolic phenotypes to those of DGAT1 deficient

mice [21]. A hypothesis was put forward suggesting that

modulation of the dynamic intestinal TAG absorption

process may trigger enteroendocrine and/or enteroneuronal

signals that might control whole body energy homeostasis

[21].

An interesting finding was made by Cheng and

coworkers when the human MGAT3 gene was isolated and

reported [16]. While the intestinal expression of MGAT3

also suggested its role in the intestinal TG absorption, its

physiological role in this process is yet to be defined. In the

case of Mogat2 deficient mice, a natural question arises as

to whether MGAT3 and MGAT2 play complementary or

overlapping roles in the intestinal TAG absorption process.

We found that in mice, Mogat3 is likely a pseudogene and

thus there is no other intestinal MGAT enzyme that would

compensate for MGAT2 function in the Mogat2 deficient

mice. In other words, Mogat2 deficient mice are actually

Mogat2 and Mogat3 dual deficient mice. The finding of

Mogat3 as a mouse pseudogene is supported by multiple

changes in corresponding genomic regions that result in an

in-frame stop codon and two frameshifts. The lack of

mouse Mogat3 ESTs also supported this conclusion. More

conclusively, we found that similar changes in nucleotide

sequences within the Mogat3 gene exist in 12 different

mouse strains.

We found in rats, however, the Mogat3 gene encodes a

functional enzyme. First, the cDNA sequence predicted a

functional MGAT3 orthologue in rats. Secondly, the

presence of multiple ESTs in rat EST database and the

successful cloning of a rat Mogat3 cDNA clearly indicated

a possible functional MGAT3 enzyme. The expression of

MGAT3 in mammalian cells resulted in the production of a

protein of 36 kD, which is similar to the size of human

MGAT3. In activity studies, expression of this enzyme in

HEK293 cells produced robust MGAT activity. Taken

together, we conclude that rat Mogat3 is a functional gene.

The expression pattern of Mogat3 in rats is similar to

what was reported for human MGAT3. The quantitative

assessment of rat MGAT2 against MGAT3 expression

indicated that at the messenger RNA level, MGAT2

appears to be the predominant enzyme expressed in the

intestinal tract. It is not known at the moment whether there

is posttranslational regulation of MGAT2/3 expression, and

thus our results do not necessarily prove that MGAT2 is the

major enzyme responsible for intestinal TG absorption.

While MGAT3 has overlapping expression with MGAT2,

it is not clear whether MGAT3 can compensate for

MGAT2 function when the MGAT2 gene is rendered

deficient. The relative importance of MGAT2 versus

MGAT3 in rats, humans or other species will need to be

explored in future studies.

In summary, we report the functional cloning and bio-

chemical characterization of a rat Mogat3 gene. In addi-

tion, we provide evidence that the mouse Mogat3 gene is a

pseudogene. Our results provide an important molecular

basis for understanding the relative roles of MGAT2 and

MGAT3 in the intestinal TAG absorption and whole body

energy homeostasis.
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Abstract The aim of the study was to compare the effi-

cacy of high-dose rosuvastatin, low-dose rosuvastatin plus

fenofibrate and low-dose rosuvastatin plus omega-3 fatty

acids with regard to the lipid profile in patients with mixed

hyperlipidemia. The primary endpoint was changes in non-

high density lipoprotein-cholesterol (non-HDL-C) levels.

Study participants were randomly allocated to receive

rosuvastatin 40 mg (n = 30, R group), rosuvastatin 10 mg

plus fenofibrate 200 mg (n = 30, RF group) or rosuvastatin

10 mg plus n-3 fatty acids 2 g (n = 30, RN group). Non-

HDL-C levels were reduced in all groups: in R group by

54%, in RF group by 42% and in RN group by 42%.

Significant reductions in total cholesterol (TC), low density

lipoprotein (LDL)-C and triglyceride levels were observed

in all groups. The reductions in total and LDL-C were

greatest in the R group while a more pronounced reduction

of triglycerides in the RF group compared with that in the

R and the RN group was observed. HDL-C levels were

significantly increased only in the RF group. In conclusion,

high doses of rosuvastatin and small doses of rosuvastatin

plus either fenofibrate or n-3 fatty acids exhibit favorable

effects on both LDL-C and non-HDL-C levels. However,

rosuvastatin monotherapy more potently reduces these

parameters. The combination of rosuvastatin plus fenofi-

brate leads to a greater decrease in triglyceride levels and a

greater increase in HDL-C levels compared with the other

two treatments. While awaiting the results of ongoing trials

high doses of rosuvastatin may represent the treatment of

choice in individuals with mixed dyslipidemia.

Keywords Mixed hyperlipidemia � Rosuvastatin �
Fenofibrate � n-3 Fatty acids � Metabolic parameters �
Non high-density lipoprotein � Triglycerides �
High-density lipoprotein

Abbreviations

ApoA-1 Apolipoprotein A-1

apoB Apolipoprotein B

ALT Alanine aminotransferase

AST Aspartate aminotransferase

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

HDL High density lipoprotein

HOMA Homeostasis model assessment

IDL Intermediate density lipoprotein

LDL Low density lipoprotein

R group Rosuvastatin group

RF group Rosuvastatin-fenofibrate combination group

RN group Rosuvastatin-n-3 fatty acids combination

group

TC Total cholesterol

TG Triglycerides

TSH Thyroid stimulating protein

Introduction

Mixed or combined hyperlipidemia is a common metabolic

disorder characterized by elevated concentrations of both
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cholesterol and triglycerides [1]. More specifically, patients

with mixed hyperlipidemia have elevated low density

lipoprotein-cholesterol (LDL-C) and triglyceride (TG)

levels, a preponderance of small, dense LDL particles, and

reduced concentrations of high density lipoprotein-choles-

terol (HDL-C) [1]. Mixed hyperlipidemia usually results

from the hepatic overproduction of apolipoprotein B that

enters the circulation in the form of very low density

lipoproteins (VLDLs) [1]. Although the term mixed dysl-

ipidemia is used to describe a heterogeneous group of

disorders with divergent metabolic causes that simply share

a common clinical phenotype, it is widely accepted that

this condition is associated with an increased cardiovas-

cular risk [1]. Thus, this disorder should be promptly

treated with lifestyle changes, dietary counseling, lipid-

lowering drugs or combinations of these interventions. It is

well known that monotherapy with conventional doses of

statins or fibrates is usually sufficient to treat simple lipid

disorders such as hypercholesterolemia or hypertriglyceri-

demia, respectively. On the other hand mixed hyperlipid-

emia represents an important therapeutic challenge since in

this case monotherapies only partially correct the under-

lying metabolic defects.

Statins represent the cornerstone of hypolipidemic

therapy. These compounds have shown enormous effi-

ciency in reducing the incidence of cardiovascular disease,

a phenomenon that is mainly related to the reductions in

LDL-C concentrations. On the other hand, the use of older

statins in individuals with mixed dyslipidemia usually

results in residual hypertriglyceridemia and low HDL-C

levels [2]. However, although the conventional doses of

older statins do not markedly alter triglyceride or HDL-C

levels, high doses of the newer statins such as rosuvastatin

or atorvastatin may favorably affect these parameters.

Thus, rosuvastatin (10 or 20 mg) and atorvastatin (20 or

40 mg) have been shown to reduce triglycerides by almost

30% in patients with primary hyperlipidemia [3]. In addi-

tion, rosuvastatin in high doses (40 mg) seems to be the

most potent statin for HDL-C elevation demonstrating

increases in HDL-C levels by 8–15% in large clinical trials

[4–6]. Thus, the use of high doses of these potent statins

represents a promising therapeutic option in patients with

mixed dyslipidemia. An alternative approach to the treat-

ment of mixed dyslipidemia is the combination of a statin

with agents that reduce triglycerides and/or increase HDL-

C values. Fibric acid derivatives (fibrates) and n-3 fatty

acids represent ideal candidates for this kind of combina-

tion treatment. Fenofibrate belongs to a class of drugs that

activate specific transcription factors known as peroxisome

proliferator activated receptors a (PPAR-a) [7]. These

drugs reduce the concentration of plasma TG by 30–50%

and raise the level of HDL-C by 2–20%. Fenofibrate’s

effect on LDL-C is variable, ranging from a small decrease

in hypercholesterolemic patients to no change or even a

slight increase in individuals with combined dyslipidemia

or hypertriglyceridemia [7]. Furthermore, the effects of

fenofibrate on HDL-C are largely dependent on baseline

HDL-C levels. In several clinical studies combined statin/

fibrate therapy resulted in pronounced decreases in LDL-C,

triglycerides and non-HDL-C as well as increases in HDL-

C compared with either monotherapy [8]. However, the

elevated risk for muscle side effects limits the widespread

use of this combination [9]. The n-3 fatty acids mainly

reduce TG concentration, but they exert many other anti-

atherosclerotic properties [10]. Numerous prospective and

retrospective trials from many countries have shown that

moderate fish consumption lowers the risk of major car-

diovascular events, such as myocardial infarction, sudden

cardiac death, coronary heart disease, atrial fibrillation, and

most recently, death in patients with heart failure [10, 11].

Adding n-3 fatty acids to statins reduces triglycerides and

non-HDL-C to a greater extent than statin monotherapy

[12]. It is currently unknown what would be the best

treatment option for patients with mixed hyperlipidemia,

i.e. high-dose statin therapy or low-dose statin plus fenof-

ibrate (the only fibrate that can be coadministered with a

statin) or low-dose statin plus n-3 fatty acids. The primary

end-point of the present open-label randomized study was

the lowering effect of high dose of rosuvastatin alone, low

dose of rosuvastatin plus fenofibrate and low dose of

rosuvastatin plus n-3 fatty acids treatment on non-HDL-C

levels in patients with primary mixed hyperlipidemia.

Secondary end-points were the treatment effects on LDL-C

values, the percentage of patients that achieved their pre-

specified LDL and non-HDL-C targets, the effects of these

treatments on anthropometric variables (such as body

weight and body mass index), lipid profile (triglycerides,

HDL-C and apolipoprotein values), carbohydrate metabo-

lism indices (fasting glucose and insulin concentrations,

Homeostasis Model Assessment (HOMA)-index values)

and serum uric acid (SUA) levels. To the best of our

knowledge, this is the first time that these combinations

have been compared directly.

Materials and Methods

Participants

Patients attending the Outpatient Obesity and Lipid Clinic

of the University Hospital of Ioannina, Greece were

recruited for the study. Patients were considered eligible if

they had LDL-C [160 mg/dL and triglycerides [200 mg/

dL at baseline. Exclusion criteria were known coronary

heart disease or other atherosclerotic diseases, triglyceride

values [500 mg/dL, renal disease (serum creatinine levels
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[1.6 mg/dL or proteinuria of nephrotic range), diabetes

mellitus (fasting blood glucose [126 mg/dL or ongoing

treatment with oral hypoglycaemic agents), hypothyroid-

ism [thyroid stimulating hormone (TSH) [5 IU/ml] and

liver disease (ALT and/or AST levels [ threefold upper

limit of normal in more than two consecutive measure-

ments). Patients with any medical conditions that might

preclude successful completion of the study protocol were

excluded. Patients with hypertension were included in the

study but they were on stable medication for at least

3 months before study entry and their blood pressure was

adequately controlled (no change in their treatment was be

made during the study period). Patients currently taking

lipid lowering drugs or having stopped them less than

4 weeks before study entry were excluded. After the initial

screening all study participants gave a written informed

consent. All subjects were given individualized dietary

instructions by a clinical nutritionist, based on each one’s

basal energy requirements and on an estimation of the

subject’s typical activity level, according to NCEP-ATP III

guidelines [13]. The treatment groups did not differ in their

nutrient intake at baseline [regarding dietary cholesterol,

total calories, percentage of calories from saturated,

unsaturated, and monounsaturated fats, and percentage of

calories from carbohydrates and alcohol (analyses not

shown)]. There were no differences in diet composition

between study groups. All patients were asked to attend the

clinic monthly during the treatment in order to assess diet

compliance. Patients who remained hyperlipidemic (LDL-

C [160 mg/dL and triglycerides [200 mg/dL) on two

consecutive measurements after a dietary intervention

period of approximately 3 months were considered eligible

for randomization. We followed a simple randomization

method using a table of random numbers as previously

described [14]. With this method patients were allocated to

open-label rosuvastatin 40 mg (n = 30, group R), rosu-

vastatin 10 mg plus fenofibrate 200 mg (n = 30, group

RF) or rosuvastatin 10 mg plus 2 gr of n-3 fatty acids [each

gr of the preparation contained approximately 465 mg of

eicosapentaenoic acid (EPA) and 375 mg of docosahexa-

enoic acid (DHA)] (n = 30, group RN) daily. Anthropo-

metric variables and serum metabolic parameters were

assessed at baseline and after 3 months of treatment. Non-

HDL-C and LDL-C targets for each patient were deter-

mined according to NCEP-ATP III guidelines [13]. No

external sponsor was involved in the study which was

approved by the ethics committee of the University Hos-

pital of Ioannina.

Biochemical Parameters

All laboratory determinations were carried out after an

overnight fast. Non-HDL-C was calculated by the

equation: non-HDL-C = TC - HDL-C. LDL-C was cal-

culated using the Friedewald formula (provided that tri-

glycerides were \400 mg/dL). Serum concentrations of

fasting glucose, total cholesterol and triglycerides were

determined enzymatically on an Olympus AU600 clinical

chemistry analyzer (Olympus Diagnostica, Hamburg,

Germany). HDL-C was determined in the supernatant, after

precipitation of the apolipoprotein B-containing lipopro-

teins with dextran sulphate-Mg?? (Sigma Diagnostics, St.

Louis, MO, USA). Serum apolipoproteins (Apo) A-I and B

were measured by immunonephelometry on a BN ProSpec

nephelometer (Dade-Behring, Lieberbach, Germany).

Serum creatinine was measured using the Jaffé method.

SUA was calculated with an enzymatic colorimetric test

(uricase). Fasting serum insulin levels were measured by an

AxSYM insulin assay microparticle enzyme immunoassay

on an AzSYM analyzer (Abbott Diagnostics, Illinois,

USA). Finally, HOMA index was calculated using the

equation proposed by Matthews as follows: fasting insulin

(mU/L) * fasting glucose (mg/dL)/405 [15].

Statistical Analyses

Values are given as means ± standard deviation (SD) and

median (range) for parametric and non-parametric data,

respectively. The chi-square test was used to access dif-

ferences in proportions. Continuous variables were tested

for lack of normality by the Kolmogorov–Smirnov test and

logarithmic transformations were accordingly performed

for triglycerides, insulin and HOMA index. The paired-

samples t-test was used for assessing the effect of treatment

in each group. Analysis of covariance (ANCOVA), adjus-

ted for baseline values, was used for comparisons between

treatment groups. Significance was defined as p \ 0.05.

Analyses were performed using the SPSS 15.0 statistical

package for Windows (SPSS Inc., 1989–2004).

Results

We enrolled 90 patients (45 men and 45 women) with a

mean age of 55 ± 10 years (Table 1). More than 75% of

the study participants fulfilled the criteria for the diagnosis

of metabolic syndrome [16]. On the other hand only

exceptionally did study subjects have a positive family

history of dyslipidemia and/or premature cardiovascular

disease that could be consistent with the diagnosis of

familial combined hyperlipidemia. There were no differ-

ences in age, sex distribution, body mass index values and

proportion of smokers between study groups. The baseline

values of TC, LDL-C, non-HDL-C and TG as well as the

concentrations of apolipoproteins AI and B did not show

any significant difference among the 3 treatment groups
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(Table 1). There were no significant changes in blood

pressure, BMI, waist circumference, and body weight at

3 months (data not shown). At the end of the 3-month

treatment period, there was a significant reduction of non-

HDL-C in all treatment groups (p \ 0.001 compared to

baseline values) with a greater decrease in the R group

(p \ 0.05 compared to RF and RN groups). More specifi-

cally non-HDL-C was reduced by 54% in the R group, by

42% in the RF group and by 42% in the RN group

(Table 2). Twenty-seven patients out of 30 achieved the

non-HDL-C target in R group (90%). The percentage of

patients that achieved the non-HDL-C target was 70% in

RF group (21 patients out of 30) and 76.6% in the RN

group (23 patients out of 30). The proportion of patients

that reached the non-HDL-C target was significantly higher

in the R group compared to RF group (p \ 0.05) but not to

RN group. There were significant reductions in plasma

levels of TC, LDL-C, and triglycerides in all study groups

(Table 2). The reductions of TC and LDL-C levels were

significantly greater in the R group (-46 and -59%,

respectively) compared with the RF (-34 and -44%,

respectively) and RN (-35 and -44%, respectively)

groups. A greater proportion of patients in the R group

achieved their LDL-C targets (87%) compared to those in

RF and RN groups (70 and 83%, respectively). On the

contrary, the reduction of triglyceride levels was signifi-

cantly higher in the RF group (-50%) compared with the R

(-33%) and the RN (-31%) group (p \ 0.01 for both

comparisons). In order to compare the overall lipid-

lowering efficacy of the regimens tested we used the dual

goal of non-HDL-C below 160 mg/dL and triglycerides

lower than 150 mg/dL. A greater proportion of patients in

the RF group achieved this dual target compared to the R

and RN groups (Fig. 1). However, these differences did not

reach statistical significance. In all groups smokers had

Table 1 Baseline demographic characteristics of all study patients

Characteristic Group R Group RF Group RN p

n (males/females) 30 (11/19) 30 (16/14) 30 (18/12) NS

Age (years) 58 ± 9 54 ± 12 54 ± 10 NS

Current smokers

(%)

36 32 40 NS

Body weight (kg) 80 ± 14 85 ± 13 81 ± 13 NS

BMI (kg/m2) 29 ± 4 30 ± 3 29 ± 3 NS

TC (mg/dL) 304 ± 69 300 ± 45 284 ± 42 NS

LDL-C (mg/dL) 204 ± 68 191 ± 44 183 ± 40 NS

TG (mg/dL) 239

(201–336)

268

(209–364)

259

(200–396)

NS

HDL-C (mg/dL) 50 ± 8 52 ± 10 48 ± 10 NS

Non-HDL-C (mg/

dL)

253 ± 60 247 ± 38 235 ± 38 NS

Apo AI (mg/dL) 152 ± 20 163 ± 25 142 ± 25 NS

Apo B (mg/dL) 137 ± 38 142 ± 26 133 ± 20 NS

Values are expressed as means ± SD except for triglycerides that are

expressed as median (range)

R rosuvastatin, RF rosuvastatin ? fenofibrate, RN rosuvastatin ? n-3

fatty acids, BMI body mass index, Apo apolipoprotein, NS non

significant

Table 2 Serum metabolic parameters at baseline and after 3 months

of treatment

Baseline 3 months % change

TC (mg/dL)

Group R 304 ± 69 164 ± 37 -46

Group RF 300 ± 45 197 ± 40 -34

Group RN 284 ± 42 185 ± 37 -35

LDL-C (mg/dL)

Group R 204 ± 65 83 ± 33 -59

Group RF 191 ± 44 108 ± 49 -44

Group RN 183 ± 40 102 ± 31 -44

Triglycerides (mg/dL)

Group R 239 (201–336) 160 (62–309) -33

Group RF 268 (209–364) 134 (67–244) -50

Group RN 259 (200–396) 174 (97–327) -31

HDL-C (mg/dL)

Group R 50 ± 8 52 ± 8 ?4

Group RF 52 ± 10 56 ± 12 ?8

Group RN 48 ± 10 50 ± 10 ?4

Non HDL-C (mg/dL)

Group R 253 ± 60 117 ± 32 -54

Group RF 247 ± 38 141 ± 39 -42

Group RN 235 ± 38 135 ± 33 -42

ApoA1 (mg/dL)

Group R 152 ± 20 145 ± 22 -5

Group RF 163 ± 25 169 ± 28 ?4

Group RN 142 ± 25 149 ± 29 ?5

ApoB (mg/dL)

Group R 137 ± 38 73 ± 23 -47

Group RF 142 ± 26 84 ± 26 -41

Group RN 133 ± 20 83 ± 22 -38

Serum creatinine (mg/dL)

Group R 0.962 ± 0.162 0.971 ± 0.210 ?1.1

Group RF 0.968 ± 0.164 1.086 ± 1.726 ?12.8

Group RN 1.048 ± 0.231 0.996 ± 0.169 -3.7

Uric acid (mg/dL)

Group R 5.5 ± 1.2 5.1 ± 1.5 -9

Group RF 6.2 ± 1.4 4.9 ± 1 -21

Group RN 6.3 ± 1.7 5.9 ± 1.5 -4

Values are expressed as means ± SD [except for triglycerides that are

expressed as median (range)]

R rosuvastatin, RF rosuvastatin ? fenofibrate, RN rosuvastatin ? n-3

fatty acids, TC total cholesterol, LDL-C low density lipoprotein

cholesterol, HDL-C high density lipoprotein cholesterol
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significantly lower HDL-C values compared to non-

smokers (data not shown). HDL-C levels were significantly

increased at 3 months in the RF group (?8%), while they

were non-significantly increased in the R (?4%) and the

RN (?4%) group (Table 2). Smoking status did not sig-

nificantly affect the response of HDL-C levels to the

therapeutic interventions (data not shown). After 3 months

of treatment a more pronounced increase in ApoA-I levels

was observed in the RF and RN groups (?4 and ?5%,

respectively) compared with changes in the R group

(-5%). However this difference did not achieve statistical

significance. ApoB levels were significantly reduced in all

groups with a greater reduction in R compared with RN

group. Serum uric acid levels decreased more in the RF

group (-21%) compared with the R group (-9%) and with

the RN group (-4%) (Table 2). Finally, serum creatinine

significantly increased in the RF group (?12.8%) but it was

not significantly altered in the R and RN groups (Table 2).

Glucose in all groups was unaltered but insulin levels and

HOMA index showed controversial results. HOMA index

was significantly reduced in RF (-40%) group but it was

increased in the R group (?55%, Table 3). The same

results were observed as far as insulin levels were con-

cerned. There were no significant changes in the HOMA

index and insulin levels in the RN group.

Safety

Of the 90 patients enrolled 3 (3.3%) dropped out during the

study: 1 man and 1 woman in the RF group due to adverse

events (myalgia without elevated CK levels) and 1 woman

in the RN group due to an asymptomatic abnormal liver

function test (AST and ALT elevation [3 times the upper

limit of normal). In the patients who completed the study

rosuvastatin, fenofibrate and n-3 fatty acids were well

tolerated.

Discussion

In this open-label randomized study, we directly compared

for the first time high doses of rosuvastatin with low doses

of this statin plus fenofibrate or n-3 fatty acids in the

treatment of mixed hyperlipidemia. The primary endpoint

of the study was the lowering effect of these three different

regimens on non-HDL-C. According to NCEP-ATP III the

goal for non-HDL in our patients was set to 30 mg/dL

higher than the corresponding LDL-C goal [13]. Since no

study participant had a history of coronary heart disease or

equivalents the non-HDL-C target for virtually all patients

was 160 mg/dL. In our study, 3 months of treatment with

the above regimens led to a significant reduction in non-

HDL-C levels in all study groups. However, this reduction

was significantly greater in the rosuvastatin monotherapy

group compared with the combination treatment groups.

Similar differences were also observed in the LDL-C-

decreasing potency of the regimens tested.

Epidemiological studies have shown that LDLs repre-

sent the most atherogenic lipoproteins of human plasma

and thus the levels of LDL-C should be considered as the

primary target of preventive or therapeutic strategies in all

individuals [17]. However, the utilization of LDL-choles-

terol as a target for therapy in patients with mixed hyper-

lipidemia has several important limitations. It is well

known that LDL-C is commonly determined by the

Friedewald equation in specimens from fasting subjects

and with triglyceride concentrations lower than 400 mg/

dL. However, the equation is considerably inaccurate

even at triglyceride concentrations of 200–400 mg/dL

[18]. Thus, since mixed dyslipidemia is by definition
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Fig. 1 Proportion of patients that reached the dual target of non-

HDL-cholesterol \160 mg/dL and triglycerides \150 mg/dL. R rosu-

vastatin, RF rosuvastatin ? fenofibrate, RN rosuvastatin ? n-3 fatty

acids

Table 3 Glucose, insulin and HOMA index at baseline and after

3 months of treatment

Baseline 3 months % change

Glucose (mg/dL)

Group R 95 ± 10 96 ± 11 ?1

Group RF 94 ± 10 93 ± 7 -1

Group RN 96 ± 11 96 ± 10 0

Insulin (lU/mL)

Group R 8 (2–17) 11 (2–26) ?55

Group RF 17 (2–82) 10 (2–28) -41

Group RN 10 (5–18) 11 (2–26) ?10

HOMA index

Group R 1.8 (0.4–4.5) 2.8 (0.4–6.9) ?55

Group RF 4.1 (0.5–22.6) 2.4 (0.5–6.8) -40

Group RN 2.5 (1.1–4.1) 2.6 (0.5–6.4) ?4

Values are expressed as means ± SD for glucose and median (range)

for insulin and HOMA

R rosuvastatin, RF rosuvastatin ? fenofibrate, RN rosuvastatin ? n-3

fatty acids, HOMA homeostasis model assessment
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characterized by increased concentrations of triglycerides

the use of Friedewald equation for the determination of

LDL-cholesterol values in this patient population may

result in important measurement errors. On the other hand,

it is well known that mixed dyslipidemia is characterized

by elevated concentrations of potentially atherogenic

lipoprotein particles (such as VLDL, IDL and small, dense

LDL particles) whose levels are not captured by conven-

tional LDL measurement. As a result, NCEP ATPIII

guidelines introduced non-HDL-C values as secondary

targets of therapy in all patients with triglyceride values

greater than 200 mg/dL [13]. The calculation of this

parameter (which represents the sum of the concentrations

of all apolipoprotein B-containing particles) overcomes the

methodological limitations of LDL-cholesterol determina-

tion, does not require fasting specimens and, most impor-

tantly, in addition to LDL particles takes into account the

concentrations of all apolipoprotein B-containing particles.

Numerous studies in populations with different character-

istics have shown that non-HDL-C levels represent a pre-

cise estimator of future cardiovascular risk whose accuracy

may be even greater than that of conventional lipid

parameters (such as total or LDL-C) [19, 20]. According to

our results monotherapy with high doses of rosuvastatin

represents the most plausible option for the treatment of

patients with mixed hyperlipidemia since this regimen is

more effective in reducing the concentrations of both non-

HDL-C and LDL-C compared to combination treatment

with low dose of rosuvastatin and either fenofibrate or n-3

fatty acids. Although the number of patients that con-

comitantly reached the non-HDL-C and TRG targets was

(non significantly) greater in the RF group, to our knowl-

edge there is no data suggesting that the achievement of

this ‘‘dual’’ goal is clinically more beneficial than the

achievement of the non-HDL-C target. Indeed, this mar-

ginal difference in the number of patients that reached the

dual goal was mainly driven by the greater triglyceride-

lowering efficiency of the RF combination; however, it is

currently controversial if this higher TG-reducing potency

can be translated into clinical benefit [21].

Since the regimens used in our study have never been

directly compared in studies with hard clinical endpoints it

is not known if the differences observed in the lipid-low-

ering potency of these drugs are reflective of differences in

their ability to reduce the incidence of cardiovascular dis-

ease in individuals with mixed hyperlipidemia. In an ele-

gant review Rubenfire et al. [22] summarized the currently

available treatment options for individuals with mixed

dyslipidemia and proposed a therapeutic algorithm sug-

gesting that the first priority in these patients should be the

maximally tolerated effective dose of a potent statin. This

approached is based on results from clinical trials showing

that the reduction in the incidence of cardiovascular disease

is closely related to the dose of statins [23] as well as to the

magnitude of LDL-C and non-HDL-C reduction [20, 23].

In addition, although the combination of a statin with a

fibrate is pathophysiologically attractive the recently pub-

lished The Action to Control Cardiovascular Risk in Dia-

betes (ACCORD) study showed that simvastatin-

fenofibrate combination in patients with type 2 diabetes

mellitus was not superior to simvastatin monotherapy in

terms of cardiovascular risk reduction [24]. Although the

study was not powered to assess efficacy on the basis of

baseline lipids, there was a borderline significant reduction

in major cardiovascular events in persons with a triglyc-

eride level of 204 mg/dL or greater and an HDL choles-

terol level of 34 mg/dL or less at baseline. We believe that

our results are in line with the strategy proposed by

Rubenfire et al. [22]; while awaiting the results of ongoing

trials, monotherapy with high doses of potent statins seems

to be the best therapeutic option in individuals with mixed

dyslipidemia.

Although our study did not have sufficient power to

assess differences in safety, our results indicate that the

high doses of rosuvastatin as well as the combinations of

low doses of this compound with fenofibrate or fish oils are

extremely safe and very well tolerated. In agreement with

previous studies we noticed a significant increase in serum

creatinine levels after fenofibrate administration [25].

However, controversy exists as to whether this phenome-

non represents a true deterioration in renal function or an

increase in the rate of metabolic production of creatinine.

On the other hand, the well-known uricosuric properties of

fenofibrate possibly underlie the greater reduction in serum

uric acid levels observed in the RF patient group [26]. In

agreement with previous studies we found that the high

doses of rosuvastatin (40 mg) may adversely affect glucose

homeostasis leading to a worsening of insulin resistance

indices [6, 27]. Indeed, in our patients rosuvastatin mono-

therapy resulted in a significant increase in HOMA index

values by 55%, mirrored by a correspondent increase in

serum insulin levels whereas fasting glucose values

remained constant. These results seem to be in contrast

with those reported in a recently published meta-analysis

showing that statins, as a class, have no effect on insulin

sensitivity [28]. However, when individual statins were

analyzed separately a non significant trend towards insulin

sensitivity deterioration was evident with rosuvastatin [28].

These changes were not of the same magnitude with those

observed in our study; however, the differences in patients’

selection criteria, in the duration of the study as well as in

the dose of the drug may partially explain this discrepancy.

The use of the inaccurate HOMA index as an indicator of

insulin sensitivity in our study may also have played an

important role. In the RN group the levels of HOMA index

and insulin remained unaltered. This means either that the
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lower doses of rosuvastatin and n-3 fatty acids do not exert

any significant effect on carbohydrate metabolism or that

the detrimental effect of the low doses of rosuvastatin on

peripheral glucose uptake (that so far has been observed

only in individuals with insulin resistance) [27] is milder

and can be counterbalanced by the corresponding benefi-

cial effect of fish oils [29, 30]. To make things more

complicate other studies showed that n-3 fatty acids may

exert an adverse effect on insulin sensitivity [31]. Finally,

the significant reduction in the values of insulin resistance

indices in the RF group can be attributed to the insulin

sensitizing properties of the fibric acid derivatives [32]. It

must be noted that the differential effects of the various

treatments on insulin resistance indices (HOMA-IR and

fasting insulin concentration) could have been influenced

by the differences in the baseline values of these parame-

ters. Although we tried to avoid this type of error by using

ANCOVA and taking into account the baseline values of

HOMA-IR and insulin as covariates we cannot fully

exclude this possibility. Whether these differences are of

potential clinical importance or not remains to be

established.

In conclusion, in the present study mixed hyperlipi-

demic patients without diabetes responded generally well

to rosuvastatin alone or in combination with fenofibrate or

n-3 fatty acids. High doses of rosuvastatin, small doses of

rosuvastatin plus fenofibrate and small doses of rosuvast-

atin plus n-3 fatty acids decreased significantly non-HDL-C

with rosuvastatin monotherapy being more effective in

reducing this parameter. On the contrary, the combination

of rosuvastatin plus fenofibrate had a more potent effect in

reducing triglyceride levels and increasing HDL-C values

compared with the other two treatment groups. Larger,

prospective clinical trials with a double blind design are

needed to delineate whether these differences in bio-

chemical efficiency can be translated into significant dif-

ferences in clinical efficiency and more specifically in the

ability of various regimens to reduce cardiovascular mor-

bidity and mortality in patients with mixed dyslipidemia.
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Abstract In this study, we investigated whether dietary

glucosylceramide (GlcCer) and its metabolite sphingoid

bases, sphingosine (SS), phytosphingosine (PS), sphing-

adienine (SD) and 4-hydroxysphingenine (4HS), influence

cornified envelope (CE) formation. CE is formed during

terminal differentiation of the epidermis through cross-

linking of specific precursor proteins by transglutaminases

(TGases), and is essential for the skin’s barrier function.

Oral administration of GlcCer (0.25 mg/day) for 14 con-

secutive days dramatically reduced transepidermal water

loss, an indicator of the skin barrier condition, in hairless

mice with barrier perturbation induced by single-dose

ultraviolet B (UVB) irradiation. The GlcCer treatment also

increased the level of TGase-1 mRNA in UVB-irradiated

murine epidermis approximately 1.6-fold compared with

the control. Further, all four sphingoid bases at 1 lM

concentration enhanced CE formation of cultured normal

human keratinocyte cells. Among them, SS, PS and SD,

but not 4HS, stimulated production of involucrin, one of

the CE major precursor proteins. SD increased the

expression of TGase-1 mRNA, while SS increased the

expression of TGase-3 mRNA. These results indicate that

the skin barrier improvement induced by oral GlcCer

treatment might be at least partly due to a reinforcement of

CE formation in the epidermis mediated by sphingoid

bases metabolically derived from GlcCer.

Keywords Glucosylceramide � Sphingoid base �
Cornified envelope � Transglutaminase � Involucrin �
Skin barrier

Abbreviations

AP-1 Activating protein 1

CE Cornified envelope

CLE Corneocyte lipid envelope

GlcCer Glucosylceramide

4HS 4-Hydroxysphingenine

PS Phytosphingosine

SC Stratum corneum

SD Sphingadienine

SS Sphingosine

TEWL Transepidermal water loss

TGase Transglutaminase

UVB Ultraviolet B

Introduction

The skin provides an effective barrier between the organ-

ism and the environment, preventing physical, chemical

and microbial damage. The barrier function is mainly

localized in the stratum corneum (SC), which is formed in

the outmost layer of the epidermis, and consists of cornified

envelope (CE) and intercellular multilamellar lipids.

The CE forms a highly durable and flexible barrier [1],

consisting of a 15-nm thick structure composed of several

insoluble proteins, such as involucrin, loricrin, small pro-

line-rich proteins and other proteins, covalently cross-

linked by transglutaminases (TGases) [2]. TGases are a

family of calcium-dependent acyl-transfer enzymes. Some

isozymes, TGase-1, -3 and -5, are expressed mainly in
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human skin epidermis, and play roles in CE formation

during keratinocyte differentiation [3]. TGase-1 and TGase-5

are present in the spinous and granular layers, and TGase-3

seems to be confined to the upper granular layer [4].

Several studies have shown that TGase-1 has an essential

role in CE assembly for skin barrier formation. TGase-1

knockout mice show a phenotype with abnormal CE for-

mation, and die within 4–5 h after birth due to dehydration

[5]. TGase-1 function is also required for normal epidermal

function in humans. Mutations of TGase-1 have been

identified as a cause of lamellar ichthyosis (LI), and result

in drastically reduced TGase-1 activity and deficiency of

CE in the epidermis of patients with LI [6]. TGase-1

mutations are present in about 50% of autosomal recessive

congenital ichthyosis patients [7]. In addition, cathepsin D,

an aspartate protease, is involved in the activation of

TGase-1 through cleaving the 150-kDa precursor of

TGase-1 and producing its active 35-kDa form. Conse-

quently, cathepsin D-deficient mice have a defective skin

barrier, with reduced TGase-1 activity and impaired SC

morphology [8]. These results suggest that CE formation

by TGase-1 is crucial to maintain epidermal tissue

homeostasis and a healthy skin surface.

Glucosylceramides (GlcCers), which are structurally

constituted of sphingoid bases, long chain fatty acids, and

sugar moieties, occur in plants, fungi and animals [9–11].

In animals, GlcCers are essential structural components of

mammalian cell membranes and are mostly found at the

cell surface; they participate in biological functions such as

immunomodulation [12] and insulin resistance [13]. Like-

wise, GlcCers play vital roles in maintaining the skin

barrier function, through their role as intracellular lipids

[14]. Recently, it was reported that dietary GlcCer

improves the skin barrier function, e.g., improving recov-

ery of SC flexibility and reducing transepidermal water loss

(TEWL) in acutely barrier-perturbed mice [15]. Further-

more, oral intake of GlcCer also improves TEWL in

healthy human subjects [16]. However, the mechanism of

improvement of the skin barrier function by oral GlcCer

treatment remains unknown.

In this study, we initially examined the effect of dietary

GlcCer, prepared from konjac tuber, on the improvement

of skin barrier function and the level of TGase-1 gene

expression in hairless mice following barrier perturbation

by means of a single UVB exposure. Moreover, because

sphingoid bases are generally known to be formed by

digestion of GlcCer in the digestive tract [17–19] and are

metabolites of ceramide in skin epidermis [20], we also

investigated the effects of the four major sphingoid bases

of konjac GlcCer on CE formation, TGase-1 and TGase-3

gene expression levels and involucrin production in normal

human epidermal keratinocyte cells.

Materials and Methods

Materials

Normal human epidermal keratinocytes (NHEK) were

obtained from Kurabo Co. Ltd. (Osaka, Japan). Serum-free

keratinocyte growth medium (KGM) containing low cal-

cium (0.06 mM), bovine pituitary extract (BPE) and epi-

dermal growth factor (EGF), insulin, hydrocortisone and

antibiotics (gentamycin/amphotericin) were purchased

from GIBCO BRL (Montgomery County, USA). GlcCer,

derived from konjac tubers, was kindly provided by Uni-

tika Limited (Osaka, Japan). HPLC analysis indicated a

purity of greater than 95%. Sphingadienine (SD) and

4-hydroxysphingenine (4HS) were isolated from konjac

tubers by Unitika Limited, and the structures of these

compounds were confirmed by spectroscopic analysis.

Sphingosine (SS) and phytosphingosine (PS) were pur-

chased from Avanti Polar Lipids, Inc. (Alabama, USA).

Animals

The present study was approved by the ethics committee of

Shiseido Research Center in accordance with the guideline

of the National Institute of Health. Hairless male mice

(HR-1) were purchased from Hoshino Laboratory Animals,

Inc. (Ibaraki, Japan). Five-week-old HR-1 mice were ran-

domly allocated to two groups (n = 6 in each group),

adjusted to be the same of weight average, and fed the

AIN-93G (Oriental Yeast, Tokyo, Japan) rodent diet. GlcCer

was prepared as an aqueous suspension in 1% tragacanth

gum and was administered orally at 0.25 mg/day to each

mouse in the dietary GlcCer group. The control group

received an aqueous suspension in 1% tragacanth gum.

After 2 weeks, each mouse was irradiated with a single dose

of UVB (150 mJ/cm2). TEWL was measured daily up to

day 11 with a Tewameter (Courage ? Khazaka, Cologne,

Germany) to characterize the skin barrier function. In par-

allel, dorsal skin samples were obtained from each mouse at

various time periods after UVB irradiation.

Cell Culture

NHEK were seeded at a density of 3–5 9 104 cells/cm2 in

75-cm2 cell culture flasks, and cultured in KGM with

medium changes every other day at 37 �C under a 5% CO2

atmosphere. Third passage cells were used for the experi-

ments. Tested sphingoid bases were dissolved in ethanol

and diluted with medium to obtain the appropriate con-

centrations, and the final volume of ethanol was adjusted to

0.05% (v/v). In some experiments, NHEK were cultured in

KDM (KGM without BPE).
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TGase-1 mRNA Expression Level in UVB-irradiated

Mouse Skin

RNA was isolated from mouse skin epidermis as previ-

ously described [21]. Dorsal skin samples were obtained

and the epidermis was separated from the dermis by

heating. Epidermal sheets were placed in 1 ml of Isogen

reagent (Nippon Gene, Toyama, Japan) and total RNA was

isolated as recommended by the manufacturer. Total RNA

was purified using a RNeasy� Mini Kit (Qiagen, Califor-

nia, USA) according to the instructions of the manufac-

turer. The total RNAs obtained (4 g) were used to produce

cDNA and PCR using a LightCycler� TaqMan� Master kit

(Roche Applied Science, Indianapolis, USA), following the

manufacturer’s protocols. The synthesized cDNAs were

PCR-amplified with TGase-1 specific primer (Sigma-

Aldrich Inc, Missouri, USA) and b-actin primer (Sigma-

Aldrich Inc, Missouri, USA) as the internal control.

Fluorograms are shown after 65 cycles of PCR for TGase-1

and b-actin. The sequences of the primer pairs, 50 and 30,
were as follows. TGase-1: gtggtgccatcaccaaca and tccggtg

acggtgttgta; b-actin: aaggccaaccgtgaaaagat and gtggtac

gaccagaggcatac.

CE Formation Assay

CE content in NHEK cultures was determined as previously

described [22]. NHEK suspended in KGM were seeded at

1.5 9 105 cells/well into 6-well plates and grown to con-

fluence for 3 days. After confluence, NHEK were treated

with test compounds for 8 days with medium changes every

other day in KGM, then harvested with cell scrapers and

homogenized in 2% sodium dodecylsulfate (SDS). After

microcentrifugation at 12,000 rpm for 15 min, the obtained

precipitates were boiled in 2% SDS and 20 mM dithiothre-

itol (DTT) for 1 h. Then, the amounts of soluble cross-linked

envelopes were evaluated by measuring the absorbance

(OD at 310 nm).

Involucrin Production Enhancement Assay

The amount of involucrin production in NHEK cultures

was determined as previously described [22]. NHEK sus-

pended in KGM were seeded at 7.5 9 104 cells/well into

12-well plates and grown to confluence for 3 days. The

cultures were washed two times with KDM, grown in

KDM for 1 day, and treated with test compounds for

4 days in KDM. After 4 days, cells were harvested and

homogenized in 1 ml of TE buffer containing 10 mM Trs–

HCl and 1 mM EDTA. After microcentrifugation at

12,000 rpm for 15 min, supernatants were collected and

stored frozen at -80 �C until use. Supernatants were

analyzed for protein production using an enzyme-linked

immunosorbent assay (ELISA) kit (Biomedical Technolo-

gies Inc., Massachusetts, USA).

TGase-1 and -3 mRNA Expression Levels in Cultured

NHEK Cells

NHEK suspended in KGM were seeded at 7.5 9 104 cells/

well into 12-well plates and grown to confluence for

3 days. The cultures were washed two times with KDM,

grown in KDM for 1 day, and treated with test compounds

for 72 h in KDM. After treatment, cells were harvested and

homogenized in lysis buffer. Total RNAs were extracted

from harvested keratinocytes using a RNeasy� Mini Kit,

according to the manufacturer’s protocol. The total RNAs

obtained (10 lg) were used for cDNA production with a

LightCycler� TaqMan� Master Kit, following the manu-

facturer’s protocols. The cDNAs were PCR-amplified with

TGase-1 and -3 specific primers and b-actin primer as the

internal control. Fluorograms are shown after 45 cycles of

PCR for TGase-1 and -3 and b-actin. The sequences of the

primer pairs, 50 and 30, were as follows. TGase-1: ccccaa

gagactagcagtgg and agaccaggccattcttgatg; TGase-3: cagag

gaagggcgaaacat and tctgtgtgatgcgcttgtc; b-actin: ccaacc

gcgagaagatga and ccagaggcgtacagggatag.

Statistical Analysis

All data were expressed as the mean ± SD. Statistical

significance of two-group comparisons was determined

with Student’s t test, while for multiple-group comparisons,

we used Dunnett’s multiple test or Steel’s multiple test

after Bartlett’s multiple test, compared to a control group.

Differences were considered significant at P \ 0.05.

Results

Effect of Dietary GlcCer on Improvement of TEWL

and TGase-1 mRNA Expression in HR-1 Mice

with Barrier Perturbation Produced by a Single UVB

Irradiation

A single dose of UVB irradiation perturbs the skin barrier

in hairless mice, causing an increase in TEWL, which

peaks at 2–4 days, and a simultaneous decrease in TGase-1

mRNA expression [23]. Here, we examined the effects of

dietary GlcCer on the skin barrier improvement following

damage caused by exposure to 150 mJ/cm2 UVB irradia-

tion. In control mice without oral GlcCer treatment, the

TEWL dramatically increased within 3–4 days after irra-

diation, while the increase of TEWL of the oral GlcCer

treatment mice group was significantly suppressed at

3–4 days, compared with the control group (Fig. 1).

Lipids (2011) 46:529–535 531

123



Finally, TEWL recovered completely in both the control

group and oral GlcCer treatment group by day 11 (Fig. 1).

Next, we determined the effect of dietary GlcCer on the

decrease in expression of TGase-1 mRNA in epidermis of

UVB-irradiated mice by means of RT-PCR. The oral

GlcCer treatment group showed a significant increase in

the level of TGase-1 mRNA expression in the epidermis on

day 3, compared to the control group without GlcCer

treatment (Fig. 2), and this coincided with the GlcCer-

induced improvement of TEWL (Fig. 1).

Enhancement of CE Formation by Sphingoid Bases

in Cultured NHEK Cells

It has been reported that ingested ceramide is metabolized

to sphingoid bases, which are distributed into skin epider-

mis in mice [20]. Therefore, we investigated the effects of

four sphingoid bases, which are metabolites of konjac

GlcCer used in this study [24], on CE formation in cultured

NHEK cells. NHEK cells were incubated in the presence or

absence of each sphingoid base for 8 days, and CE for-

mation was measured as described in Section Materials

and Methods. As indicated in Fig. 3a, each sphingoid base

enhanced CE formation at the concentration of 1 lM.

Increase of Involucrin Production by Sphingoid Bases

in Cultured NHEK Cells

To determine whether the enhancement of CE formation by

the four sphingoid bases is associated with increased pro-

duction of CE precursors, the effects of the sphingoid bases

on involucrin production were examined. Involucrin, a

major early marker for terminal differentiation, is an

important scaffold protein of CE, and is synthesized in the

upper spinous layers of the epidermis [25]. Partly, invo-

lucrin forms ester-linkages with x-hydroxyceramides at the

outmost face of CE, catalyzed by TGase-1, and thus con-

tributes to the barrier function of the epidermis [26]. As

shown in Fig. 3b, in comparison with the control, involu-

crin production was increased by SS, PS or SD treatment of

cultured NHEK cells at the concentration of 1 or 5 lM. In

contrast, 4HS did not show any significant effect on

involucrin production, even at 5 lM (data not shown).

Increase of TGase-1 and - 3 mRNA Expressions

by Sphingoid Bases in Cultured NHEK Cells

Next, we examined whether the enhancement of CE for-

mation by the four sphingoid bases was associated with an

increase in gene expression of specific TGase isoforms,

TGase-1 and -3, in cultured NHEK cells by means of

RT-PCR. SD at 5 lM increased the TGase-1 mRNA level

during 72 h incubation (Fig. 3c). In addition, SS increased

the TGase-3 mRNA level at the same concentration

(Fig. 3d).

Discussion

UVB irradiation causes a decline in the skin barrier func-

tion via down-regulation of TGase-1 gene [23], biophysical

changes in the SC lipids [27], and perturbation of tight

junction (TJ) function [28]. Further, TGase-1 is down-

regulated in skin reconstructed in vitro after UVB expo-

sure, and the expression levels of precursors of CE

formation were also altered [29]. In UVB-exposed human

skin, TGase-1 and involucrin expression levels were found

Fig. 1 Ameliorating effect of dietary GlcCer on the increase of

TEWL in HR-1 mouse skin exposed to a single dose of UVB

irradiation. HR-1 mice were fed either a control diet (without GlcCer)

or a diet containing GlcCer for 2 weeks. Following a single UVB

irradiation (150 mJ/cm2), TEWL was measured up to day 11 in both

groups. All data are expressed as means ± SD (n = 6). *p \ 0.05

and **p \ 0.01 compared with the control

Fig. 2 Stimulatory effect of dietary GlcCer on TGase-1 mRNA

expression in HR-1 mouse skin epidermis exposed to a single dose of

UVB irradiation. HR-1 mice were fed either a control diet (without

GlcCer) or a diet containing GlcCer for 2 weeks. Following a single

UVB irradiation (150 mJ/cm2), TGase-1 mRNA expression in the

epidermis was analyzed by means of RT-PCR at day 3 in both groups.

All data are expressed as means ± SD (n = 5). *p \ 0.05 compared

with the control
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to decrease in histological and immunohistochemical

studies [30]. Here, we used a single UVB-irradiated murine

skin model to examine the effect of dietary GlcCer on skin

barrier improvement and on the change of TGase-1 gene

expression. We found that dietary GlcCer significantly

suppressed the increase of TEWL and concomitantly

stimulated the expression of TGase-1 mRNA in murine

epidermis following UVB-induced barrier perturbation.

These results suggested that one of the mechanisms of skin

barrier improvement by dietary GlcCer is a reinforcement

of CE formation mediated by increased TGase-1 gene

expression in the epidermis. Further, the four sphingoid

bases, SS, PS, SD and 4HS, which are metabolites of

dietary konjac GlcCer [24], stimulated CE formation in

cultured epidermal keratinocyte cells, and some of them

significantly increased enhanced TGase-1 and TGase-3

mRNA expressions and involucrin production. Further, it is

suggested that SD may participate in the enhancement

effect of dietary GlcCer on TGase-1 gene expression,

because SD stimulates TGase-1 mRNA expression in cul-

tured epidermal keratinocyte cells, and accounts for about

40% of the total sphingoid bases constituting konjac Glc-

Cer used this study [24]. However, further studies, such as

investigation of the effect of oral SD treatment on TGase-1

gene expression in vivo, will be needed to confirm this.

TGase-1 is known to catalyze the formation of ester

bonds between specific glutaminyl residues of involucrin,

localized the outmost face of CE and epidermal-specific

x-hydroxyceramides, forming the so-called corneocyte

lipid envelope (CLE), and thus contributes to mature

lamellar membrane formation in the SC and to skin barrier

homeostasis [26, 31, 32]. Because UVB irradiation induces

decreased levels of covalently bound ceramides in murine

SC [23], and the tested sphingoid bases stimulated TGase-1

gene expression and involucrin production in cultured

epidermal keratinocyte cells, it is possible that dietary

GlcCer also contributes to changes in the levels of cova-

lently bound ceramides in the SC.

Membrane-bound TGase-1 and cytosolic TGase-3 have

proven themselves to play important roles in CE assembly

during terminal differentiation of epidermal keratinocytes.

TGase-1 is anchored on the inner surface of the plasma

membrane, while TGase-3 is soluble and is localized in the

Fig. 3 Enhancing effects of sphingoid bases on CE formation via

stimulation of TGase-1 and -3 gene expressions and involucrin

production in cultured normal human epidermal keratinocyte cells.

a Effects of sphingoid bases on CE formation. Normal human

keratinocytes were treated with each sphingoid base (1 lM) in

medium containing 0.06 mM Ca2?. The cells were harvested 8 days

thereafter and CE was assayed by means of spectrophotometry,

measuring OD at 310 nm. b Effects of sphingoid bases on involucrin

production. Normal human keratinocytes were treated with each

sphingoid base (1 or 5 lM) in medium containing 0.06 mM Ca2?.

The cells were harvested after 96 h and involucrin levels were

measured by means of ELISA. c, d Effects of sphingoid bases on the

expression of TGase-1 and TGase-3 mRNAs. Normal human

keratinocytes were treated with each sphingoid base (1 or 5 lM) in

medium containing 0.06 mM Ca2?. The cells were harvested after

72 h and TGase-1 (c) and TGase-3 (d) mRNA levels were measured

by means of RT-PCR. All data are expressed as means ± SD (n = 4

or 6). *p \ 0.05, **p \ 0.01 and ***p \ 0.001 compared with the

control

c
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cytoplasm. Involucrin is cross-linked by TGase-1 in the

presence of the plasma membrane as an early event [1, 2].

Some precursors, such as loricrin, are oligomerized by

TGase-3 in cytosol, and then polymerized by TGase-1 to

reinforce the insoluble structure of keratinocytes [33]. It is

interesting that different sphingoid bases showed differen-

tial effects on TGase-1 and TGase-3 gene expressions. This

suggests the existence of regulation at a specific transcrip-

tional level, such as the activating protein 1 (AP-1) complex,

which is involved in transcriptional regulation of epidermal

genes, including TGase-1, TGase-3, involucrin and loricrin

genes, during keratinocyte differentiation [34]. Although

TGase-3 mRNA represents less than 2% of all TGase tran-

scripts, the activated TGase-3 accounts for up to 75% of the

total TGase activity in mammalian epidermis [35]. TGase

activity in the SC also mediates the maturation of CE, and

serves to maintain the water content in the SC, which has

implications for the improvement of dry skin [36].

In conclusion, we have examined the mechanism of the

skin barrier improvement induced by dietary GlcCer, and

have shown that its metabolite sphingoid bases enhance CE

formation via increased expression of TGase mRNAs and

increased involucrin production in epidermis. These find-

ings indicate that dietary GlcCer can play an important

role in preserving a healthy skin barrier condition or in

promoting recovery from skin barrier impairment, by

enhancing CE formation. This information should help in

the development of effective skin care through dietary

supplements, i.e., internal skin care.
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and barrier function of the epidermis critically depend on glu-

cosylceramide synthesis. J Biol Chem 282:3083–3094

15. Tsuji K, Mitsutake S, Ishikawa J, Takagi Y, Akiyama M, Shimizu

H, Tomiyama T, Igarashi Y (2006) Dietary glucosylceramide

improves skin barrier function in hairless mice. J Dermatol Sci

44:101–107

16. Uchiyama T, Nakano Y, Ueda O, Mori H, Nakashima M, Noda

A, Ishizaki C, Mizoguchi M (2008) Oral intake of glucosylcer-

amide improves relatively higher level of transepidermal water

loss in mice and healthy human subjects. J Health Sci 54:559–566

17. Sugawara T, Tsuduki T, Yano S, Hirose M, Duan J, Aida K,

Ikeda I, Hirata T (2010) Intestinal absorption of dietary maize

glucosylceramide in lymphatic duct cannulated rats. J Lipid Res

51:1761–1769
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Abstract The purpose of this study was to determine the

levels of trans-octadecenoic acid (C18:1-trans) and trans-

isomers of linoleic acid (18:2-trans), as well as long-chain

polyunsaturated fatty acids (LC-PUFA), in the plasma from

infants of adolescent mothers at 3 months of age, exclu-

sively breastfed, and the relationship with the levels of the

same isomers in plasma and milk of the mothers. Samples

of blood and mature milk were obtained from 49 healthy

adolescent mothers and their exclusively breastfed infants

treated at the Instituto Fernandes Figueira-Fundação

Oswaldo Cruz (IFF-FIOCRUZ) in Rio de Janeiro, Brazil.

trans-Fatty acids (TFA) were analyzed by gas chroma-

tography. The results of this study showed low levels of

TFA in milk (1.53%), maternal plasma (0.50%), and

plasma of infants (0.74%). The results show that, although

TFA have been found in the plasma of the studied infants,

the LC-PUFA levels are kept within normal limits. No

association between TFA presence and parameters of

nutritional status of the infants was observed, probably due

to the low levels of these fatty acids found in this study.

Keywords Fatty acids � trans-Fatty acid � Mature milk �
Plasma � Adolescents � Infants

Abbreviations

ALA Alpha-linolenic acid (18:3n3)

ARA Arachidonic acid (20:4n-6)

BMI/A Body mass index for age

DHA Docosahexaenoic acid (22:6n-3)

EFA Essential fatty acid(s)

EPA Eicosapentaenoic acid (20:5n-3)

FA Fatty acid(s)

FIOCRUZ Fundação Oswaldo Cruz

IFF Instituto Fernandes Figueira

LC-PUFA Long-chain polyunsaturated fatty

acid(s)

LNA Linoleic acid (18:2n-6)

LNBINJC/UFRJ Laboratory of Nutritional

Biochemistry, Institute of Nutrition

Josué de Castro/Federal University of

Rio de Janeiro

MUFA Monounsaturated fatty acid(s)

PUFA Polyunsaturated fatty acid(s)

SFA Saturated fatty acid(s)

TFA trans-Fatty acid(s)

Introduction

The importance of essential fatty acids (EFA), linoleic acid

(n-6, LNA) and alpha-linolenic acid (n-3, ALA), in infant

development has led to several studies about FA in women

during pregnancy and lactation [1–7] because the supply

of EFA to the infant depends almost exclusively on

breast milk, which is the main source of long chain
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Centro de Ciências da Saúde, Universidade Federal

do Rio de Janeiro, Rio de Janeiro, RJ, Brazil

R. de Souza Santos da Costa � C. R. M. de Miranda Chaves

Instituto Fernandes Figueira da Fundação Oswaldo Cruz,

Rio de Janeiro, RJ, Brazil

123

Lipids (2011) 46:537–543

DOI 10.1007/s11745-011-3547-z



polyunsaturated fatty acids (LC-PUFA). LC-PUFA are

essential for normal development of neuronal tissue. Of the

total lipid content in the brain, 60–65% are polyunsaturated

fatty acids (PUFA), of which [85% are docosahexaenoic

acid (DHA; 35–40%) and arachidonic acid (ARA;

40–50%) [8]. These fatty acids (FA) act as regulators of

various cellular functions and are constituents of mem-

branes, in addition to playing the role of ligands and

nuclear transcription factors as substrates in the synthesis

of prostanoids (prostaglandins and thromboxane) [9–11],

especially during the first 6 months of life [12].

In recent years, investigations on the nutritional and

biological control of trans-fatty acids (TFA) have grown

extensively due to the realization of the importance of

lipids on growth and infant development [13]. TFA are

unsaturated FA with at least one double bond in the trans

configuration. The maternal TFA can be transferred to the

child through breastfeeding. The content of TFA in human

milk is variable, reflecting maternal dietary intake [14, 15].

These FA compete with the n-6 (LNA and ARA) and

n-3 (ALA and DHA) series in the reactions of desaturation

and elongation of the chain, resulting in the formation of

eicosanoids without biological activity, and can inhibit the

enzymes, delta-6 and delta-5 desaturase, the blocking

the metabolism of EFA [16, 17].

The dietary lipids reflect their composition in the

plasma. They have a prominent role in infant growth and

development, and when consumed by the mother, may be

transferred to the infant in breast milk. For these reasons

and because of the scarcity of research with adolescent

mothers, specifically assessing levels of infant plasma

TFA, this study aimed to investigate the relationship

between the proportions of these FA in maternal plasma

and mature milk and between the levels of those FA in

plasma from the infants.

Methods

Forty-nine healthy young mothers between 15 and 19 years

of age who were breastfeeding their infants who were

being treated at the Instituto Fernandes Figueira (IFF), an

agency of the Oswaldo Cruz Foundation (FIOCRUZ)

located in Rio de Janeiro (RJ), Brazil, were selected for this

study. All the adolescents and their parents gave written

informed consent prior to the beginning of the research.

The study was approved by the Ethics in Research Com-

mittee of the Instituto Fernandes Figueira.

Data from maternal dietary intake were obtained by two

methods: qualitative food frequency questionnaire, which

evaluated the number of times in the frequency category

in which food or food group was consumed [18]; and the

24-h recall. Data from the food records were tabulated in

Software NutWin�-Nutrition Support Program, version

1.5 [19]. We included information on the nutritional

composition of food sources of TFA, obtained from the

Brazilian Table of Food Composition [20].

Information on maternal food consumption and the

collection of maternal blood and blood from the infants and

mature milk were obtained in the third month postpartum.

Anthropometric measurements of weight, length, and head

circumference were obtained in the third month postpartum

according to the recommendations of the Brazilian Minis-

try of Health [21].

The weights of unclothed infants (in grams) were recor-

ded on calibrated digital-type scales (Filizola) with a sen-

sitivity of 10 g. The length (expressed in centimeters) was

measured with the baby supine using a wooden stadiometer

from the crown to the heel. The head circumference

(expressed in cm) was obtained using a tape measure posi-

tioned in the region of the supra-orbital ridges and the largest

frontooccipital diameter. The nutritional status of infants

was performed by the index weight for age and height for

age. The criteria for classification were those recommended

by the World Health Organization [22] and Brazil [23].

The anthropometric characteristics of maternal weight

and height were measured according to the recommenda-

tions of the Brazilian Ministry of Health [24]. Teenage

girls were measured while barefoot without excess cloth-

ing. Weight was obtained with a platform-type scale

(Filizola) with 100-g subdivisions and a maximum load of

150 kg. The scale for measuring the height was fixed to the

balance on a vertical shaft, with 0.5-cm subdivisions and an

extension range of 95–195 cm.

Nutritional status was assessed by maternal body mass

index for age (BMI/A) and the cutoff points established in

z scores for adolescents, according to the recommendations

of the World Heath Organization [25, 26] and adapted for

Brazil [23].

Collection and Storage of Samples of Mature Milk,

Maternal Blood, and Infant Blood

The milk samples from nursing mothers (1 mL) in the third

month postpartum, were obtained by manual expression of

the breast that had not been sucked in the last feeding in the

morning. The blood of mothers and infants (about 2 mL)

was collected in the morning 2–3 h after a feeding (between

8 and 10 a.m.) by venipuncture in tubes containing 1 g Na2-

EDTA/L. The nursing mothers had fasted overnight for

approximately 12 h. Plasma was immediately separated by

centrifugation (3,000g for 15 min) in the Laboratory of

Hematology of the IFF/FIOCRUZ, stored in Eppendorf

tubes, and properly identified.

All samples were stored in a freezer at -20 �C, then

transported on ice to the Laboratory of Nutritional
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Biochemistry of the Institute of Nutrition Josué de Castro/

Federal University of Rio de Janeiro–LBNINJC/UFRJ,

where they remained stored at -70 �C until the separation

of lipids and relative quantification of FA.

Analysis of FA

Lipids in the plasma and milk samples were extracted and

purified in a chloroform:methanol (2:1) [27] solution. Total

lipid extracts were saponified and the fatty acids methyl-

ated following the method of Lepage and Roy [28], which

determines treatment with 2 ml methanol:toluene 4:1 (v/v)

solution and 200 ll of acetyl chloride added in the cold.

The mixtures were subjected to methanolysis at 80 �C over

a period of 2.5 h. Fatty acid methyl esters were separated

and quantified on a Perkin Elmer Autosystem XL chro-

matograph equipped with a hydrogen flame ionization

detector and the software Turbochrom. The fatty acids

were separated on a 100 9 0.25 mm 9 0.20 lm capillary

column SP 2560 (biscyanopropyl-polysiloxane, 100 m 9

0.25 mm ID, 0.20 lm film thickness; Supelco, Bellefonte,

PA, USA, Supelco, USA). Hydrogen was used as the car-

rier gas at a pressure of 28 psi. Fatty acid methyl esters

were identified by comparison of their retention times with

authentic standards (Nu-Chek-Prep, Inc., Elysian, MN,

USA, and Supelco, Inc., Bellefonte, PA, USA) and the

relative levels of individual fatty acids were calculated as a

percentage of all detected fatty acids with a chain length of

04–24 carbon atoms. The final results were expressed as

free fatty acids, whereas the analytical data were expressed

as FAME. Therefore, according to Craske e Bannon [29],

the quantification of the relative levels of the free fatty

acids required the use of theoretical correction factors—

based on weight percent content of ‘‘active’’ carbon—due

to the differences in the hydrogen flame ionization detector

response. The theoretical correction factors calculated in

the present study were 1.00068 (C18:1 trans), 1.00000

(C18:2 trans), 1.00000 (C18:2n6 (LNA) (ALA), 0.99315

(C18:3n3 ALA) 0.97341 (AA), 0.96725 (EPA), e 0.95167

(DHA).

Statistical Analysis

Data analysis was carried out using the Statistical Package

Program for Social Sciences (version 15.0 for Windows;

SPSS Inc., Chicago, USA). To determine the correlation

between the study variables, the Spearman correlation

coefficient was used. The differences between the con-

centrations of FA in mature milk, and maternal and infant

plasma lipids were then compared using the Kruskal–

Wallis test. A P value \0.05 was considered statistically

significant. Results are presented as means and the standard

errors of the means.

Results

Most women (63.3%) had a BMI/A within the normal

range. Regarding the nutritional status of infants, relative to

the weight/age and length/age, 86 and 90% had weight and

length appropriate to age, respectively (Table 1).

According to the qualitative food frequency question-

naires answered by all of the mothers interviewed, the

majority of teens (80%) reported consumption of fish less

than once a month. Soybean oil was consumed daily by all

nursing mothers in food preparation. Processed foods,

sources of TFA consumed regularly, i.e., at least once per

week, included cream cracker biscuits (60%), bread (65%),

sweet bread (30%), sandwich cookies (65%), sweet biscuits

(49%), cakes (26%), snacks (42%), creamy ice cream

(33%), ice cream (42%), creamy candy (46%), instant

noodles (37%), chocolate (46%), and margarine (83%).

According to the 24-h recall questionnaires conducted

with the mothers, the intake of fat contributed to approxi-

mately 25% of the total daily energy intake of lactating

women. The average daily maternal intake of FA was

3.11 ± 0.55 g of C18:1 TFA, 0.19 ± 0.05 g of C18:2 TFA,

8.90 ± 0.51% saturated fatty acids (SFA), 8.82 ± 0.41% of

monounsaturated fatty acids (MUFA), 4.13 ± 0.34% of

PUFA, 0.46 ± 0.09% of ALA, 3.46 ± 0.32% of LNA,

0.08 ± 0.02% ARA, 0.03 ± 0.02% DHA, and the ratio of

LNA: ALA was 9.58 ± 0.74% (data not shown).

Table 1 General characteristics of mothers and infants studied

(n = 49) in Rio de Janeiro, 2005–2008

Variables n %

Maternal age (years)

15 12 24.5

16 09 18.4

17 15 30.6

18 06 12.2

19 07 14.3

Maternal nutritional status (BMI/A)

Surveillance for low BMI/A 05 10.2

Appropriate BMI/A 31 63.3

Surveillance for BMI/A high 07 14.3

Overweight 06 12.2

Nutritional status of infants (weight/age)

Surveillance for low weight for age 04 8.2

Appropriate weight for age 42 86.0

Surveillance for high weight for age 03 6.0

Nutritional status of infants (length/age)

Low length for age 05 10.0

Appropriate length for age 44 90.0

BMI/A Body mass index for age
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There was no association between the level of TFA in

maternal plasma to nutritional status (P = 0.61) or

between the concentrations of TFA in the plasma of infants

with their nutritional status (weight/age; P = 0.90) and

(length/age; P = 0.46) (data not shown).

Chromatographic analysis showed that C18:1 TFA

accounted for 1.53 ± 0.22%, 0.50 ± 0.04%, and

0.74 ± 0.16% of FA in mature milk, maternal plasma, and

infant plasma, respectively (Table 2).

C18:1 TFA and ALA levels were higher in mature milk

than in maternal and infant plasma. Furthermore, the level

of C18:2 TFA, LNA, ARA, EPA, and DHA was lower in

mature milk than in maternal and infant plasma. C18:2

TFA and DHA levels were lower and the LNA level was

higher in the maternal plasma than in infant plasma

(Table 2).

As shown in Table 3, there was a negative correlation

between the proportion of C18:1 TFA and the proportion of

LNA in mature milk (r = -0.44, P = 0.001) and a posi-

tive correlation between the proportion of C18:1 TFA in

mature milk and the proportion of FA in maternal plasma

lipids (r = 0.34, P = 0.016). There was negative correla-

tion between the proportion of ARA in the mature milk and

the proportion of LNA in infant plasma lipids (r = -0.43,

P = 0.002) and between the proportion of EPA in mature

milk and the proportion of ARA (r = -0, 45, P \ 0.001)

and LNA in infant plasma lipids (r = -0.51, P \ 0.001).

A negative correlation was demonstrated between the

proportion of C18:1 TFA and the proportion of LNA in

infant plasma lipids (r = -0.33, P = 0.020) and a positive

correlation was demonstrated between the proportion of

LNA and the proportion of ARA in infant plasma lipids

(r = 0.45, P = 0.001) and between the proportion of EPA

and the proportion of ALA (r = 0.77, P \ 0.001) in infant

plasma lipids (r = 0.45, P \ 0.001). Finally, a negative

correlation was observed between the proportion of C18:1

TFA and the proportion of LNA in maternal blood lipids

(r = -0.58, P \ 0.001) and a positive correlation between

the proportion of EPA and DHA ratio in maternal plasma

lipids (r = 0.51, P \ 0.001).

Discussion

The first important observation derived from this study is

that TFA was found in plasma of infants exclusively

breastfed, confirming the transfer of this kind of fat through

breast milk [14, 15], although in smaller proportion to

those found in milk, and suggests that like the placenta

[30], the mammary gland must provide some degree of

discrimination against these FA.

The concern about children’s exposure to TFA is based

on the negative effects of these FA on child growth and

development [31] and the potential negative effects on the

metabolism of EFA through inhibition of desaturation of

LNA ARA and ALA to DHA [32, 33].

As the TFA derived from partially hydrogenated fats are

not synthesized in the mother, it is believed that the TFA of

milk and maternal blood come from dietary intake [14, 15].

Experimental studies with rats confirm a direct dose–

response relationship between the intake of TFA and the

incorporation of these in breast milk, but transferred to the

pups through lactation, appear in the plasma [15].

References have been found in literature suggesting that

the quality, not the quantity, of the lipid source in the

mother’s diet impacts the quality of the fatty acids in

human milk [34, 35]. The present study showed low levels

of TFA in milk and plasma of nursing mothers and infants,

probably due to a lower proportion of TFA in processed

products due to the current standards of the National

Agency for Sanitary Surveillance (ANVISA) [36], which

contains the mandatory declaration of TFA content on food

Table 2 Composition of free fatty acids (FAA%) of total lipids in samples of mature milk and plasma of nursing mothers and infants

Fatty acids Mature milk FAA (area %)a Maternal plasma FAA (area %)a Infants plasma FAA (area %)a

C18:1 TFA 1.51 (0.22) 0.50 (0.04)b 0.70 (0.01)b

C18:2 TFA 0.08 (0.01) 0.40 (0.07)b 0.80 (0.02)b,c

C18:2n-6 (LNA) 19.80 (0.70) 37.0 (0.81)b 27.0 (1.0)b,c

C18:3n-3 (ALA) 0.49 (0.04) 0.11 (0.02)b 0.19 (0.14)b

C20:4n-6 (ARA) 0.38 (0.03) 4.08 (0.26)b 4.47 (0.3)b

C20:5n-3 (EPA) 0.02 (0.01) 0.49 (0.05)b 0.34 (0.09)b

C22:6n-3 (DHA) 0.161 (0.03) 0.57 (0.05)b 1.42 (0.3)b,c

Rio de Janeiro, 2005–2008 (n = 49). All values are means and standard errors of the means in parentheses

LNA, linoleic acid, ALA, alpha-linolenic acid, ARA, arachidonic acid, EPA, eicosapentaenoic acid, DHA, docosahexaenoic acid
a Corrected by a theoretical correction factor from FAME to FFA (see ‘‘Methods’’ section)
b Significantly different from the respective value in mature milk, P \ 0.05 (Kruskal–Wallis)
c Significantly different from the respective value in maternal plasma, P \ 0.05 (Kruskal–Wallis)
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labels, allowing the consumer to know which foods contain

this type of fat and in what quantities, which caused many

companies to formulate their products with lower levels of

TFA.

It is known that the content of TFA consumed by a

population is directly related to feeding patterns [37, 38].

Recent studies in Spanish prepubertal obese children have

shown low plasma percentages of trans-fatty acids, con-

firming that the TFA intake in southern Spain is actually

very low [39]. In the present study, the average intake of

total TFA to adolescent mothers investigated was equal to

3.19 g, corresponding to approximately 1.4% of the total

daily energy, exceeding slightly the maximum recom-

mended intake (1% of total daily energy) [40]. However,

the relative percentage of the total daily energy of this FA

to the adolescent mothers being investigated, is still lower

than that among non-pregnant adolescents living in the US

(2.8%) and Costa Rica (4.35%) [41]. Therefore, another

factor that may have contributed to this result is a possible

change in the dietary habits of the mothers in this physi-

ological period. In fact, this study showed that the majority

of mothers reported not consuming many of these manu-

factured products.

In this study we observed significant correlations among

the levels of TFA. The content of C18:1 TFA in milk

correlated with the values of the same FA found in lipids of

maternal plasma, indicating therefore that the fat in the diet

can be incorporated into human fluids such as plasma and

milk [42]. There was also an inverse correlation between

the content of C18:1 TFA and content of LNA in mature

milk. A similar inverse correlation between TFA and LNA

in milk had been previously reported [43, 44]. With regard

to maternal plasma lipids, there was a negative correlation

between the proportion of C18:1 TFA and the proportion of

LNA. One explanation for this fact is that mothers with a

higher intake of foods containing TFA tend to consume

less food containing LNA [43] or that the increase of TFA

may occur at the expense of EFA, as foods with large

amounts of TFA usually contain less EFA [44]. Moreover,

a negative correlation was observed between the proportion

of C18:1 TFA and the proportion of LNA in plasma lipids

of infants.

From what has been stated above, one can see that the

maternal consumption of TFA is a factor that influences the

state of EFA. However, we found no associations between

TFA with parameters of maternal nutritional status or

infants, probably due to low levels of this FA found in this

study.

Finally, we observed several significant correlations

between several different FA in biological fluids. We

observed a negative correlation between the proportion of

ARA in the mature milk and the proportion of LNA in

infant plasma lipids. This finding suggests the action of

specific enzymes acting on the active conversion of LNA to

ARA in plasma from infants, a nutrient essential for

development at the expense of decreased ARA in milk.

Another negative correlation was observed between the

proportion of EPA in mature milk and the proportion of

ARA and LNA in plasma lipids of infants. The negative

association between the FA of series n-3 and n-6 series was

expected since there is competition between them for the

metabolic pathways of elongation and desaturation, since

they share the same enzymatic systems [45, 46].

There were also positive correlations between the pro-

portion of LNA and the proportion of ARA in plasma lipids

of infants between the proportion of EPA and the propor-

tion of ALA also in the infant plasma lipids and between

the proportion of EPA and DHA proportions of lipids in

maternal plasma. This finding may be explained by the

sharing of the enzymes, delta-6 desaturase and delta-5 fatty

acid desaturase, as mentioned above [46] favoring its

conversion or retro-conversion.

An interesting fact is that this is the first study in Brazil

with adolescent mothers showing levels of TFA and PUFA

in infant plasma. Note that the plasma levels of these FA in

infants are similar to those in maternal plasma and milk,

suggesting differences in the selective transfer of FA in

preference to those that are of vital importance for growth

and development as is the case of ARA and DHA showed

higher levels (ARA, 4.65%; DHA, 1.52%) in infant plasma

when compared with maternal plasma (ARA, 4.23%;

DHA, 0 59%) and milk (ARA, 0.42%; DHA, 0.17%).

Table 3 Correlation between the proportions of FA in mature milk

lipids, maternal plasma lipids, and infant plasma lipids

Variables r P

Mature milk lipids Mature milk lipids

C18:1 TFA LNA -0.44 0.001

Mature milk lipids Maternal plasma lipids

C18:1 TFA C18:1 TFA 0.34 0.016

Mature milk lipids Infants plasma lipids

ARA LNA -0.43 0.002

EPA ARA -0.45 \0.001

EPA LNA -0.51 \0.001

Infants plasma lipids Infants plasma lipids

C18:1 TFA LNA -0.33 0.020

LNA ARA 0.45 0.001

EPA ALA 0.77 \0.001

EPA DHA 0.38 0.006

Maternal plasma lipids Maternal plasma lipids

C18:1 TFA LNA -0.58 \0.001

EPA DHA 0.51 \0.001

Rio de Janeiro, 2005–2008 (n = 49)

LNA, linoleic acid, ALA, alpha-linolenic acid, ARA, arachidonic acid,

EPA, eicosapentaenoic acid, DHA, docosahexaenoic acid
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In conclusion, the results show that, although TFA have

been found in the plasma of the studied infants, the LC-

PUFA levels remain within normal limits. No association

between TFA presence and parameters of nutritional status

of the infants was observed, probably due to the low levels

of these fatty acids found in this study. On the other hand,

such an association may occur with higher trans levels, and

this may be extremely relevant, once the use of hydroge-

nated or non-hydrogenated fats in foods can vary according

to the processing costs involved and depends on the current

availability of these ingredients in the country.
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Abstract This study demonstrates the utility of a flow-

through enzyme immobilized silica microreactor for lipid

transformations. A silica micro structured fiber (MSF)

consisting of 168 channels of internal diameter 4–5 lm

provided a large surface area for the covalent immobiliza-

tion of Candida antartica lipase. The specific activity of the

immobilized lipase was determined by hydrolysis of

p-nitrophenyl butyrate and calculated to be 0.81 U/mg. The

catalytic performance of the lipase microreactor was dem-

onstrated by the efficient ethanolysis of canola oil. The

parameters affecting the performance of the MSF microre-

actor, including temperature and reaction flow rate, were

investigated. Characterization of the lipid products exiting

the microreactor was performed by non-aqueous reversed-

phased liquid chromatography (NARP-LC) with evapora-

tive light scattering detector (ELSD) and by comprehensive

two-dimensional gas chromatography (GC 9 GC). Under

optimized conditions of 1 lL/min flow rate of 5 mg/mL

trioleoylglycerol (TO) in ethanol and 50 �C reaction tem-

perature, 2-monooleoylglycerol was the main product at

[90% reaction yield. The regioselectivity of the Candida

antartica lipase immobilized MSF microreactor in the

presence of ethanol was found to be comparable to that

obtained under conventional conditions. The ability of these

reusable flow-through microreactors to regioselectively

form monoacylglycerides in high yield from triacylglyce-

rides demonstrate their potential use in small-scale lipid

transformations or analytical lipids profiling.

Keywords Microreactor � Micro structured fiber �
Lipid transformation � Immobilized enzyme
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TAG Triacylglycerol

TO Trioleoylglycerol

U Unit of lipase activity

Introduction

Recently, microreactor technologies have gained attention

for their application in clinical diagnostics, analytical and

synthetic chemistry [1–3]. For example, Kawaguchi et al.

[4] have successfully demonstrated the use of a flow-

system microreactor for the Moffatt–Swern oxidation of

alcohols into carbonyl compounds. A microreactor inte-

grates various chemical or analytical processes into a single

platform made up of reaction channels in the micrometer

(50–1,000 lm) range. In such systems, the chemical reac-

tion takes place under conditions of continuous flow [1].

Whether for analytical or synthetic applications, microre-

actor technology offers several advantages including:

reduced reaction time [2, 3] due to the large surface area to

volume ratio in the microchannel; enhanced control over

the reaction process [3]; it is less wasteful since only low

volumes of reagent are used [3] and rapid optimization of

reaction conditions can be achieved [2–5]. The microre-

actors are also ideally suited for continuous flow processes,

a highly desired paradigm in processing.

The fabrication of commercially available microreactors

(mainly made from glass, quartz, silica or polymers) is

however, generally achieved via expensive photolitho-

graphic and wet-etching processes which are complicated

and require specialized clean-room facilities [6]. Therefore,

there is much interest in developing cheaper and more

easily accessible approaches to the fabrication of mic-

roreactors for laboratory applications [1–10]. Amongst the

attractive platforms used, are microreactors obtained by

means of imprinting on polymers including poly-dimeth-

ylsiloxane (PDMS), poly(methyl-methacrylate) (PMMA)

[11] or polyurethanes. However, the use of silica capillaries

is possibly the easiest platform to employ as a flow through

microreactor with potential for numerous chemical modi-

fications for use in enzyme-, organo-, or metal-catalysts

immobilization [8–10].

There is considerable interest in the use of enzymes for

lipid transformations such as in the preparation of struc-

tured lipids [12] as well as in biodiesel production [13].

The interest is due to the high yields, minimal side products

and mild reaction conditions that can be achieved with

enzyme-catalyzed processes. A major impediment to the

potential commercialization of enzyme-mediated processes

is the cost of enzymes and their unstable nature. However,

enzyme immobilized over the high surface area of the

capillary walls will result in an efficient flow-through

microreactor which is reusable for many process cycles

after which the microreactors can be regenerated with new

enzyme.

Micro structured fibers (MSF), also commonly known as

photonic crystal fibers (PCF), are silica capillaries that

consist of a micro structured arrangement of air channels

within a flexible acrylate polymer-coated silica tube. They

are widely used as radiation optical guides and in sensor

applications [14]. Basically, these optical fibers are made

up of three layers: the core, cladding and the coating. Both

the core diameter (an individual air channel, usually in the

8–40 lm range) and the number of channels in the pho-

tonic fiber can vary depending on the design of the fiber. In

addition, the coating diameter—outer diameter of the

fiber—could range from 200 to 500 lm depending on the

requirements of the application [14], such as in networking

or bio-sensing.

Here, we propose that the presence and chemistry of

silanol groups within MSFs could be exploited as a plat-

form for enzyme immobilization, as has been widely

reported for other silica supports [8]. MSF contain an array

of microchannels and hence an enormous surface is

available for enzyme immobilization, and may offer an

excellent platform for a flow-through microreactor. In

order to demonstrate the performance of such a microre-

actor in mediating lipid transformations, the lipase from

Candida antarctica was selected, since it is one of the most

widely used enzymes for catalysis in lipid transesterifica-

tion reactions [13, 15]. Overall, the objective of this study

was to demonstrate the feasibility of immobilizing

enzymes onto MSF capillaries and utilizing the microre-

actors in lipid transformations. This will combine the

advantages of microreactor technology with the green

chemistry achievable via enzyme immobilization.

Materials and Methods

Materials

MSF capillary (F-SM20, ID: 4–5 lm, outer diameter:

340 lm, 168 holes) was obtained from Newport Corp.

(Irvine CA, USA). Canola oil was obtained from a local

grocery store (with *50% trioleoylglycerol). Sodium

hydroxide powder (reagent grade, 97%), sodium phosphate

monobasic monohydrate, 3-(aminopropyl)triethoxysilane

(APTES, 99%), di-sodium hydrogen phosphate (bioUltra,

Fluka, [99%), glutaraldehyde solution (BioChemika,

*50% in H2O), sodium cyanoborohydride (NaCNBH3,

reagent grade, 95%), lipase from Candida antarctica (EC

3.1.1.3, BioChemika) potassium sodium tartrate, copper

sulfate, and Folin phenol reagent all were obtained from
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Sigma-Aldrich Ltd (ON, Canada). Acetic acid (glacial,

HPLC) was purchased from Fisher Scientific (New Jersey,

USA). C18:1 ethyl ester (EE)and TLC 18-1-A [contains by

weight 25% of each of trioleoylglycerol (TO), dioleoyl-

glycerol (DO), monooleoylglycerol (MO), methyl oleate

(ME)] standards were purchased from Nu-Chek (Elysian,

MN, USA), while 1-monooleoylglycerol standard (98%)

was obtained from Sigma-Aldrich (ON, Canada). All

organic solvents were HPLC analytical grade from Sigma-

Aldrich (ON, Canada). Water was purified by a Milli-Q

system (Millipore; Bedford MA, USA).

MSF Activation

The MSF capillary (15 cm) was activated by flushing with

1 M NaOH solution for 2 h at a flow rate of 10 lL/min.

The sodium hydroxide activated the inner surface (silanol

groups) of the capillary wall. The residual alkali was flu-

shed by 0.1 M HCl for 2 h at a flow rate of 10 lL/min. The

activated MSF was then dried under N2 gas before the

lipase enzyme immobilization step.

Lipase Immobilization onto MSF Capillary Support

Candida antarctica lipase was immobilized by introduc-

tion of amine functional groups onto the silica wall by a

silanization reaction; this was followed by the formation of

an imide using glutaraldehyde as a bifunctional reagent;

finally immobilization was achieved via a condensation

reaction with the lipase. This procedure was adapted with

some minor modifications from the method reported by Ma

et al. [8]. Briefly, the activated MSF was filled with 20%

(v/v) APTES (5:2:3 water: acetic acid: APTES) and left

overnight with both capillary ends submerged in the 20%

APTES solution to complete the reaction. The MSF was

then flushed with 0.1 M sodium phosphate buffer (pH 7),

followed by reaction with glutaraldehyde solution (5%

glutaraldehyde dissolved in 0.1 M sodium phosphate buf-

fer) and left for 4 h in the solution. The capillary was then

flushed with buffer again before continuously infusing it

with 8 mg/mL lipase from Candida antarctica in sodium

phosphate buffer (0.1 M, pH 7 with 0.1% NaCNBH3) for

24 h at room temperature. The sodium borohydride is used

to reduce the Schiff base formation and to stabilize the

binding of the enzyme to the support. The enzyme-loaded

microreactor was finally flushed with the 0.1 M sodium

phosphate buffer at which point it was ready for use.

Immobilized Lipase Assay

The amount of lipase immobilized on the MSF was

determined using the standard Lowry protein assay [16].

This was achieved by determining the difference in protein

concentration before and after passing the Candida ant-

arctica lipase solution through the MSF during the immobi-

lization process. The Lowry solution was prepared freshly

by mixing solution A (4 mg/mL NaOH and 20 mg/mL

Na2CO3 in water) and solution B (10 mg/mL potassium

sodium tartrate and 50 mg/mL CuSO4 in water), prior to

use. Solutions of known protein concentration (calibration

solutions containing 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20,

25, 30, and 35 lg protein) and lipase solutions (2 lL) were

made up to a total volume of 200 lL with deionized water.

1 mL of Lowry solution was added to each protein solution

then after waiting for 15 min, 100 lL Folin phenol reagent

was added. After a further 30 min, an aliquot was sampled

in a UV-Vis cuvette (10 mm square cuvette) and their

absorbance was measured at 750 nm. The concentration of

the enzyme solution before and after passing through the

microreactor was determined from the protein calibration

curve in order to estimate the amount of enzyme immo-

bilized in the microreactor.

Lipase Activity Assay

To determine the lipase (esterase) activity, a 3.5 mM

solution of p-nitrophenyl butyrate (pNPB) was prepared in

a 1:1 mixture of acetonitrile (ACN) and 0.1 mM sodium

phosphate buffer). The pNPB solution was passed through

a 15 cm MSF lipase immobilized microreactor at 1 lL/min

for 1 h. The hydrolysis products were then collected, their

volume measured and then diluted to 2.0 mL in mixture of

ACN: sodium phosphate buffer (1:1). The absorbance of

the resulting solution of products (absorbing molecule,

p-nitrophenol) was measured at a wavelength of 410 nm.

A calibration curve was obtained by measuring the absor-

bance of p-nitrophenol (pNP) standard solutions prepared

in the same solvent mixture ACN: 0.1 mM sodium phos-

phate buffer at concentrations of 0. 5, 1, 3, 5 and 7 mM.

The concentration of pNP hydrolyzed was determined and

lipase enzyme activity calculated. The enzyme activity was

expressed as amount of pNP formed on the microreactor

under the condition used per minute, i.e., lg pNP/min. One

enzyme unit (U) was the amount of protein liberating 1 lg

of pNP per minute.

Specific Activity of Immobilized Lipase

Based on the amount of protein loaded and lipase activity,

a specific activity of lipase immobilized in the MSF was

calculated according to Dizge et al. [17].

Lipid Sample Preparation and Transformation

The reactant solution of 5 mg/mL canola oil was prepared

in ethanol. The mixture was mixed vigorously using a
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vortex mixer to dissolve the lipid in ethanol. The param-

eters affecting the performance of the microreactor

including reaction flow rate and temperature were investi-

gated and optimized as follows:

Temperature

Lipid transformation using the immobilized MSF was

carried out at room temperature (24 �C), 30, 40, 50, and

60 �C. A schematic illustrating the experimental conditions

is shown in Fig. 1. A syringe pump system (Harvard ‘11’

Plus) was used to infuse reactant through the MSF mic-

roreactor. The products from the reaction were collected in

a small capped vials with the microreactor poked through

the septum of the vial. The temperature that produced

highest yield was then used to optimize the flow rate for the

reaction.

Reaction Flow Rate

The reactant solution was then pumped through the lipase-

immobilized MSF microreactor held at the optimized

temperature (50 �C) and using various flow rates (0.5, 1, 5

and 10 lL/min), each held for 3 h. The products were

collected into vials for analysis, as described below.

In both the temperature and reaction flow optimization

experiments, the reaction products collected from MSF

microreactor were diluted 10–25 times in HPLC solvent

A (methanol with 0.1% glacial acetic acid) before being

analyzed. Standard calibration curves were prepared

using 0.05, 0.1, 0.5 and 1.0 mg/mL of total TLC 18-A-1

and 0.05, 0.1, 0.2, 0.5, and 1.0 mg/mL of EE standards.

The amount of each compound in the reaction products

was determined from the standard calibration curve

prepared.

For GC 9 GC analysis, samples were diluted in

dichloromethane and quantified against a calibration curve

covering the range of 0.01–1 mg/mL of each lipid

component.

Instrumentation

(a) A Harvard Model ‘11’ Plus syringe pump (Harvard

Apparatus, Holliston MA) was used to pass all solu-

tions through the MSF both during preparation of the

microreactor and for lipid transformations.

(b) High-performance liquid chromatography (HPLC)

analysis was performed using an Agilent 1200 HPLC

system equipped with an evaporative light scattering

detector (ELSD) model 1260 Infinity (Agilent Tech-

nologies, Santa Clara CA, USA).

(c) Either an Agilent Zorbax HT C18 column (4.6 9

50 mm, 1.8 lm) (Agilent Technologies; Santa Clara

CA, USA) or a Supelco Ascentis Silica column

(4.6 9 150 mm, 3 lm) (Sigma-Aldrich; ON, Canada)

were used as described below.

(d) UV/Visible measurements were made using a Jenway

spectrophotometer 6320D series (Bibby Scientific,

Staffordshire, UK).

(e) A LECO comprehensive 2-dimensional GC 9 GC/

FID system (LECO; St. Joseph, MI, USA) was used

(Fig. 2). It consists of a dual oven GC equipped with

flame ionization detector and cryogenic modulator

(quadjet) cooled with liquid nitrogen and split–

splitless injector. All data was collected by Leco

ChromaTOF-GC software v 3.34 optimized for GC 9

GC/FID. The columns used for GCxGC were a

DB5HT gas chromatography column (30 m 9

0.32 mm 9 0.1 lm, bonded and cross-linked 5%

phenyl methylpolysiloxane, Agilent technologies;

Santa Clara CA, USA) and an RXT65 column

(1 m 9 0.25 mm 9 0.1 lm, crossbond 65% diphe-

nyl-dimethyl polysiloxane, Restek; Bellefonte PA,

USA).

Fig. 1 Apparatus used with the

fabricated MSF microreactor for

small scale lipid reactions
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NARP-LC/ELSD

Non-aqueous reversed phased (NARP) HPLC with a C18

column was used to speciate the lipid transformation prod-

ucts as well as the starting materials and lipid standards. The

ELSD was set to 33 �C and the nitrogen gas flow rate was

optimized. All samples were analysed using an injection

volume of 10 lL and a mobile phase flow rate of 1 mL/min.

A binary gradient of A, methanol with 0.1% glacial acetic

acid; and B, isopropanol/hexane (5:4) was used. The starting

condition was 0% B held for 5 min then increased to 66% B

in 10 min, held at 66% B for 3.5 min before returning to 0%

B (2.5 min) to equilibrate the column.

GC 9 GC

GC 9 GC was used as a second method to characterize the

lipid classes produced by the MSF microreactor and to

confirm the LC results. An aliquot of the product mixture

was dissolved in dichloromethane prior to injection into the

LECO GC 9 GC/FID system. The carrier gas was H2 at a

flow rate of 1.5 mL/min, injection volume 1 lL, split ratio

of 15:1 and He FID make-up gas was used. The inlet and

detector temperatures were set to 320 and 400 �C,

respectively. The temperature program for the first oven

was 45 �C (0.5 min) increased at 2 �C/min until 150 �C

(0 min) then increased again at 3 �C/min until 375 �C

(hold 10 min). The second oven tracked the first but at a

temperature 25 �C higher at all times. The modulator offset

was 15 �C.

Regiospecificity Determination Using Normal Phase-

LC/ELSD

Normal phase HPLC with a silica column was used for the

regiospecific separation of the MSF microreactor lipid

products, following an AOCS standard method [18]. Ali-

quots of the products formed under the optimized condi-

tions (50 �C, flow rate 1 lL/min) were analyzed by HPLC/

ELSD along with a 1-monooleoylglycerol standard. The

method used an injection volume of 10 lL, mobile phase

flow rate of 0.5 mL/min, column temperature maintained at

40 �C and the ELSD operating at 90 �C. The mobile phase

was a binary gradient of A hexane, and B hexane/isopro-

panol/ethyl acetate/10% formic acid (80:10:10:1, v/v) [18].

The gradient was 2% B, linear increase to 35% B in

15 min, then linearly increased to 98% in 1 min, and

finally held for 10 min at 98% B. The column was allowed

to equilibrate at the starting condition for 3 min. Note that

all samples and standards were prepared in hexane/

isopropanol (9:1, v/v) prior analysis.

Results and Discussion

Lipase-Immobilized Microreactor Fabrication

In this paper, we present the first demonstration of the use

of a microreactor, fabricated by immobilizing lipase from

Candida antarctica onto a silica MSF support, for the

ethanolysis of canola oil triacylglycerols. The MSF mor-

phology is shown in the scanning electron microscope

image in Fig. 3.

Although the MSF have been mainly developed for use

in light guiding optics, they contain numerous micrometer-

sized pores (4–5 lm) and provide a very large surface area,

which makes them ideally suited for immobilizing high

amounts of catalysts. Furthermore, the fact that the MSF

is made from silica makes it even more attractive for

the enzyme immobilization by employing well-known

Fig. 2 Schematic diagram of GC 9 GC/FID used for analysis of

lipid transformation products

Fig. 3 Scanning electron microscope (SEM) image of a Lipase-

Immobilized MSF (168 holes) at 9300 magnification
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silanization chemistry. In order to ensure the maximum

presence of silanol groups at the MSF surface, the use of

alkali (NaOH) treatment has been shown to activate the

silica wall by increasing hydrolysis of the silanol group

[19]. The reaction sequence of the immobilization lipase

from Candida antarctica onto the silica walls of the MSF is

given in Fig. 4.

Immobilization onto the silica support was achieved by

grafting aminopropyl triethoxysilane (APTES) onto the

active silanol group (Si–OH) on the MSF wall [20]. The

resultant pendant primary amine group provides a reactive

functionality to form imines when reacted with the

bifunctional reagent glutaraldehyde. This in turn results in

a pendent carbonyl group from the grafted glutaraldehyde

which further reacts with the amino groups of lipase

forming a Schiff base, thus covalently attaching the

enzyme to the MSF support [20, 21]. It is expected with

such a strong covalent lipase attachment, the probability of

enzyme leaching is low and hence the microreactor can

potentially be reused multiple times. In contrast, using the

simple, commonly used adsorption methods of immobili-

zation, leaching is known to limit reusability [22, 23].

Enzyme Activity Assay

Before employing the lipase loaded MSF microreactor it

was essential to determine the success of the immobilization

method. The total free protein concentration was deter-

mined using the widely used Lowry protein assay [16]. The

amount of protein bound to the MSF microreactor support

was estimated by the difference between amount of protein

in the lipase solution infused through the MSF and the

effluent emerging from the MSF. Using this method, the

amount of protein loaded on the MSF was determined to be

5.8 lg/lL (Table 1).

It is likely that not all lipase loaded in the MSF is active

due to underlying physicochemical factors associated with

the immobilization. As such, it was imperative to also

determine the activity of the immobilized lipase. As

described in detail in the Materials and Methods section,

the lipase activity of immobilized MSF microreactor was

determined by the enzymatic hydrolysis of p-nitrophenyl

butyrate (pNBP) to p-nitrophenol which is quantified

spectrophotometrically. Using this assay, a unit (U) of

lipase activity is defined as the amount of enzyme that

hydrolyses (liberates) 1 lg of p-nitrophenol (pNP) from

pNPB as substrate. Table 1 summarizes of lipase activity

assay yield. The enzymatic activity for the immobilized

MSF microreactor was determined to be 4.7 lg pNP/min

(U) for the 15 cm MSF microreactor. Hence, a specific

activity of 0.81 U/mg was found for the immobilized lipase

from Candida antarctica in the MSF microreactor. Data

from the manufacturer indicates that the native lipase from

Candida antarctica has specific activity of 1.06 U/mg

Fig. 4 The process of lipase-immobilization onto the silica support of a MSF

Table 1 Determination of the amount of lipase immobilized onto the MSF capillary

Protein bounda

from 1 mL

lipase (mg/mL)

Protein

bound

yield (%)

Lipase activityb

(lg pNP/min) (U)

Specific activity

(U/mg) for 15 cm

MSF microreactor

Specific activity for

native enzyme (U/mg)

before immobilization

Fabricated immobilized MSF 5.83 75.59 4.7 0.81 1.06

a 1 mL of 8 mg/mL lipase solution was immobilized onto the MSF capillary
b 1U = amount (mg) of enzyme to liberate 1 lg pNP/min under the assay condition
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before immobilization (cf. Table 1). Therefore, only about

23.6% of the enzyme activity was found to have been lost

using the proposed immobilization process. This result is

comparable with that found in other studies, for example

specific activities of 0.60–0.9 were found using similar

methods for lipase immobilized onto styrene–divinylben-

zene and styrene–divinylbenzene–polyglutaraldehyde copoly-

mers for biodiesel production [17].

A goal in the development of the lipase immobilized

MSF microreactor was to evaluate its performance in lipid

transformations. This was done by transesterifying triole-

oylglycerol (molecular weight 884, TO) in ethanol in the

MSF microreactor. From this reaction, the major transe-

sterified products which were obtained were monooleoyl-

glycerol (MO) and ethyl oleate (EE). Since MO and EE

results from the hydrolysis of two and three ester bonds/

molecule, respectively, the theoretical conversion rates of

trioleoylglycerol (TO) can be estimated from the measured

lipase activity of 4.7 lg pNP/min (U) assuming that lipase

catalysed hydrolysis of triacylglycerol (TAG) ester occurs

at the same rate as the lipase catalysed hydrolysis of pNBP

to give pNP. If this assumption is made, then the conver-

sion rate of 5 mg/ml TO at 1 lL/min to MO and to EE

would be predicted to be 10 and 6.7 lg/min (or 0.0115 and

0.0075 mol/min), respectively. It is apparent that notwith-

standing the gross assumptions made, the observed con-

version rate (TO–MO) is of the same order of magnitude as

the rate predicted based on the measured enzyme activity.

This implies that to a rough approximation, the enzyme

activity assay is quite consistent with the measured results

for TO conversion (described in the next section). It should

also be pointed out that canola oil rather than TO was

actually used in the experiments, but this does not change

the general arguments used above.

Enzymatic-Catalyzed Ethanolysis Using the MSF

Microreactor

The ethanolysis of canola oil was performed using the

lipase-immobilized MSF microreactor at different tem-

peratures and flow rates, in order to determine the optimal

conditions. The selected temperature range was chosen

based on the optimized lipase enzyme conditions of other

researchers including Irimescu et al. [12] and Köse et al.

[24] The former suggested optimal conditions at room

temperature, while the latter indicated denaturation of

enzyme at temperatures[50 �C, by decreasing the reaction

yield. The products obtained were then analysed by NARP-

LC/ELSD and Fig. 5a, b show the chromatograms obtained

for both the starting material and pure standards. The

conversion of TAG in canola oil was estimated by means

of a calibration curve of a lipid standard consisting of TO,

DO, MO and EE (Table 2).

The data in Table 2 show the relative concentrations

of the reaction products obtained using a flow rate of

1 lL/min of canola oil triacylglycerols (TAG) in ethanol

solution passing through the lipase immobilized MSF

microreactor, conditioned at various temperatures. From

the LC/ELSD analysis it was found that whilst EE and

monoacylglycerols (MAG) products were formed under all

conditions, diacylglycerols (DAG) were not observed

above the limit of detection, possibly due to the microscale

nature of our study. The predominant formation of MO

relative to DO is consistent with results of others [12]. In

Table 2 it is clear that at low temperatures, the conversion

of TAG into other lipid forms was low, and a similar result

was found at 60 �C. However, at around 50 �C virtually

all of the TAG was consumed indicating a high efficiency

of the immobilized lipase microreactor under these

conditions.

The effect of the reaction flow rate on the lipid con-

version was then investigated with the temperature fixed

at 50 �C (cf. Fig. 5c–e). As indicated in Fig. 5c–e, the

microreactor flow rates investigated included 1, 5 and

10 lL/min. The narrow flow rate range evaluated was due

to the achievable linear force of the syringe pump utilized

(Harvard ‘11’ Plus). The results show that the optimal

flow rate for the enzymatic MSF microreactor reaction is

at 1 lL/min, where complete disappearance of the TAG

starting material was evident along with the formation of

MAG and EE. As the flow rate increased above 1 lL/min,

a broad ‘hump’ is seen in the chromatogram, co-eluting

with unreacted starting material (Fig. 5d, e). This is likely

due to removal of oligomeric glutaraldehyde material from

the walls of the microreactor attributable to the high

pressures (*21 psi) that occur with higher flow rates

through the small channels in the MSF reactor. However,

since the flow rate of 1 lL/min (which corresponds to a

residence time of 28.5 s in the 15 cm MSF) allows suffi-

cient contact time between the starting material and the

lipase immobilized in the microreactors, these destructive

conditions can be avoided. As demonstrated in Fig. 5, the

lipid transformation performance reduces as flow rate

increases due to the lower contact time of the substrates

with the immobilized lipase. At 10 lL/min the calculated

MSF residence time was 3 s. Recently, there have been

several reports describing how ethanolysis of TAG using

immobilized lipase from Candida antarctica can, under

certain conditions, become 1,3 regiospecific [12, 25].

Furthermore, the reaction in excess ethanol can also pro-

mote the formation of the 2-MAG, compared to other

products [26]. For example, using an ethanol/TO molar

ratio of 77:1 at 25 �C, Novozyme 435 beads and a reaction

time of 4 h, Irimescu et al. [12] achieved an *88%

reaction yield of which [98% of the acylglycerol content

was 2-monooleoylglycerol (2-MO). The actual molar ratio
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of ethanol:TAG has also been shown to be important in

order to achieve regiospecificity and high reaction rates

[27]. In systems where long reaction times are possible, it

has been proposed [12, 25] that although 2-MAG is

formed exclusively at low ethanolysis times, longer times

([7 h under the conditions used in that study) result in

acyl migration forming some 1[3]-MAG. However, in the

present experiment, reaction times range from seconds to a

few minutes, so acyl migration is unlikely to occur.

To confirm the regiospecificity of the ethanolysis reac-

tion in the microreactor, a sample of canola oil that passed

through the reactor under the optimized conditions for

maximum conversion of TAG to MAG (1 lL/min, 50 �C)

was collected. The regiospecificity was then determined by

Fig. 5 NARP-LC/ELSD (nonaqueous reversed phase LC with evap-

orative light scattering detection (NARP-LC/ELSD) using a C18

column, ELSD temperature 33 �C, for gradient see ‘‘Materials and

Methods’’) separation of a a lipid standard mixture containing MO
monooleoylglycerol, ME methyl oleate, EE ethyl oleate, DO dioleo-

ylglycerol, TO Trioleoylglycerol b canola oil/ethanol (the starting

reactant mixture for the MSF microreactor), and c–e the effect of

reaction flow rate for a canola oil solution in ethanol passing through

the lipase immobilized MSF microreactor at: c 1 lL/min, d 5 lL/min;

and, e 10 lL/min. All c–e reactions were carried out at 50 �C. The

ellipse shows the MSF column carry-over around the TAG peak that

could not be resolved
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normal phase HPLC following AOCS official method Cd

11d-96 [18], as described in the Materials and Methods

section. This confirmed that [96% of the MAG produced

was indeed 2-MAG. Figure 6 illustrates that the addition of

a 1-MO standard to the MAG product; before the addition

there was no peak at the retention time of the 1-MO

standard (data not presented) confirming that the product is

the 2-MAG isomer.

It should be noted that Table 2 presents qualitative data

which serves to illustrate the performance of the microre-

actor, rather than rigorous quantitative results. These

shortcomings are in part due to the difficulties associated

with collecting and manipulating small volumes of solution

eluting from a prototype device. Also, there are several

disadvantages of performing analysis using LC/ELSD, one

which is that the ELSD response is not the same towards all

compounds, being greatly affected by analyte volatility,

and non-linearity. As a result, the measured EE concen-

tration in particular, is less reliable. Another drawback of

the LC/ELSD analysis is that it did not separate the mic-

roreactor column bleed from the DAG and TAG peaks,

when operating at high reactant flow rates (Fig. 5d, e).

Therefore, a second independent analytical method was

carried out to support the findings of the LC/ELSD results.

The method chosen uses comprehensive two-dimensional

(GC 9 GC/FID) to separate neutral lipid microreactor

products. GC 9 GC (cf. Fig. 2) is a multidimensional

technique that consists of orthogonal hyphenation (via a

cryogenic modulator) of two columns of different station-

ary phases, each housed in its own temperature program-

mable oven. On injection of the sample, chromatographyT
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Fig. 6 Chromatograms (normal-phase-LC/ELSD separation. For

gradients see ‘‘Materials and Methods’’) of a 1-monooleoylglycerol

standard and the MAG product of passing canola oil through the

microreactor

Lipids (2011) 46:545–555 553

123



takes place conventionally on the first column but subse-

quently the modulator collects the effluent and periodically

re-injects it into the second column for further separation

[28, 29]. The sampling frequency is high enough that each

peak eluting from first column is sampled at least multiple

times, thus preserving the primary separation in addition to

the separation on the second column phase[28–30]. Thus,

GC 9 GC is essentially multiple sequential heart-cuts. The

raw data has to be converted from the conventional linear

form to a 2D representation using special software algo-

rithms [29, 30]. The GC 9 GC results obtained for the

MSF reaction products obtained at room temperature and

50 �C are presented in Fig. 7 and in Table 2. In both cases

the optimal flow rate, 1 lL/min was used. Note that the

tandem high temperature columns used in the GC 9 GC

experiments preclude the need for the typical silylation

derivatizations of lipids to increase their volatility in

order to enable their GC analysis. Details of the develop-

ment of this GC 9 GC method will be presented in a future

report.

What is notable in Fig. 7 is the complete separation of

EE, MAG, DAG and TAG along with the relatively higher

response of EE compared to that seen by LC/ELSD. In

addition, the presumably glutaraldehyde oligomeric mate-

rial (carry-over) discharged from the microreactor espe-

cially at high flow rates does not interfere with the

separation of lipid peaks (Fig. 7), further giving credence

to the use of GC 9 GC. Using GC 9 GC method, the

compounds with lower molecular weight (EE) elute first,

followed by MAG, DAG and TAG. Also, the response for

the volatile EE is higher than for the other lipid classes in

contrast to the LC/ELSD method where the opposite is

observed. This discrepancy in product yields (seen in

Table 2) may be a consequence of the nonlinear nature of

HPLC/ELSD, especially for compounds differing in vola-

tility. In general, the GC 9 GC/FID results support the

conclusions of the LC/ELSD data described above, but the

estimated EE concentrations are considerably higher and

likely much more realistic (Table 2).

In conclusion, these results clearly demonstrate the

successful lipase immobilization on silica microstructure

fibers and the use of the resulting microreactor for the

ethanolysis of a vegetable oil under conditions of contin-

uous flow. A high degree of regiospecificity was observed

in the reaction under optimized conditions, with almost

complete conversion to 2-MAG. This is consistent with

earlier reports for ethanolysis using the same lipase [12,

25], although under quite different reaction conditions and

at much lower reaction rates. Although not yet robust, the

MSF microreactors have been reused several times, and

future work will aim to produce microreactors with longer

lifetimes. It is envisioned that on-line enzyme immobilized

MSF microreactors will prove to be valuable in analytical

lipid profiling applications.
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Abstract Changes in fatty acid composition of longissi-

mus muscle and subcutaneous adipose tissue of German

Holstein bulls induced by a grass-silage/n-3 fatty acid

based intervention diet versus a maize-silage/n-6 fatty acid

based control diet were analyzed and related to shifts in

lipogenic gene expression, protein expression, and enzyme

activity patterns. Significantly higher amounts of n-3 fatty

acids and by mean factors of 2.2–2.5 decreased n-6/n-3

fatty acid ratios in both tissues were obtained upon n-3

fatty acid intervention. In longissimus muscle, these

changes of fatty acid profiles were associated with reduced

SREBP1c (p = 0.02), ACC (p = 0.00), FAS (p = 0.10)

and SCD (p = 0.03) gene expression, D6D (p = 0.03) and

SCD (p = 0.03) protein expression as well as SCD enzyme

activity (p = 0.03). In subcutaneous adipose tissue, sig-

nificantly reduced ACC (p = 0.00) and FAS (p = 0.01)

gene expression, SCD protein expression (p = 0.02) and

SCD enzyme activity (p = 0.03) were detected upon n-3

fatty acid intervention, although lower degrees of correla-

tion between gene and corresponding gene products were

obtained in relation to longissimus muscle. The study

elucidates tissue-specific functional genomic responses to

dietary fatty acid manipulation in regard to fatty acid

profile tailoring of animal tissues.

Keywords Lipogenesis � Fatty acid profile �
Functional genomic approach � SREBP1c � SCD � ACC �
FAS � D5D � D6D

Abbreviations

ACC Acetyl-CoA carboxylase a
ACTB b-actin

B2M B2-microglobulin

CG Control group

D5D D5 Desaturase

D6D D6 Desaturase

EEF1A2 Eukaryotic translation elongation factor 1a2

FAME Fatty acid methyl ester(s)

FAS Fatty acid synthase

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

IG Intervention group

MUFA Monounsaturated fatty acids

PUFA Polyunsaturated fatty acids

RPS18 Ribosomal protein S18

SCD Stearoyl-CoA desaturase

SFA Saturated fatty acids

SF3A1 Splicing factor 3a, subunit 1

SREBP1c Sterol regulatory element binding protein 1c

Introduction

In recent years, increasing interest has been directed towards

altering the nutritional profile of food in regard to major

public health concerns. Considering the continuously rising

incidences of Western lifestyle diseases such as hyperlip-

idemia, hypertonus, obesity, type II diabetes and cardio-

vascular disorders, public health strategies primarily aim at
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reducing the overall dietary intake of saturated as well as n-6

unsaturated fatty acids and at increasing the intake of health-

promoting n-3 unsaturated fatty acids [1–4].

Studies indicated that up to half of the average adult

intake of n-3 fatty acids in industrial countries originates

from meat [5], and that the n-6/n-3 fatty acid ratio of meat

can further be improved by dietary intervention of ruminant

and non-ruminant farm animals with exogenous n-3 fatty

acid sources, stimulating either direct fatty acid incorpora-

tion into animal tissues or affecting in vivo fatty acid bio-

synthesis [1, 6–9]. Levels of long-chain n-3 polyunsaturated

fatty acids in lamb, beef and pork meat were reported to be

effectively elevated upon dietary supplementation with

linseed/linseed oil, rapeseed cake/oil, algae, linolenic acid

rich forages [10] as well as novel alimentary fatty acid

sources such as hemp, camelina, and lupin [6]. Beneficially

reduced n-6/n-3 fatty acid ratios in meat were also demon-

strated to result from, e.g., pasture versus concentrate [11],

red clover-silage versus grass-silage [12] as well as grass-

silage versus maize-silage [13] feeding regimes.

The underlying mechanisms facilitating fatty acid pro-

file tailoring of animal tissues have not been completely

understood and been ascribed to a complex regulation

network of genetically [14–17] and physiologically [7, 17]

affected lipogenic gene expression, protein expression and

enzyme activity levels in animal tissues [17–21]. The

results of different studies as yet showed minor degrees of

consistency, ranging from negligible [22] to high degrees

[18] of correlation between expression levels of lipogenic

genes/proteins and fatty acid profiles.

In this context, the present study aimed at a more in-

depth elucidation of the effect of dietary n-3 fatty acid

intervention on fatty acid profiles via a functional genomic

approach, relating shifts in fatty acid composition of bovine

muscle and adipose tissue observed during preliminary

investigations [13, 23] with effects on lipogenic tran-

scriptome and proteome, focusing on key-lipogenic tran-

scription factors (SREBP1c) and enzymes involved in fatty

acid de novo synthesis (ACC, FAS), monodesaturation

(SCD) and polyunsaturation (D5D, D6D).

Materials and Methods

Animals, Study Design and Tissue Sampling

From an animal experiment (n = 29) [13, 23] conducted

within the framework of EU Project FOOD-CT-36241, tissue

samples from German Holstein bulls (n = 27) were obtained.

Animals had been assigned to a maize-silage based

control diet (control group (CG); n = 14) or a grass-silage

based intervention diet (intervention group (IG); n = 13)

during a fattening period of 245 ± 40 days until a live

weight of 625 ± 26 kg (CG) or 631 ± 23 kg (IG) at an age

of 477 ± 40 days (CG) or 510 ± 37 days (IG) was reached.

Experimental diets were isoenergetically formulated;

actual energy intake ranged between mean values of

112.5 MJ (CG) and 108.5 MJ (IG) metabolizable energy

per day. Control diet consisted of 0.153 g crude protein,

0.03 g crude fat (22.9% SFA, 26.0% MUFA, 51.1% PUFA;

46.3% n-6 FA, 4.8% n-3 FA; n-6/n-3 FA ratio = 9.6) and

0.07 g crude ash per g dry matter, intervention diet of

0.149 g crude protein, 0.04 g crude fat (23.6% SFA, 17.6%

MUFA, 58.8% PUFA; 22.3% n-6 FA, 36.5% n-3 FA; n-6/

n-3 FA ratio = 0.6) and 0.12 g crude ash.

Immediately after slaughter and exsanguination of the

experimental animals, subcutaneous adipose tissue as well

as longissimus muscle samples were taken from the right

side of the carcass (between the thirteenth and fourteenth

rib) under RNase-free conditions, snap-frozen in liquid

nitrogen and stored at -80 �C until further analysis.

Gene Expression Analysis

RNA Extraction

Frozen tissue samples of an approximate weight of 100 mg

were homogenized in 1 mL Qiazol lysis reagent (Cat. No.

79306) (Qiagen GmbH, Hilden, Germany) with a gentle-

MACSTM dissociator in gentleMACSTM M Tubes (Cat.

No. 130-093-458) (Miltenyi Biotec GmbH, Bergisch-

Gladbach, Germany). RNA was extracted from 1 mL

homogenate with the RNeasy Lipid Tissue Mini Kit (Cat.

No. 74804) according to the manufacturer’s protocol;

optional DNase digestion was performed with the RNase-

free DNase Set (Cat. No. 79254) (Qiagen GmbH, Hilden,

Germany), incubating samples with DNase (80 lL DNase

working solution/sample) for 15 min at 20 �C.

RNA extracts were immediately analyzed for RNA

quantity (OD260nm) and purity (OD260nm/OD280nm) (Nano-

Drop ND-1000, Peqlab GmbH, Erlangen, Germany); RNA

integrity was checked with a Bio-Rad ExperionTM System

and StdSens Analysis Kit (Bio-Rad GmbH, Munich, Ger-

many). RNA quantity ranged between 498.2 ± 43.5 lg

(OD260nm/OD280nm = 1.95–2.12) (longissimus muscle)

and 158.6 ± 27.3 lg (OD260nm/OD280nm = 1.93–2.17)

(adipose tissue) per g tissue sample, RNA quality between

RQI-values of 9.5 ± 0.2 (longissimus muscle) and 9.3 ±

0.1 (adipose tissue).

RNA aliquots were stored at -80 �C and further pro-

cessed within 2 weeks.

Reverse Transcription

RNA was reverse transcribed with the iScriptTM cDNA

Synthesis Kit (Cat. No. 170-8890) (Bio-Rad GmbH,

558 Lipids (2011) 46:557–567

123



Munich, Germany), incubating a reaction mix of 4 lL 59

iScript mix, 1 lL iScript reverse transcriptase, 5 lL

nuclease-free water and 10 lL RNA template (10 ng/lL)

at temperatures of 25 �C for 5 min, 42 �C for 30 min and

85 �C for 5 min. cDNA aliquots were stored at -20 �C and

subjected to further analysis within 4 w.

qRT-PCR

qRT-PCR analysis was performed with a Bio-Rad iCycler

with 96 9 0.2 mL reaction module (Cat. No. 170-8720)

and iCycler iQ real-time PCR detection system (Cat. No.

170-8740) (Bio-Rad Laboratories GmbH, Munich, Ger-

many) using SYBR� Green I chemistry. Gene-specific

oligonucleotides were designed with Primer3 (Version

0.4.0.); specificity of primers and identity of predicted PCR

products was checked in silico (NCBI Primer Blast, NCBI

Sequence Blast). Primers were custom-synthesized and

RP1-purified by Sigma-Aldrich GmbH (Steinheim, Ger-

many); oligonucleotide sequences and specifications are

listed in Table 1.

Reaction mixes of 5 lL iQ SYBR� Green Supermix

(Cat. No. 170-8860), 4 lL forward/reverse primer solution

(0.2 lmol/L) and 1 lL cDNA template (10 ng/lL) were

pipetted into 96-well 0.2 mL thin-wall PCR plates (Cat.

No. 223-9441) and sealed with optical-quality Microseal

adhesive tape (Cat. No. MSB-1001) (Bio-Rad Laboratories

GmbH, Munich, Germany). After an initial denaturation at

Table 1 Specifications of gene-specific oligonucleotides

Gene and

accession

Primer sequence (50–30) Location on

template

Exon/exon

junction

Amplicon length

(bp)

Efficiencya of

primer pair

ACC Fwd: GAGCTGAACCAGCACTCCCGA 374–394 – 215 108.4%

NM_174224.2 Rev:

TGCAAGCCAGACATGCTGGATCTCA

588–564 576/586 (R2 = 0.990)

ACTB Fwd: GACACCGCAACCAGTTCGCCAT 73–94 – 194 102.2%

NM_173979.3 Rev: AGCCTCATCCCCCACGTACGA 266–246 – (R2 = 0.989)

B2M Fwd:

TGGGTTCCATCCACCCCAGATTGA

181–204 – 237 108.9%

NM_173893.3 Rev:

TGTTCAAATCTCGATGGTGCTGCT

417–394 408/409 (R2 = 0.998)

D5D Fwd: AGTTCAGGCCCAGGCTGGCT 613–632 619/620 164 101.4%

XM_612398.5 Rev: TGGGCTTGGCATGGTGCTGG 776–757 – (R2 = 0.999)

D6D Fwd: TGCCAACTGGTGGAACCATCGC 654–675 – 189 106.0%

NM_001083444.1 Rev:

GGCGGCCCGATCAGGAAGAAGTAC

842–819 832/833 (R2 = 0.989)

EEF1A2 Fwd:

GCTCTGGACTCACTGCTCAGCTTCC

21–45 27/28 229 102.4%

NM_001037464.1 Rev: TCTCGGCCGCCTCCTTCTCAAA 249–228 – (R2 = 0.988)

FAS Fwd: GCCAGCGGGAAGCGTGTGAT 4,918–4,937 – 235 107.8%

NM_001012669.1 Rev: CGATGGCAGCCTGGCCTACG 5,152–5,133 – (R2 = 0.998)

GAPDH Fwd:

CGCCTGGAGAAACCTGCCAAGTATG

808–832 – 234 98.3%

NM_001034034.1 Rev: CACCACCCTGTTGCTGTAGCCAA 1,041–1,019 822/823 (R2 = 0.997)

RPS18 Fwd: ACCAACATCGATGGGCGGCG 96–115 – 150 101.1%

NM_001033614.1 Rev: CACACGTTCCACCTCATCCTCGG 245–223 233/234 (R2 = 1.000)

SCD Fwd: CTACAAAGCTCGGCTGCCTCTGC 525–547 – 202 100.5%

NM_173959.4 Rev: TTTGACAGCTGGGTGTTTGCGC 726–705 – (R2 = 0.990)

SF3A1 Fwd: GCCCCCAACTCCAGACCAGGT 1,248–1,268 – 249 105.3%

NM_001081510.1 Rev: TCGATATCCAGACCTGGCGCGT 1,496–1,475 1,483/1,484 (R2 = 0.990)

SREBP1c Fwd:

TGGGCACCGAGGCCAAGTTGAAT

1,098–1,120 1,114/1,115 170 105.1%

NM_001113302 Rev: TCCACTGCCACAAGCCGACA 1,267–1,248 – (R2 = 0.996)

ACC acetyl-CoA carboxylase a, ACTB b-actin, B2M b2-microglobulin, D5D D5 desaturase, D6D D6 desaturase, EEF1A2 eukaryotic translation

elongation factor 1a2, FAS fatty acid synthase, GAPDH glyceraldehyde-3-phosphate dehydrogenase, RPS18 ribosomal protein S18, SCD
stearoyl-CoA desaturase, SF3A1 splicing factor 3a, subunit -1, SREBP1c sterol regulatory element binding protein 1c
a Determined by plotting the cT-values of 10.0, 1.0, 0.5, 0.1 and 0.01 ng cDNA versus the logarithm of the corresponding cDNA amount
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94 �C for 3 min, a thermocycling program of 10 s at

94 �C, 30 s at 60 �C and 45 s at 70 �C was applied (45

cycles); total fluorescence data and dynamic well factors

were continuously collected to generate background sub-

tracted amplification curves (iQ5 Software, Version

2.1.97.1001; Bio-Rad Laboratories GmbH, Munich, Ger-

many). PCR analysis of cDNA samples was performed in

triplicate; no-transcription and no-template samples were

used as controls.

The specificity of the PCR amplification was confirmed

by melt curve analysis (temperature range 60–94 �C), aga-

rose gel electrophoresis of PCR products on 2% SYBR� Safe

stained precast agarose gels (Cat. No. G5218-02) (Invitrogen

GmbH, Darmstadt, Germany) as well as sequencing of PCR

products. Accuracy, linearity and efficiency of the PCR

reaction was checked by plotting the cT-values of 10.0, 1.0,

0.5, 0.1 and 0.01 ng cDNA versus the logarithm of the cor-

responding cDNA amount. Accuracy was defined as the R2

value of the standard curve, efficiency E was calculated as E

[%] = (10-1/slope of standard curve - 1) 9 100.

Gene Expression Quantification and Statistical Evaluation

Relative gene expression of ACC [EC 6.4.1.2], FAS [EC

2.3.1.85], SCD [EC 1.14.19.1], D5D [EC 1.14.19.-], D6D

[EC 1.14.19.3] and SREBP1c was calculated with the

comparative, efficiency-corrected DDCT method. Based on

preliminary investigations on tissue-specific reference

genes, SF3A1, EEF1A2, RPS18 and B2M were selected for

gene expression normalization of longissimus muscle and

ACTB, GAPDH, RPS18 and B2M for gene expression

normalization of subcutaneous adipose tissue. Differences

in gene expression profiles between control and interven-

tion group were tested for statistical significance using

REST� algorithm (REST� 2009; Relative Expression

Software Tool, Version V2.0.13) [24]; p values are given

with the results.

Protein Expression and Enzyme Activity Analysis

Protein expression of ACC, SCD and D6D was determined

by Western Blot analysis of cytosolic/microsomal tissue

extracts as previously described [19].

Enzyme activity of SCD was assessed as time-

dependent, enzyme-specific substrate-conversion rate

(nmol substrate/mg microsomal protein/h) of 14C-labeled

palmitoyl-coenzyme A [23].

Data were analyzed for statistical significance by the

least-squares method using the general linear model pro-

cedures of SAS� (2009) with the fixed factor feeding.

p B 0.05 was considered as statistically significant.

Fatty Acid Analysis

Fatty acid analysis was performed by GC–FID analysis of

fatty acid methyl esters (FAME), prepared by the isolation

of fatty acids from homogenized tissue samples by chlo-

roform/methanol extraction [25] and methylation as

previously described [19, 26]. FAME were separated on a

CP-Sil 88 fused-silica capillary column (100 m, 0.25 mm,

0.20 lm; Varian-Chrompack GmbH, Darmstadt, Germany)

with a Perkin Elmer Autosystem XL gas chromatograph

(Perkin Elmer, Watham, USA), applying a temperature

gradient program [45 �C (4 min); to 150 �C (?13 �C/min);

150 �C (47 min); to 215 �C (?48 �C/min); 215 �C

(35 min)] at a carrier gas flow rate of 1 mL hydrogen/min,

and detected by flame ionization at 280 �C.

Analysis was performed in duplicate. FAME reference

mixture (Cat. No. 18919-1; Sigma–Aldrich, Steinheim,

Germany) plus c11-18:1, c9,t11-18:2, 18:4n-3, 22:5n-3

(Matreya, Biotrend, Cologne, Germany), t11-18:1 and

22:4n-6 FAME (Sigma-Aldrich, Deisenhofen, Germany)

was used for calibration.

An unpaired, homoscedastic t test was applied to check

fatty acid concentrations of both feeding groups for sta-

tistical significance, regarding p values of p B 0.05 as

significant.

Results

Changes in fatty acid composition (Table 2) upon n-3 fatty

acid supplementation of German Holstein bulls via a grass-

silage based intervention diet versus a maize-silage based

control diet were analyzed and related to corresponding

shifts in lipogenesis-related gene expression (Fig. 1a, b,

Table 3), protein expression (Table 3) and enzyme activity

patterns (Table 3) of bovine muscle and adipose tissue.

Changes in Fatty Acid Composition

Table 2 summarizes the fatty acid composition of lon-

gissimus muscle and subcutaneous adipose tissue of control

and intervention group. Significantly higher absolute con-

centrations (Table 2) as well as relative amounts (see

Supplementary Table 1) of n-3 fatty acids were obtained in

muscle (57.0 mg/100 g (IG) versus 27.5 mg/100 g (CG))

and adipose (472.9 mg/100 g (IG) versus 312.2 mg/100 g

(CG)) tissue of intervention group animals. Furthermore,

diminished amounts of n-6 fatty acids, saturated fatty acids

and monounsaturated fatty acids as well as by factors of 2.5

(longissimus muscle) or 2.2 (adipose tissue) reduced n-6/n-

3 fatty acid ratios were obtained upon n-3 fatty acid

intervention (Table 2).
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Functional Genomic Effect of n-3 Intervention

on Lipogenesis in Longissimus Muscle

Expression profiles of lipid metabolism associated genes

(SREBP1c, ACC, FAS, D5D, D6D, SCD) in the longissi-

mus muscle of control and intervention groups as assessed

in relation to tissue-specific reference genes (SF3A1,

EEF1A2, RPS18, B2M) are given in Fig. 1a. Significantly

higher cT-values (p \ 0.05) and by factors of 0.59–1.02

(ACC) and 0.63–1.05 (SCD) diminished expression levels

of ACC and SCD gene were obtained in longissimus

muscle of the intervention group compared to the control

group animals. Expression levels of FAS, SREBP1c, D5D

and D6D gene did not significantly differ between both

feeding groups (Fig. 1a), although FAS expression tended

to be lower (p = 0.10) in intervention group tissue

samples.

Relating diet-induced changes of gene expression with

corresponding gene products, strongest association was

obtained for SCD, considering decreased SCD gene

Table 2 Selected fatty acids in longissimus muscle and subcutaneous adipose tissue samples of control and intervention group

Fatty acidsc (mg/100 g tissue)

Longissimus muscle Subcutaneous adipose tissue

Control group Intervention group Control group Intervention group

12:0 1.5 ± 0.7a 1.1 ± 0.3b 82.0 ± 27.2 87.2 ± 34.5

14:0 64.9 ± 30.5a 43.8 ± 12.8b 2736.8 ± 521.0 2352.8 ± 550.4

14:1 16.9 ± 9.7 11.1 ± 3.9 677.5 ± 554.02 505.8 ± 421.0

16:0 635.7 ± 263.6a 460.2 ± 112.1b 18549.6 ± 1394.5 17215.1 ± 3408.1

16:1 91.9 ± 40.5a 59.4 ± 15.8b 4678.6 ± 862.8 4322.1 ± 988.7

18:0 342.4 ± 125.9 284.4 ± 64.4 7863.4 ± 928.1 7503.8 ± 2432.1

18:1n-9 907.8 ± 393.2a 629.6 ± 148.0b 25283.0 ± 2258.6a 22443.3 ± 3883.6b

t11-18:1 13.8 ± 5.2 14.2 ± 4.0 547.8 ± 83.3 593.8 ± 163 3

18:2n-6 113.6 ± 14.1a 95.5 ± 12.2b 1172.8 ± 126.1a 873.4 ± 226.8b

c9,t11-18:2 6.5 ± 3.4 5.5 ± 1.2 342.0 ± 79.2 344.9 ± 109.2

18:3n-3 13.0 ± 3.5a 33.6 ± 5.0b 277.1 ± 76.2a 428.7 ± 133.8b

18:3n-6 0.6 ± 0.1a 0.8 ± 0.1b 11.6 ± 5.8 12.8 ± 6.5

18:4n-3 1.3 ± 0.5a 0.9 ± 0.3b 25.5 ± 28.5 16.3 ± 15.6

20:0 2.4 ± 0.7 2.4 ± 0.6 63.9 ± 15.5 69.6 ± 26.5

20:4n-6 30.0 ± 3.8a 26.6 ± 3.8b 37.8 ± 9.4a 29.0 ± 11.8b

20:5n-3 3.8 ± 0.6a 8.9 ± 1.6b 3.1 ± 6.4a 10.3 ± 5.2b

22:5n-3 8.4 ± 0.7a 12.1 ± 1.5b 29.3 ± 15.4 31.1 ± 14.0

22:6n-3 1.0 ± 0.1a 1.4 ± 0.2b 2.7 ± 7.5 2.9 ± 10.5

R SFA 1088.1 ± 428.2a 826.7 ± 188.5b 30842.2 ± 2285.1 28797.2 ± 6346.4

R MUFA 1103.3 ± 474.1a 769.8 ± 176.5b 33474.4 ± 2041.1a 29874.8 ± 5179.1b

R PUFA 188.7 ± 22.0 193.0 ± 22.5 2154.3 ± 243.1 1965.9 ± 416.1

R n-3 FA 27.5 ± 4.1a 57.0 ± 6.4b 312.2 ± 95.2a 472.9 ± 148.3b

R n-6 FA 158.5 ± 18.3a 132.1 ± 15.4b 1309.2 ± 134.0a 963.3 ± 228.9b

n-6/n-3 FA ratio 5.8 ± 0.7a 2.3 ± 0.1b 4.6 ± 1.5a 2.1 ± 0.6b

R n-3 LCPUFA 13.2 ± 1.3a 22.4 ± 3.0b 35.2 ± 22.2 44.3 ± 24.5

R n-6 LCPUFA 34.8 ± 4.3a 29.3 ± 3.8b 61.6 ± 17.7a 40.5 ± 17.8b

R trFA 30.7 ± 14.2 25.9 ± 6.9 1290.0 ± 228.2 1175.1 ± 300.4

R TFA 2397.9 ± 932.0a 1805.7 ± 369.4b 66583.4 ± 3569.1 60733.1 ± 11065.2

FA fatty acids, SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, LCPUFA long-chain poly-

unsaturated fatty acids, trFA trans-fatty acids, TFA total fatty acids

R SFA, 10:0 ? 11:0 ? 12:0 ? 13:0 ? 14:0 ? 15:0 ? 16:0 ? 17:0 ? 18:0 ? 20:0 ? 21:0 ? 22:0 ? 23:0 ? 24:0; R MUFA, 14:1 ? 15:1 ?

16:1 ? 17:1 ? 18:1n-9 ? c11-18:1 ? t9-18:1 ? t10-18:1 ? t11-18:1 ? 22:1 ? 24:1; R PUFA, R n-3 FA ? R n-6 FA; R n-3 FA, 18:3n-

3 ? 18:4n-3 ? 20:3n-3 ? 20:5n-3 ? 22:5n-3 ? 22:6n-3; R n-6 FA, 18:2n-6 ? 18:3n-6 ? 20:2n-6 ? 20:3n-6 ? 20:4n-6 ? 22:2n-6 ? 22:4n-

6; R n-3 LCPUFA, 20:3n-3 ? 20:5n-3 ? 22:5n-3 ? 22:6n-3; R n-6 LCPUFA, 20:2n-6 ? 20:3n-6 ? 20:4n-6 ? 22:2n-6 ? 22:4n-6
a,b Significant difference (p B 0.05) between control and intervention group
c Mean ± standard deviation calculated for control (n = 14) and intervention (n = 13) group
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expression (p = 0.03) (Fig. 1a), SCD protein expression

(p = 0.03) (Table 3), SCD enzyme activity (p = 0.03)

(Table 3) as well as amount of the SCD reaction products

14:1 (p = 0.06), 16:1 (p = 0.01) and 18:1n-9 (p = 0.02)

(Tables 2 and 3) in intervention group than control group

tissue samples. Similar interrelations were obtained for

ACC and FAS, regarding their decreased levels of gene

expression (p = 0.00, ACC; p = 0.10, FAS) (Fig. 1a) as

well as minor amounts of their fatty acid reaction products

12:0 (p = 0.03), 14:0 (p = 0.03) and 16:0 (p = 0.04)

(Tables 2 and 3) upon n-3 fatty acid intervention, although

ACC protein expression (p = 0.71) (Table 3) was not

found to be affected. Less consistent results were obtained

for D5D and D6D: gene expression levels did not signifi-

cantly differ between control and intervention group

(p = 0.80, D5D; p = 0.61, D6D) (Fig. 1a), D6D protein

expression was significantly lower (p = 0.03) (Table 2) in

intervention group tissue samples, and the amounts of D5D

and D6D reaction products were found to be significantly

diminished in the intervention group in case of 20:4n-6

(p = 0.03) and 18:4n-3 (p = 0.02) and elevated in case of

20:5n-3 (p = 0.00) and 18:3n-6 (p = 0.00) (Tables 2

and 3).

Functional Genomic Effect of n-3 Intervention

on Lipogenesis in Subcutaneous Adipose Tissue

Expression profiles of lipid metabolism associated genes

(SREBP1c, ACC, FAS, D5D, D6D, SCD) as assessed in

relation to tissue-specific reference genes (ACTB, GAP-

DH, RPS18, B2M) in subcutaneous adipose tissue samples

are given in Fig. 1b. Comparing gene expression in adipose

tissue of control and intervention group, significantly

higher cT-values (p \ 0.05) and thus by factors of 0.36–

1.01 (ACC), 0.35–1.13 (FAS) and 0.58–1.12 (SREBP1c)

decreased expression levels of ACC, FAS and SREBP1c

gene were obtained for intervention group tissue samples.

Gene expression of D5D, D6D and SCD genes did not

differ between the control and intervention group. Overall

higher levels of ACC, FAS and SCD gene expression were

detected in adipose (Fig. 1b) than in muscle tissue

(Fig. 1a).

Relating genes and gene products, less consistent cor-

relation was observed in adipose tissue than in muscle.

Although ACC and FAS gene expression (p = 0.00, ACC;

p = 0.01, FAS) (Fig. 1b) was significantly reduced upon

n-3 fatty acid intervention, ACC protein expression
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Fig. 1 Boxplots of cT-values

obtained by qRT-PCR gene

expression analysis of

longissimus muscle (a) and

subcutaneous adipose tissue

(b) of control (squares)

(n = 14) and intervention (filled
squares) (n = 13) group

SREBP1c sterol regulatory

element binding protein 1c,

ACC acetyl-CoA carboxylase a,

FAS fatty acid synthase, D5D
D5 desaturase, D6D D6

desaturase, SCD stearoyl-CoA

desaturase, SF3A1 splicing

factor 3a, subunit 1, EEF1A2
eukaryotic translation

elongation factor 1a2, RPS18
ribosomal protein S18,

B2M b2-microglobulin, ACTB
b-actin, GAPDH
glyceraldehyde 3-phosphate

dehydrogenase p values

represent significance levels of

differences between control and

intervention group, considering

p B 0.05 as statistically

significant; REST� hypothesis

test; normalization via SF3A1,

EEF1A2, RPS18 and B2M

(longissimus muscle) or ACTB,

GAPDH, RPS18 and B2M

(subcutaneous adipose tissue)
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(p = 0.71) (Table 3) as well as the amount of fatty acid

reaction products 12:0 (p = 0.67) and 16:0 (p = 0.19) was

not affected (Tables 2 and 3). SCD protein expression

(p = 0.02) (Table 3), SCD enzyme activity (p = 0.03)

(Table 3) and the amount of SCD product 18:1n-9

(p = 0.03) (Tables 2, 3) were significantly lower in inter-

vention group than control group tissue samples, although

SCD gene expression (p = 0.36) (Fig. 1b) as well as

amount of SCD products 14:1 (p = 0.38), 16:1 (p = 0.33)

and c9,t11-18:2 (p = 0.94) (Tables 2, 3) did not

Table 3 Effect of n-3 fatty acid intervention on lipogenesis-related transcriptome, proteome and metabolome of longissimus muscle and

subcutaneous adipose tissue

Effects of dietary n-3 fatty acid intervention

Gene expressiona Protein expressionb Enzyme activityc Fatty acid profilea

Longissimus muscle

ACC ;;; (p = 0.00) ;: (p = 0.71) n.a. 12:0 ;;; (p = 0.03)

14:0 ;;; (p = 0.03)

16:0 ;;; (p = 0.04)

R TFA ;;; (p = 0.04)

FAS ; (p = 0.10) n.a. n.a. 12:0 ;;; (p = 0.03)

14:0 ;;; (p = 0.03)

16:0 ;;; (p = 0.04)

R TFA ;;; (p = 0.04)

D5D ;: (p = 0.80) n.a. n.a. 20:4n-6 ;;; (p = 0.03)

20:5n-3 ::: (p = 0.00)

D6D ;: (p = 0.61) ;;; (p = 0.03) n.a. 18:3n-6 ::: (p = 0.00)

18:4n-3 ;;; (p = 0.02)

SCD ;;; (p = 0.03) ;;; (p = 0.03) ;;; (p = 0.03) 14:1 ; (p = 0.06)

16:1 ;;; (p = 0.01)

18:1n-9 ;;; (p = 0.02)

c9,t11-18:2 ;: (p = 0.34)

Subcutaneous adipose tissue

ACC ;;; (p = 0.00) ;: (p = 0.71) n.a. 12:0 ;: (p = 0.67)

14:0 ; (p = 0.07)

16:0 ;: (p = 0.19)

R TFA ; (p = 0.07)

FAS ;;; (p = 0.01) n.a. n.a. 12:0 ;: (p = 0.67)

14:0 ; (p = 0.07)

16:0 ;: (p = 0.19)

R TFA ; (p = 0.07)

D5D ;: (p = 0.50) n.a. n.a. 20:4n-6 ;;; (p = 0.04)

20:5n-3 ::: (p = 0.00)

D6D ;: (p = 0.40) ;: (p = 0.50) n.a. 18:3n-6 ;: (p = 0.61)

18:4n-3 ;: (p = 0.32)

SCD ;: (p = 0.36) ;;; (p = 0.02) ;;; (p = 0.03) 14:1 ;: (p = 0.38)

16:1 ;: (p = 0.33)

18:1n-9 ;;; (p = 0.03)

c9,t11-18:2 ;: (p = 0.94)

;, in tendency reduced (p B 0.10); ;;;, significantly reduced (p B 0.05); ;:, not affected; :, in tendency increased (p B 0.10); :::, significantly

increased (p B 0.05);

n.a. not assessed, ACC acetyl-CoA carboxylase a, FAS fatty acid synthase, D5D D5 desaturase, D6D D6 desaturase, SCD stearoyl-CoA

desaturase, TFA total fatty acids
a n = 27
b n = 14, see [18]
c n = 29, see [22]
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substantially differ. Most consistent relationship was found

for D6D which was neither affected in regard to gene

expression (p = 0.40) (Fig. 1b), protein expression

(p = 0.50) (Table 3) nor the amount of reaction products

18:3n-6 (p = 0.61) and 18:4n-3 (p = 0.32) (Tables 2, 3).

D5D gene expression was found to be similar in both

groups (Fig. 1b), but a significantly lower amount of D5D

reaction product 20:4n-6 (p = 0.04) and a higher amount

of 20:5n-3 (p = 0.00) was found in adipose tissue of the

intervention group animals (Tables 2, 3).

Discussion

Strategies for improving the nutritional profile upon shift-

ing the fatty acid composition of meat towards more ben-

eficial ratios of n-6 to n-3 fatty acids have successfully

exploited means of dietary intervention of farm animals

with exogenous n-3 fatty acid sources [6, 10, 11, 27]. In

this context, the present investigations revealed that n-3

fatty acid contents as well as n-6/n-3 fatty acid ratios in

longissimus muscle and subcutaneous adipose tissue of

German Holstein bulls were beneficially affected by a

grass-silage based intervention diet versus a maize-silage

based control diet, significantly reducing n-6/n-3 fatty acid

ratios by mean factors of 2.5 in muscle and 2.2 in adipose

tissue.

Considering an extensive biohydrogenation, isomeriza-

tion and degradation of alimentary fatty acids by ruminal

microbiota [7, 10], major mechanism underlying the

obtained changes in fatty acid profiles seems to be an

affected fatty acid biosynthesis in bovine tissues via shifted

expression of lipogenic genes and gene products.

The present study applied a functional genomic

approach to interrelate changes of fatty acid profiles with

corresponding shifts in expression of lipogenic genes and

gene products. Distinct functional genomic responses of

muscle and adipose tissue to n-3 fatty acid intervention

were obtained, indicating tissue-specific regulation net-

works between an initial induction of lipogenesis-related

transcription factor SREBP1c, a subsequent expression of

lipogenic ACC, FAS, D5D, D6D and SCD gene/protein, a

regulation of lipogenic enzyme activities and an induction

of feedback-mechanisms induced by fatty acid reaction

products.

Lower total expression levels of the key-lipogenic genes

ACC, FAS and SCD were found in longissimus muscle

than in subcutaneous adipose tissue, probably due to the

aspect that lipogenesis-related pathways play less funda-

mental metabolic roles in muscle than in adipose tissue, the

primary site of energy storage via lipogenesis and lipid

accumulation in ruminants [28]. In agreement with the

present findings, higher expression in adipose tissue than in

muscle was confirmed for the SCD gene [29] as well as the

SCD protein [30] in cattle, and for SCD, ACC and FAS

protein [31, 32] and enzyme activity [31] in pigs.

A comparatively more consistent relationship between

the gene and associated gene products was obtained for

muscle than for adipose tissue, supposedly due to the fact

that the fatty acid profile of adipose tissue reflects rather

long-term, cumulative anabolic developments, whereas

more rapid lipid turnover [33] and thus a more real-time

relation between gene, protein and metabolite can be found

in muscle. Furthermore, the snap-shot approach of the

present study addressed functional genomic relationships

discontinuously, not dynamically during tissue develop-

ment and maturation. Dynamic investigations performed in

primary cell culture or animal experiments, for example,

suggested that SCD gene expression and activity undergo

marked dynamic fluctuations, considering peak among

intermediate SCD gene expression levels at developmental

stages of 24, 144 and 288 h of in vitro bovine preadipocyte

differentiation [34] or of 7 and 20–28 months of in vivo

bovine tissue development [35, 36]. In agreement with the

present findings, more consistent effect of dietary manip-

ulation via distinct feeding regimes was confirmed for SCD

protein and activity levels in muscle than in adipose tissue

[20, 31], an aspect which may also be explained by the

occurrence of differentially regulated, tissue-specific iso-

enzyme forms [19, 30] as well as differences in cellular

carbon precursor uptake [37].

Comparing distinct interrelations between genes and

gene products, the most consistent correlation in both tis-

sues was obtained for SCD. Reduced gene expression

levels of transcription factor SREBP1c in adipose tissue,

decreased SCD gene expression in muscle as well as sig-

nificantly lower SCD protein expression, SCD enzyme

activity and amount of major monounsaturated SCD fatty

acid product 18:1n-9 in both tissues were detected upon n-3

fatty acid intervention

The results of the present study correspond to literature

findings that SCD expression and activity in tissues posi-

tively relate to the levels of the SCD reaction products

14:1, 16:1, 18:1n-9 and c9,t11-18:2 [18, 21, 29, 30, 38–40].

For example, breed-specifically high levels of SCD

expression were described as cause for increased intra-

muscular fat and monounsaturated fatty acid amounts in

Japanese Black cattle muscle [29]. Effects of unsaturated

fatty acid intervention on the SCD axis were discussed to

relate to tissue- [41], gender- [41], breed- [30, 36, 42] and

developmental stage- [35, 43] dependent decreases in SCD

gene [36, 44–46] or protein expression [19], but also

reduced expression of SCD transcription factor SREBP1c

[18, 21, 38]. Reduced SCD gene expression was found to

negatively correlate with the n-6/n-3 fatty acid ratio in

bovine muscle tissue [18, 21], but no correlation between
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SCD protein expression and its metabolites was observed

in ovine muscle tissue [22]. Whereas no significant dif-

ference between intramuscular fat content of control

(2.9 ± 1.3%) and intervention (2.2 ± 1.0%) group animals

was found in the present investigations, some studies

described SCD expression level as an indicator of intra-

muscular fat development [29, 32, 35, 39] and fat quality

[47] in ruminants and non-ruminants, considering SCD as

key-regulator of muscle metabolism by facilitating lipid

biosynthesis and suppressing fatty acid degradation [48,

49]. The positive correlation between the amounts of SCD

product 18:1n-9 and total fatty acids (r = 0.984) or satu-

rated fatty acids (r = 0.943) in longissimus muscle

obtained in this study strongly supports the lipogenic role

of SCD in muscle metabolism.

Concerning enzymes involved in de novo fatty acid

synthesis, the present study mainly suggested functional

genomic correlations between gene and gene products in

muscle tissue, relating decreased levels of ACC and FAS

gene expression upon n-3 fatty acid intervention with sig-

nificantly reduced amounts of their metabolites 12:0, 14:0

and 16:0. These results are in agreement with literature

findings that supplementation with unsaturated fatty acids

causes significantly down-regulated ACC and FAS gene

expression in bovine muscle tissue [46] or reduced ACC

and FAS enzyme activities and metabolite concentrations

in bovine cell culture models [50].

Although intramuscular fat contents of both dietary

groups did not differ in the present study, significantly

minor total fatty acid amounts (1805.7 mg/100 g (IG)

versus 2397.9 mg/100 g (CG)) in muscle tissue of inter-

vention group animals correspond to postulations that FAS

gene expression [35], FAS activity [51], ACC protein

expression [37] or ACC activity [52] positively correlate

with intramuscular fat deposition.

For enzymes involved in fatty acid polyunsaturation,

inconsistent functional genomic effects were observed in

the present study. Unaffected levels of D5D gene expres-

sion, but significantly higher amounts of D5D product

20:5n-3 and lower amounts of 20:4n-6 in muscle and adi-

pose tissue were detected upon n-3 fatty acid intervention.

Expression of D6D gene and its gene products was similar

in adipose tissue samples of control and intervention group,

whereas diminished D6D protein expression, increased

amounts of D6D product 18:3n-6 and minor amounts of

18:4n-3 were obtained for muscle of intervention group

animals.

Literature findings that D5D/D6D expression level pos-

itively correlates with tissue concentrations of n-6 unsatu-

rated fatty acids [20] were only confirmed for D6D protein

expression and n-6 fatty acid content in muscle. Anyhow,

decreased levels of D5D product 20:4n-6 as well as D6D

product 18:4n-3 in tissues of intervention group animals

indicate that n-3 fatty acid supplementation indeed induced

shifts in D5D/D6D expression and activity which probably

occurred during tissue developmental stages preceding the

chosen biological endpoints and finishing state.

Altogether, this study related shifts in fatty acid profiles

upon n-3 fatty acid supplementation of farm animals with a

broad spectrum of underlying functional genomic effects

and thus expanded findings of previous cause-and-effect-

studies. The aspect that an absolute functional genomic

correlation between expression of genes and gene products

was not obtained necessitates further investigations to

address developmental stage dependencies [35], transcrip-

tional, posttranscriptional, translational and posttransla-

tional control mechanisms [17] as well as overlapping or

conflicting effects of simultaneously proceeding, tissue-

specific processes of substrate uptake, lipogenesis, lipolysis

and lipid release [53].

The present study demonstrated that significantly higher

amounts of n-3 fatty acids and by factors of 2.2–2.5

decreased n-6/n-3 fatty acid ratios were obtained in lon-

gissimus muscle and subcutaneous adipose tissue of Ger-

man Holstein bulls upon n-3 fatty acid intervention by a

grass-silage versus a maize-silage based diet.

Via a functional genomic approach, these beneficial

changes in fatty acid profiles were related to reduced

SREBP1c, ACC, FAS and SCD gene expression, D6D and

SCD protein expression as well as SCD enzyme activity in

longissimus muscle tissue, as well as to significantly

reduced ACC and FAS gene expression, SCD protein

expression and SCD enzyme activity in subcutaneous

adipose tissue, although lower degrees of correlation

between gene and corresponding gene products were

observed for adipose tissue.

The study characterized a broad spectrum of functional

genomic effects induced by dietary fatty acid manipulation,

thus expanding findings of previous cause-and-effect-

studies in regard to fatty acid profile tailoring of animal

tissues.
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Abstract Branched chain fatty acids (BCFA) have

recently been shown to be a major component of the nor-

mal human newborn gastrointestinal tract and have long

been known to be a component of human milk. Ruminant

food products are major sources of fat in the American diet,

but there are no studies of milkfat BCFA content in retail

milk. We report here the profile and concentrations of

BCFA in a representative sampling of retail milk in the 48

contiguous United States (US), and their estimated intake

in the American diet. Conventionally produced whole fluid

milk samples were obtained from 56 processing plants

across the contiguous 48 states. Retail milk samples con-

tain exclusively iso- and anteiso-BCFA with 14–18 car-

bons. BCFA were 2.05 ± 0.14%, w/w of milkfat fatty

acids (mean ± SD), and anteiso-BCFA comprised more

than half this total. Based on these data and USDA food

availability data, the average per capita BCFA intake of

Americans is estimated to be about 220 mg/d from dairy; if

current dietary recommendations were followed, BCFA

intake would be about 400 mg/d. Adding intake from beef

consumption, these estimates rise to approximately 400 and

575 mg/d, respectively. These results indicate that BCFA

intake is a substantial fraction of daily fat intake, in

amounts exceeding those of many bioactive fatty acids.

Keywords Branched chain fatty acids � Retail milk �
Dietary intake � Milkfat

Abbreviations

BCFA Branched chain fatty acids

CACI-MS Covalent adduct chemical ionization mass

spectrometry

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FA Fatty acids

FAME Fatty acid methyl esters

FID Flame ionization detector

GC Gas chromatograph

MS Mass spectrometry

NEC Necrotizing enterocolitis

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

Introduction

Milk and dairy products are major contributors to fat intake

in the American diet. Cow’s milkfat is characterized by

high proportions of fatty acids (FA) with 16 carbons or

less. Individual FA, such as conjugated linoleic acids

(CLA), may have a beneficial effect on health maintenance

and prevention of acute and chronic disease [1, 2]. The FA

profile of milk in all species, including cow’s milk, is

sensitive to dietary fat intake, for instance, concentrate

versus pasture versus fish oil supplementation [3–6], thus
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milk composition may differ depending on production

practices. O’Donnell-Megaro et al. [7] recently reported

the composition of major FA retail milk in the United

States (US). About 3.1% of FA were unidentified and listed

as a group under ‘‘Other’’; branched chain fatty acids

(BCFA) are included in this group.

BCFA are primarily saturated FA (SFA) with one or

more methyl branches. In human metabolism, they are best

studied as components of skin lipids. Overall, several

dozen specific BCFA, are found in milk and tissue of

ruminants including sheep and goats, presumably synthe-

sized by ruminal organisms that rely on them for mem-

brane lipids [8, 9]. BCFA are conveniently categorized as

mono- and di-/multi-methyl BCFA; in monomethyl BCFA,

the predominant branching is at the terminal methyl (iso) or

next to the terminal methyl (anteiso), as shown in Fig. 1.

iso- and anteiso-BCFA are the main BCFA reported in

cow’s milk [3, 4, 6, 10, 11]. Terpenoid BCFA, exemplified

by internal periodic poly-methyl branching such as phy-

tanic acid (3,7,11,14 tetra-methyl hexadecanoic acid) and

its alpha oxidation product pristanic acid (2,6,10,14 tetra-

methyl pentadecanoic acid) are also reported in cow’s milk

[11, 12].

Information on human intake and metabolism of BCFA

is scant, and there are no recommendations for or against

dietary intake of BCFA. Ran-Ressler et al. [13] recently

showed that BCFA are a major component of the late term

fetal and newborn gut contents. They comprise almost one

third of the FA in vernix [13], the white fatty film that

covers the fetus in utero. Vernix suspended in amniotic

fluid is normally swallowed by the fetus, increasingly so as

parturition approaches [14], exposing the fetal gut to BCFA

from an early age. Moreover, BCFA are also found in

human milk [15, 16] where they reportedly comprise 1.5%,

w/w. A 1981 report put the concentrations of anteiso-17:0

in colostrum at 0.45%, w/w, higher than the concentrations

of docosahexaenoic acid (DHA; 22:6n-3; 0.32%, w/w) and

arachidonic acid (20:4n-6; 0.4%, w/w) [16]. A study in rat

pups shows that BCFA reduce the incidence of necrotizing

enterocolitis (NEC), a devastating intestinal disease

affecting premature infants (Ran-Ressler et al. unpublished

data). Thus, BCFA are a major component in perinatal

nutrition, and although they may have a beneficial role in

human health, their presence in the US food chain has been

almost completely neglected.

The objective of the present study is to analyze the

levels and distribution of BCFA in US retail milk and to

estimate the contribution of BCFA to the nutrition of

Americans based on estimated intake of milk and other

foods produced by ruminant animals such as cheese and

beef. In a 1994 survey, dairy products contributed 7.5% of

the protein, 4.2% of the total fat, and approximately 8% of

the total saturated fat in the diet of adults [17]. Based on

NHANES 1999–2004 [18] fluid milk, mostly whole milk,

provided 7.5, and 6.4% of energy intake in children age

2–4 and 5–10, respectively. We hypothesized that BCFA

are found in retail milk and dairy products in the US and

thus are consumed in substantial amounts in the American

diet. We report here the first data on the structure and

quantitative analysis of BCFA in a representative sam-

ples of the US retail milk supply and we show that

BCFA intake, per capita, is in excess than that of many

bioactive FA.

Experimental Procedures

Sampling

Conventionally produced whole fluid milk samples were

obtained from 56 US milk processing plants across the

contiguous 48 states. All samples were whole milk

obtained in December, 2008. They had been homogenized,

pasteurized and packaged for transport to retail stores.

Processing plants were selected based on the criteria that

they represented at least 50% of the volume of milk pro-

duced in that area. Milk was shipped on ice overnight to

Cornell University and immediately processed for the

analysis of FA composition.

Fatty Acid Analysis

Milk fat extraction was based on the Mojonnier method

(AOAC 995.19) as modified by Barbano [19]. Briefly,

milkfat was obtained from 10 ml whole fluid milk by a

sequence of 3 successive extractions. Ten milliliters of

Fig. 1 Structures of iso- and anteiso-branched chain fatty acids

(BCFA). n-(normal) hydrocarbon chains without branching. iso-

BCFA have a bifurcated methyl branch (iso-15:0 is 13-methyl

tetradecanoic acid). anteiso-BCFA have a methyl branch on the

antepenultimate carbon. anteiso-15:0 is 12-methyl tetradecanoic acid
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95% alcohol and 25 ml ethyl ether plus milk was followed

by vigorous mixing, then 25 ml petroleum ether was added

and followed by vigorous mixing, and decanting of the

ether layer. The second and third extractions were similar,

except the volume of solvents was reduced to 5 ml of 95%

alcohol and 15 ml each of ethyl and petroleum ethers, and

the third extraction omitted the 95% alcohol. Ether solu-

tions from the 3 extractions were combined, dried and re-

suspended in hexane. Methyl esters of the extracted fat

were prepared using sodium methoxide as the methylation

reagent, according to Christie [20] as modified by Choui-

nard [21].

Fatty acid methyl ester (FAME) analyses were per-

formed using a Hewlett Packard 5890 Gas Chromatograph

(GC) equipped with a split/splitless injector run in splitless

mode at 250 �C, and with the flame ionization detector

(FID) at 270 �C. A BPX-70 column (25 m 9 0.22 mm 9

0.25 lm, SGE, Austin, TX) was used for the analysis with

H2 as the carrier gas. The oven temperature program was

initially 80 �C for one minute, increased by 30 �C per

minute to 170 �C and held for 2 min, then increased by

10 �C per minute until a final temperature of 240 �C which

was held for 1 min. An equal weight FAME mixture (68A;

Nu-Chek Prep, Elysian, MN) was used to calculate

response factors. Several pure BCFA were also used

as reference standards: iso-14:0, anteiso-15:0; iso-16:0,

anteiso-17:0, iso-18:0 and iso-20:0 (Larodan Fine Chemi-

cals AB, Malmo, Sweden).

FAME identities were determined by electron impact

ionization mass spectrometry (EI-MS), using a Varian Star

3400 GC coupled to a Varian Saturn 2000 ion trap MS,

based on GC retention times and EI mass spectra. The GC–

MS column was a BPX-70 (60 m 9 0.32 mm 9 0.25 lm,

SGE, Austin, TX). The following primary characteristic

ions were used for saturated and BCFA methyl ester

identification: Molecular ion [M], 74 m/z (McLafferty

rearrangement), and 87 m/z (formed by cleavage at the

fourth carbon). Ions at 88 m/z and 101 m/z were used for

the presence of a methyl branch in the second and third

carbon, as in the multibranched FA pristanic and phytanic

acid, respectively. In addition, the presence, in higher

intensities compared to their normal homologues, of the

fragments [M-15]? or [M-43]? or both indicated the

presence of iso-BCFA; while the fragments [M-29]? or

[M-57]? or both indicated the presence of anteiso-BCFA.

The MS spectra of the BCFA were compared to the pure

BCFA mixture described above and to an online spectra

archive http://www.lipidlibrary.aocs.org/ms/arch_me/index.

htm#branch.

Under the GC-FID conditions described above, two

pairs of FAME coelute, iso-15:0/14:1 and iso-17:0/16:1.

Coelutions of monoenic and BCFA are unavoidable even

on long columns such as CP-Sil-88 [22]. The use of a

semipolar column such as the CP-Sil 19 was reported

recently to effectively separate BCFA from monounsatu-

rated FA (MUFA) in cheese and fish samples [23]. In the

present study, GC with covalent adduct chemical ionization

mass spectrometry (CACI-MS) was used to resolve the two

sets of overlapping peaks [24]. Solutions of pure 14:1,

15:0, 16:1, and 17:0 FAME (0.5 lg/ll, Nu-Chek Prep Inc.,

Elysian, MN) were used to determine response factors for

ions characteristic of the respective FAME. Selected

characteristic ions were plotted to resolve and quantify

coeluting FAME. A plot for MH? was used for the iso-

FAME in the milk sample, and a plot of [MH-32]?, MH?,

and [M ? 54]? intensities were used for the monounsatu-

rated FAME. An example of GC-CACI-MS selected ion

plots used for the resolution and quantification of iso-15:0

and 14:1 is shown in Fig. 2. An area to weight ratio [A/W,

arbitrary units/(ug/ul)] was calculated for each of the pure

FAME by dividing the area from the corresponding char-

acteristic ions to the known concentrations of the pure

FAME. The concentrations (ug/ul) of the sample iso- or the

monounsaturated-FAME were then calculated using

the ratio between the area under the characteristic ions of

the sample FAME and the A/W of the pure corresponding

FAME.

The relative percent contribution of the two interfering

FAME was applied to the coeluting peaks to produce yield

pure intensities. The percentages of the iso-15:0 and iso-

17:0 that were obtained using this method fell within the

range reported previously [10, 25].

Results and Discussion

BCFA in Retail Milk

Figure 3 presents in summary form the major classes of FA

found in the present retail milk samples. The sum of pal-

mitic acid (16:0) and all other SFA with shorter chain

lengths comprised about 51%, w/w (mean). SFA with 17 or

more carbons were 12%, MUFA were about 30%, and

polyunsaturated FA (PUFA) were 4.7%. These values are

similar to those previously found for our similar compre-

hensive retail milk sampling [7].

BCFA comprised a total of 2.05 ± 0.14% of FA, or

most of the 3% of FA listed previously as ‘‘other’’ [7]. The

mean BCFA levels reported in the present study fall within

the range previously reported in studies that measured

cow’s milk FA in response to various diets in small scale

experimental studies [3–5, 8, 10].

Table 1 presents the mean proportions of BCFA in retail

milk as %, w/w of total FA and as a % of total BCFA

(mean ± SD). BCFA with 14–18 carbons and iso- or

anteiso-configuration were detected, and no BCFA with
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multiple branching were found. Four iso-BCFA (iso-C14:0

to iso-C17:0) were detected in all samples; low levels

of iso-18:0 were also detected in most but not all of

the samples. anteiso-15:0 and anteiso-17:0 were the only

anteiso-BCFA found. They were in comparable concen-

tration and constituted more than half of the total BCFA

detected.

BCFA with fewer than 14 carbons, such as iso- and

anteiso-13:0, were not detected in any of the samples. Both

iso- and anteiso-13:0 BCFA in cow’s milk have been

reported by some [3, 5, 8, 11] but not by others [4, 6, 26].

In the present study, retail milk samples were obtained

from processing plants and represent pooled milk from

many farms; use of specific feeds on some farms that may

support small amounts of ruminal C13 BCFA could be

diluted to below detection limits by the milk from other

farms [10, 27].
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Fig. 2 Resolution of

overlapping peaks using

GC-CACI-MS. a A total

reconstructed ion chromatogram

(RIC) showing coelution of iso-

15:0 with 14:1. b An RIC of the

m/z 257 MH? used for iso-15:0.

c An RIC plot of the sum of

signals for m/z 209 [MH-32]?,

m/z 241 MH?, and m/z 294

[M ? 54]? for 14:1. See

‘‘Experimental Procedures’’ for
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Fig. 3 Fatty acid (FA) composition (%, w/w; mean ± SD) of

conventional whole milk samples. FA were grouped as follow:

Branched chain fatty acids (BCFA); de novo synthesized saturated

fatty acids (SFA), including 16:0 (B16:0); SFA longer than 16:0

([16:0); monounsaturated fatty acids (MUFA); polyunsaturated fatty

acids (PUFA)

Table 1 Branched chain fatty acids (BCFA) in retail milk expressed

as %, w/w of total fatty acids and as %, w/w of BCFA (n = 56;

mean ± SD)

BCFAa Total FAb (%, w/w) BCFAa (%, w/w)

iso-14:0 0.13 ± 0.04 6.4 ± 1.4

iso-15:0 0.13 ± 0.01 6.6 ± 0.4

anteiso-15:0 0.56 ± 0.03 27.5 ± 1.3

iso-16:0 0.31 ± 0.03 14.9 ± 0.9

iso-17:0 0.26 ± 0.02 12.7 ± 0.7

anteiso-17:0 0.61 ± 0.06 29.9 ± 2.0

iso-18:0 0.04 ± 0.02 1.9 ± 0.9

a BCFA branched chain fatty acids
b FA fatty acids
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Neither phytanic acid, a product of released phytol from

chlorophyll by rumen bacteria [28], nor its peroxisomal

oxidation product pristanic acid [29], were detected in the

retail milk. As with C13 BCFA, these terpenoid BCFA

were reported to be present in bovine milk by some [11,

12] but not by others [3–6]. When reported, the variance of

these BCFA was high, and it was suggested [12] that dif-

fering feed compositions are responsible for variable ter-

penoid metabolizing ruminal bacteria. As with the case of

iso- and anteiso-13:0, it is possible that minor amounts of

phytanic and pristanic acid were present in milk from some

farms, but diluted to below detection limits when pooled

with milk from many farms in the processing plant.

For comparison with bioactive FA found primarily in

dairy products, rumenic acid (cis-9, trans-11–18:2), the

most concentrated conjugated linoleic acid (CLA) in cow’s

milk, was 0.55%, in conventionally produced retail milk.

Vaccenic acid (trans-11–18:1), the most concentrated trans

monoene in cow’s milk, was 1.48% in US retail milk, and

the sum of all trans FA was about 3.1% [7]. Thus, both

anteiso- BCFA are at the same levels in milkfat as rumenic

acid, and total BCFA are more than half the concentration

of total trans-FA.

Estimated Human BCFA Intake from Retail Milk

Based on these data, we can estimate the contribution of

BCFA to the nutrition of Americans, using measured and

estimated milk intake. One cup (244 g = 8 oz) of whole

milk (3.25% milkfat) contains 7.9 g fat [30]. Two percent

of 7.9 g yields a total of 158 mg BCFA per cup whole

milk. For comparison to intake of bioactive FA in the

American diet, this value is greater than the 100 mg

average daily consumption of the DHA and eicosapentae-

noic acid (EPA) reported in a survey of 8604 Americans

between 1999 and 2000 [31] and by women of child

bearing age based on NHANES III data [32].

In some population groups, such as small children, milk

consumption can be higher. Consumption by small children

of 2.6 servings of milk was reported recently, mostly

consumed as whole milk [33]. This consumption would

thus represent 412 mg BCFA daily, which would provide

almost 1% of the total fat intake of children age 2–5 [34]. It

thus appears that the absolute daily intake of BCFA from

milk—even more so, the amount of BCFA consumed per

kilogram body weight—will be higher in some popula-

tions, such as in small children.

Apart from milk, other foods produced by ruminant

animals, specifically cheese and beef, are expected to be

other primary contributors of BCFA to the diet. US cheese

BCFA can be estimated from the present measures of

milkfat BCFA of about 2% of FA. BCFA averaged about

2%, w/w in Canadian retail beef [35], and similar to

Malaysia beef tallow with C13-C20 BCFA with mean

concentration 2.3% (mutton tallow had 4.0% BCFA) [36].

We assume American beef has the same BCFA levels as in

Canada, and an average 28 and 18% fat content in cheese

and in beef, respectively [30]. According to economic

disappearance data adjusted for loss, American’s average

per capita consumption of cheese is 30 g (1.1 oz), at about

28% fat on average and at about 2% BCFA, cheese con-

tributes 168 mg of BCFA. Similarly, Americans consume

50 g (1.8 oz) of cooked beef per day [37]; at about 18% fat

and about 2% BCFA, beef contributes about 180 mg of

BCFA per day. Table 2 presents these values summed to

estimate total current per capita intake of BCFA of about

400 mg per day from the most common ruminant foods.

We also consider the implications of dietary guidelines

on BCFA consumption [38]. Americans are advised to

consume three servings from the milk group, where a

serving, for example, is equal to 1 cup of milk or yogurt

and 1.5 oz (42 g, 2 slices) of cheese. For simplicity we

assume this to be represented by the present average die-

tary pattern of milk intake in the US, which is 31% whole

milk, 39% low fat (2%) milk, 14% lower fat (1%) milk,

with the balance nonfat milk [37]. Using these values we

estimate a weighted sum of the total BCFA intake from

three servings of milk and cheese to be about 400 mg.

Table 2 Estimated mean daily branched chain fatty acids (BCFA)

consumption per capita in the US, based on actual and recommendeda

consumption of milk, cheese, and beef

Food Actuala Recommendeda

Portion (g) BCFAb (mg) Portion (g) BCFAb (mg)

Milkc 119 54 215 98

Cheesed 30 168 53 297

Beefe 50 180 50 180

Total 199 402 318 575

Intake data estimation based on reference [37]
a Actual consumption reflects the current consumption from milk,

cheese and beef by Americans, which falls below recommended

levels from the milk food group. Recommended consumption repre-

sents the levels of BCFA consumption that would obtain if Americans

were to consume recommended amounts from the milk food group,

keeping the same existing patterns as the actual consumption. For

beef, the actual consumption was considered as the recommended

one. Thus, the same value for beef was used for both
b BCFA branched chain fatty acids
c Mean, per capita, milk consumption, based on the proportions

currently consumed by Americans of 3.25, 2, and 1% milk
d Cheese types included in the analysis are the main cheeses con-

sumed by Americans. An average of 28% fat was used for estimation

[30]. Amounts are based on patterns of current consumption of cheese
e For cooked beef, an average of 18% fat was used for estimation

[30]. Americans consume enough from the meat food group, thus the

actual and the recommended consumption were the same
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Beef, cheese and milk together account for an average

estimated recommended intake of about 575 mg BCFA per

capita per day (Table 2).

Use of 2 cups of whole milk in place of reduced or no fat

milks and consuming 1 serving of cheese (42 g, 1.5 oz)

while consuming the same amount of beef would bring

total BCFA to 731 mg/day (316 mg from milk ? 235 mg

from cheese ? 180 mg from beef). These consumption

levels, then, would be higher than the 500 mg/d intake for

DHA and EPA for the general population recommended by

the American Dietetic Association [39], and more than

double the 300 mg/d of DHA and EPA recommended by

the World Health Organization in pregnancy and lactation

[32].

These estimates show that daily BCFA intake is

substantial and that current recommendations promote

an increase in present intake, considerably higher than

other bioactive FA. Unlike DHA and EPA, for instance,

BCFA sources include a greater variety of common

food items, principally products of ruminants, regularly

consumed by non-vegans. The low level of interest in

BCFA nutrition is remarkable considering their long-

standing intake.

The American dietary guidelines recommend con-

sumption of low fat dairy products, however studies pro-

vide no convincing evidence that increased whole milk

consumption is harmful with respect to ischemic heart

disease and ischemic strokes [40], or vascular disease and

diabetes [41]. Some studies provide evidence that higher

consumption of whole fat compared to reduced fat milk

was associated with lower body mass index in preschool-

and elementary school-age children and less weight gain in

adults [33, 42, 43] and with lower incidences of anovula-

tory infertility [44]. Thus, the emergence of potential

benefits of whole milk consumption may have a significant

effect on BCFA intake in the US population, increasing

BCFA consumption even more.

BCFA are synthesized in large amounts by human skin

[45], comprise 29%, w/w, of the FA in vernix and are

normal constituents of the healthy newborn gut [13]. A

systematic shift in BCFA profile was observed between

vernix and meconium of the same infant, implying that the

fetal alimentary canal selectively metabolizes BCFA. In

very recent work, feeding anoxic rat pups rat milk sub-

stitute containing a mixture similar to most BCFA found in

the retail milk samples (iso-14:0, anteiso-15:0, iso-16:0,

anteiso-17:0, iso-18:0, and iso-20:0) reduced the incidence

of NEC compared to a control group (Ran-Ressler et al.

unpublished data) and elevated mRNA levels of the

intestinal, anti-inflammatory cytokine IL-10. BCFA are

selectively incorporated into phospholipids of rat pup

ileum and into human Caco-2 cells [46]. The risk reduction

in NEC development may be linked to these observations.

BCFA function in the membranes is similar to cis

unsaturated double bonds; both interfere with the ability of

saturated hydrocarbon chains to pack tightly forming rigid

extended structures. Old data show that an E. coli strain

that lost the ability to desaturate saturated FA was restored

to wild-type growth rates by the addition of BCFA [47].

Apoptotic properties of BCFA on human breast cancer

cells are structure-specific, with iso-16:0 having the highest

activity among BCFA of C12-C20 [48]. iso-15:0 inhibited

tumor growth in cultured cells and in an in vivo (mouse)

models with no obvious deleterious effects [49]. Thus,

BCFA of the type found in US retail milk may have a

beneficial effect on proper tissue function and on gut

development and function.

In conclusion, we document for the first time the

profile and amounts of BCFA in retail whole milk in the

US. Milk BCFA have chain lengths of 14–18 carbons and

include both iso- and anteiso-BCFA. BCFA comprise

2.05%, w/w of the FA in retail whole milk. Estimated

BCFA levels in beef and data on per capita milk, cheese,

and beef intakes indicate that BCFA intake on average is

in excess than that of many bioactive FA. Their impor-

tance in the US food supply and bioactivity suggest that

they should be more carefully studied for their biological

effects.
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Abstract Feeding flaxseed to cattle may be a means of

increasing omega-3 fatty acid levels in ruminant products,

but possible interactions with conserved forages have not

been investigated. Twelve Holstein cows were used in a

replicated 4 9 4 Latin Square experiment. Cows were fed

one of four 50:50 forage:concentrate diets (DM basis): hay

(hay control, HC), hay plus 15% ground flaxseed (hay-

flaxseed, HF), barley silage (silage control, SC), and

barley silage plus 15% ground flaxseed (silage-flaxseed,

SF). Plasma concentrations of alpha-linolenic acid (ALA)

did not differ between SC and HC diets. Flaxseed

increased ALA (P \ 0.05), but levels were not influenced

by forage type. Flaxseed slightly increased 18:2n-6

(P \ 0.05) and some n-6 and n-3 elongation and desatu-

ration products, particularly arachidonic acid (ARA) and

eicosapentaenoic acid (EPA). Flaxseed also increased

C18:0 (P \ 0.05) with this increase being greater

(P \ 0.01) for cows fed SF than HF. Feeding flaxseed also

increased plasma C18:1-trans isomers (P \ 0.01), pre-

dominantly vaccenic acid (VAA, 18:1-t11), with this

increase being greater (P \ 0.05) in cows fed HF than SF.

Although conjugated linoleic acid (CLA) was increased

(P \ 0.001) with flaxseed it was not influenced by forage

type (P = 0.06). Overall, feeding flaxseed increased

plasma ALA, EPA, ARA and CLA independently of

forage type. Feeding flaxseed with silage, however,

resulted in more 18:0, while feeding flaxseed with hay

resulted in greater accumulations of plasma 18:1-trans

isomers mainly in the form of VAA.

Keywords Cow � Flaxseed � Omega-3 fatty acids �
Conjugated linoleic acid
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Introduction

Previous studies in cattle suggest that including flaxseed in

diets increases plasma alpha-linolenic acid (ALA, 18:3n-3)

levels [1–3] and its levels in beef [4, 5]. Health-promoting

omega-3 (or n-3) fatty acids [6, 7] and conjugated linoleic

acids (CLA) including rumenic acid (RUA, 18:2-c9,t11)

[8] have been shown to increase in the fat of ruminants

supplemented with flaxseed. Levels of ALA and CLA have

also been shown to be increased by providing grass forage

to ruminants [9], but it is less clear if this same response is

achieved if the forage is conserved as silage [10]. Only a

few studies have investigated the effect of dietary forage

type on the fatty acid composition of ruminant products

[11, 12], and evidence of an interaction between forage

type and supplemental oil source has arisen with regard to

their impact on the fatty acid composition of goats milk

[13, 14].

In western Canada, silage and hay are the two most

common forage sources available for feeding. It is possi-

ble that the epiphytic microbial populations associated

with these forages as well as alterations in endogenous

ruminal microbes could alter ruminal biohydrogenation of

fatty acids, but studies that directly compare the effects of

method of forage conservation on plasma fatty acids

profiles in ruminants have not been conducted. In a recent

study, differences in rumen microbial communities were

found between cull cows fed a hay-based diet and those

fed a silage-based diet [15]. Additionally, as compared to

hay, ensiling may degrade antioxidants and alter plant

secondary compounds in the forage, a factor that could

also alter the biohydrogenation activity of rumen bacteria

[16].

Plasma levels of functional fatty acids could serve as

predictors of their accumulation in body tissues [17–19],

a tool that could prove useful in the production of fatty

acid enriched ruminant products. In Canada, forage fin-

ishing of beef is not common and mature, breeding cattle

typically receive the greatest proportion of forage in their

diet. Among the Canadian beef grades, cull cows are

known to have the highest levels of CLA and omega-3

fatty acids and may present an economically viable

opportunity to produce beef with enhanced levels of

beneficial fatty acids [20]. Including flaxseed in cattle

diets has generally not been that successful at increasing

ALA or its partial hydrogenation products in beef due to

the high efficiency of bacterial hydrogenation in the

rumen [21]. Therefore, in the present experiment we

hypothesized that the levels of 18:1-trans, CLA and

omega-3 fatty acids in blood plasma of cull cows fed

flaxseed would be lower in cows fed barley silage as

compared to grass hay.

Materials and Method

Animals

The study was approved by the Animal Care Committee at

Lethbridge Research Centre of Agriculture and Agri-food

Canada with ACC#0837. Twelve non-lactating, non-

pregnant Holstein dairy cows 849 ± 156 kg were used in a

replicated 4 9 4 Latin Square design with four experi-

mental diets and four 21-day experimental periods. Cows

were housed in individual tie stalls. Cows were fed once

daily (13:00 h) their total daily feed intake (DM basis).

During each 21-days feeding period, days 1–4 was a diet

transition period when the cows were fed mixed diets that

gradually substituted ingredients to obtain the final diet

composition for the next period by day 5. Ad libitum intake

was estimated in the first week (days 1–7) and confirmed in

the following 3 days. The intake was subsequently

restricted to 90% of this estimate for the remainder of the

period (days 11–21) to ensure complete consumption of

diets.

Diets

Four experimental diets were arranged as a 2 9 2 factorial

using either chopped grass hay or barley silage as the

forage source with or without ground flaxseed which was

substituted for steam-rolled barley grain (Table 1).

Experimental diets were designated as hay control (HC),

hay ? flaxseed (HF), silage control (SC) or silage ?

flaxseed (SF). The diets were formulated at a 50:50 forage

to concentrate ratio and fed as a total mixed ration (TMR).

Flaxseed was fed at 15% of ration DM, so that total oil

content of the diet accounted for approximately 6.5% of

ration DM. It has been recommended that total dietary fat

should not exceed 6–7% of dietary DM as a higher con-

centration of fat may reduce intake [22].

Flaxseed was premixed with barley in a ratio of 7:3 and

subsequently ground through a 4-mm screen in a hammer

mill. The ground material was screened, and whole flax-

seeds recovered were estimated to account for approxi-

mately 2% of the flaxseed that was originally added to the

diet. The distribution of hay particles as fed were 200 g/kg

fine (0-mm), 290 g/kg short (1.19-mm), 250 g/kg medium

(8-mm), and 260 g/kg long (19-mm). The experimental

diets were supplemented with minerals and vitamins to

meet nutrient requirements as described in NRC [22, 23].

The ingredient and nutrient compositions of diets are

shown on Table 1. Levels of net energy (NE), neutral

detergent fiber (NDF) and acid detergent fiber (ADF) in

DM were similar among diets. The crude protein (CP) % in

DM met or exceeded requirements [22, 23].
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Blood Sampling

One set of blood samples was collected before the start of

the experiment. Blood samples were collected on day 14

and day 21 during each period (i.e., days 0, 14, 21, 35, 42,

56, 63, 77 and 84 days of the experiment) at 15:00 h, i.e.

2 h after the feeding. Blood samples were collected from

the jugular vein using Becton–Dickinson (BD) evacuated

tubes (NJ, USA) containing Na2-EDTA. The tubes con-

taining blood samples were kept in a cooler and transferred

to the laboratory within 30 min. The blood samples were

centrifuged at 2,0009g at 5 �C for 15 min. The upper layer

of plasma was then collected and 1 mL was taken for

extraction of lipids with the remainder stored in the freezer

at -40 �C until analyzed.

Lipid Extraction

Plasma lipids were extracted using the procedures descri-

bed previously [4, 24] with minor modifications. On

occasions where the suppliers are not designated, chemi-

cals were purchased from Sigma–Aldrich Canada. Plasma

(1 mL) was transferred into a test tube and mixed with

4 mL of isopropanol. Tubes were vortexed each time after

the addition of 4 mL hexane and 4 mL aqueous sodium

sulfate (66.8 g/L) and the final mixture was centrifuged at

2,0009g at 5 �C for 5 min. The upper hexane layer was

aspirated into a new tube and the extraction was repeated

through adding hexane (4 mL). The hexane extraction was

evaporated under nitrogen at 38 �C in a water bath. The

remaining residue was stored in a freezer at -80 �C until

further analysis.

Methylation and Determination of Fatty Acids

Nonadecanoic acid (19:0) methyl ester (100 lL, 5.96 mg/

mL hexane Nu-Chek Prep, Inc., MN, USA) was added to the

residues to serve as an internal standard. Fatty acids were

methylated using the combined base/acid methylation pro-

cedure [25]. Sodium methoxide (2 mL, 0.5 mmol/L in

methanol) was added as each tube was flushed with nitrogen

and mixed. Tubes were placed in a 50 �C water bath for

10 min. Subsequently, boron trifluoride (1 mL; 14% in

methanol) was added and tubes were placed in a water bath

at 50 �C for 10 min. After cooling, 5 mL of water and 5 mL

of hexane were added and the solution was thoroughly

mixed. Samples were allowed to stand for 10 min and the

upper layer (hexane) was transferred to a gas chromatogra-

phy ampoule that was flushed with nitrogen for fatty acid

determination. Fatty acid methyl esters (FAME) were

quantified using a gas chromatograph (Hewlett Packard GC

System 6890; Mississauga, ON, Canada) equipped with

a flame ionization detector and SP-2560 fused silica capil-

lary column (100 m 9 0.25 mm 9 0.2 lm, Supelco Inc.,

Oakville, ON, Canada). Samples were loaded onto the

column via 1-lL splitless injections. The initial oven tem-

perature (55 �C) was held for 0.5 min and then the following

program was used: increased at 32 �C/min to 120 �C and

held for 15 min, increased at 6 �C/min to 160 �C and

held for 10 min, increased at 3 �C/min to 170 �C and held

for 45 min, and increased at 7 �C/min to 240 �C and held

for 33 min. The helium carrier gas flow rate through the

column was 1.7 mL/min. Hydrogen flow to the detector

was 34 mL/min, air flow was 320 mL/min and helium

make-up gas flow rate was 29 mL/min. Peaks in the

chromatograms were identified and quantified using pure

methyl ester standards (Sigma–Aldrich Inc., Oakville, ON,

Canada). The identification of unknown FAME of some

trans 18:1 and combined CLA peaks were based on the

references reported previously [26–28]. The amount of

fatty acids was calculated based on the fatty acid standards

and expressed as lmol/L of plasma.

Statistical Analysis

The MIXED procedure of SAS [29] was applied for

comparison of diet effects on FAME plasma concentration

and the dietary intake. Fixed effects included diets (flax-

seed supplementation and forage type), sampling time

Table 1 Composition and nutrient content of experimental diets

Treatment

Hay Hay-flax Silage Silage-flax

Ingredient (%)

Barley 47.37 32.74 29.28 20.17

Barley silage 0.00 0.00 67.80 68.20

Grass hay 47.91 48.36 0.00 0.00

Flaxseed 0.00 14.13 0.00 8.71

Supplementa 4.72 4.76 2.92 2.93

Nutrient

Dry Matter (%) 87.76 88.58 54.24 54.56

Protein (% of DM) 13.65 15.39 12.64 14.37

NEm (Mcal/kg DM) 1.69 1.73 1.77 1.81

NEg (Mcal/kg DM) 1.06 1.08 1.15 1.17

NDF (% of DM) 33.09 30.39 33.32 30.63

ADF (% of DM) 19.66 19.96 18.39 18.69

Lipids (% of DM) 1.63 6.68 1.95 6.34

a The supplement was composed of: 56.5% barley, 10% canola meal,

2% urea, 25% limestone, 3% salt, 0.066% VIT E 500, 1% premix,

0.05% flavor and 2.5% molasses, which provided to diets in 5% (in

DM) and supply to 1 kg diet (in DM) with additional: 14.67 mg

copper, 58.32 mg zinc, 26.73 mg manganese, 0.66 mg iodine,

0.23 mg cobalt, 0.29 mg selenium, 4,825 IU vitamin A, 478 IU

vitamin D and 32 IU vitamin E
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(i.e., day 14 and 21 of each period) and all interactions.

Random effects included square and cow 9 square. The

plasma concentration of FAME was the average of two

sampling days (day 14 and 21) during each sampling per-

iod. There were no significant differences (P [ 0.05) in

plasma fatty acids level between these designated sampling

days (data not shown). The correlation analysis was done

with CORR procedure of SAS [29] on concentration of

FAME between diet (mmol/kg DM) and plasma (lmol/L),

or between FAME intake (mmol/day) and plasma con-

centration (lmol/L).

Results

Dietary Lipids and Fatty Acid Concentration

Dietary lipid content of HF and SF were 6.68 and 6.34%

(wt%/DM), respectively, which was considerably higher than

that in HC and SC diets which averaged 1.63 and 1.95%,

respectively (Table 1). In HC and SC, linoleic acid (LNA,

18:2n-6) was the most abundant fatty acid accounting for

39.44 and 42.84 mol% of total FAME followed by ALA,

palmitic acid (16:0) and oleic acid (18:1-c9), respectively

(Table 2). Supplementation with flaxseed in HF and SF diets

resulted in ALA accounting for 53.53 and 50.00 mol%,

respectively, of total FAME while mol% of ALA in HC and

SC diets were 19.76 and 14.43%, respectively.

Intake of Feed and Dietary Fatty Acids

Comparison of the DM and fatty acid intake of cows

among treatments are shown in Table 3. No difference in

DM intake was found among treatments, however, fatty

acid intake did differ with flaxseed supplementation and

forage type. Flax supplementation of hay- or silage-based

diets (HF and SF) increased (P \ 0.001) the intake of total

and individual fatty acids as compared to the control diets

(HC and SC).

In treatments supplemented with flaxseed (HF and SF),

ALA accounted for more than half of the total fatty acid

intake with 1,221.7 mmol/day in HF and 1,062.7 mmol/day

in SF. In comparison, ALA intake in HC and SC groups

was far lower (P \ 0.05) at only 80.0 and 72.6 mmol/day,

respectively (Table 3). Few differences in fatty acid intake

were observed between HC and SC, with only minor

(P \ 0.05) differences being observed for palmitoleic

(16:1-c9) and ARA.

Plasma Fatty Acid Concentrations

The plasma concentration of total FAME was higher

(P \ 0.001) in cows consuming diets supplemented with

flaxseed (Table 4), resulting in a 1.39- and 1.49-fold

increase in the HF and SF treatments, respectively. This

response was also more pronounced (P = 0.03) in silage-

than hay-based diets.

LNA and stearic acid (18:0) accounted for the majority

of plasma fatty acids. LNA increased (P \ 0.01) when

cows were fed flaxseed and this was accompanied by

increases in its elongation and desaturation product (20:4n-6;

P \ 0.001). A flaxseed level by forage type interaction

(P \ 0.01) was observed for C18:0. Flaxseed increased

C18:0 when fed with hay, but the magnitude of this

increase was even greater when it was fed in combination

with barley silage. Interactions of a similar nature were

also found for total SFA (P \ 0.01).

Plasma concentrations of total polyunsaturated fatty

acids (PUFA) and n-3 fatty acids were also greatly

increased (P \ 0.001) as a result of flaxseed supplemen-

tation, a response that was not affected by forage type

(P = 0.67). The majority of the increase in n-3 was due to

higher plasma concentrations of ALA (P \ 0.001). Dietary

effects on elongation and desaturation products of ALA

were mixed. Plasma concentrations of EPA were higher

(P \ 0.001) when feeding flaxseed irrespective of forage

type. Overall, flaxseed and forage type had very little affect

on levels of DPA and EPA, although minor interactions

were found for DPA (P \ 0.06) and DHA (P \ 0.04) with

Table 2 Fatty acid profile of experimental diets

FA mol% of

total FAME

Treatment

Hay Hay-flax Silage Silage-flax

14:0 0.46 0.10 1.15 0.31

15:0 0.10 0.03 0.14 0.04

16:0 20.07 8.17 21.04 9.17

16:1-c9 0.14 0.07 0.17 0.08

17:0 0.04 0.05 0.12 0.06

18:0 2.33 2.51 1.90 2.48

18:1-c9 15.72 14.30 16.34 14.52

18:1-c11 0.52 0.48 0.69 0.53

18:2n-6 (LNA) 39.44 20.29 42.84 22.31

18:3n-3 (ALA) 19.76 53.53 14.43 50.00

20:0 0.34 0.11 0.30 0.11

20:1-c9 0.66 0.21 0.60 0.23

20:4n-6 (ARA) 0.13 0.03 0.07 0.03

22:0 0.29 0.11 0.22 0.11

SFA 23.64 11.09 24.87 12.30

UFA 76.36 88.91 75.13 87.70

MUFA 17.04 15.06 17.80 15.36

PUFA 59.32 73.85 57.33 72.34

HC Hay control, HF Hay ? flaxseed, SC Silage control, SF
Silage ? flaxseed
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the addition of flaxseed to the hay diet resulting in minor

increases in the plasma concentration of these fatty acids

relative to silage.

Total plasma monounsaturated fatty acids (MUFA) were

higher (P \ 0.001) in cows fed flaxseed. Feeding silage

resulted in lower MUFA in plasma as compared to the hay

diet (P = 0.05). A flaxseed level by forage type interaction

was found for total trans FA (CLA ? 18:1-trans;

P \ 0.03), with flaxseed causing an increase in total trans

FA, and this increase being even more magnified with hay

as compared to the silage diet. Similar interactions were

found for total 18:1-trans (P = 0.03) and all individual

C18:1-trans isomers (P \ 0.05 for t6-t8, t9, VAA and

P = 0.07 for t10). Feeding flaxseed increased plasma

concentrations of CLA (combined 18:2 c9,t11 and 18:2

t7,c9), but a flaxseed level by forage type interaction was

not observed (P [ 0.05).

Correlations Between Dietary and Plasma Fatty Acids

There was very strong correlation (P \ 0.001) between

dietary concentrations (Correlation 1) or the daily intake

(Correlation 2) of SFA, USFA, MUFA and PUFA in the

diet (mmol/kg DM) and the plasma concentrations (lmol/

L) of these fatty acids with coefficients ranging from 0.51

to 0.75 (Table 5). Among individual fatty acids, these two

correlations were the highest with plasma concentrations of

ALA (r = 0.93 or 0.91, respectively; P \ 0.0001). There

were also strong correlations (P \ 0.01) between diet or

daily intake and plasma concentrations of palmitoleic (16:1

c-9), stearic (18:0), oleic (18:1 c-9), cis-vaccenic (18:1

c-11) and LNA. No correlations between plasma concen-

tration and dietary intake of palmitic (16:0, P = 0.28),

arachidic (20:0, P = 0.52) and behenic (22:0, P = 0.32)

and arachidonic (20:4, P = 0.37) acids were observed.

Discussion

Consumption of high omega-3 fatty acid containing foods

is recommended as result of their potential benefits for

cardiovascular health [30]. Dietary strategies have been

employed to enrich the omega-3 content of poultry, pork

and dairy products, but attempts to significantly increase

the omega-3 fatty acid of beef have been largely unsuc-

cessful. Generally the transfer of dietary omega-3 fatty

acids to animal tissues in non-ruminants is more efficient

than ruminants due to hydrogenation of unsaturated fatty

acids by rumen microorganisms. Even horse adipose tis-

sues contain much higher concentrations of omega-3 fatty

acids than beef cattle when these herbivores are fed similar

diets [31].

In the present study, dietary flaxseed increased total

plasma concentrations of omega-3 fatty acids. This result

Table 3 Comparison of daily FAME intake among cows fed hay- or silage-based diets with or without 15% flaxseed

Treatment SEM P-value

Hay Hay-flax Silage Silage-flax Flax Forage Flax 9 forage

Feed intake (kg DM) 10.3 10.3 11.0 10.6 0.4 0.52 0.08 0.64

FAME intake (mmol/day)

14:0 1.9 2.3 5.8 6.6 0.6 \0.001 \0.001 0.17

16:0 81.3 186.4 105.9 195.0 15.5 \0.001 \0.001 0.08

16:1-c9 0.58a 1.57c 0.85b 1.62c 0.1 \0.001 \0.001 0.01

18:0 9.4 57.3 9.5 52.7 6.6 \0.001 0.10 0.08

18:1-c9 63.7a 326.4b 82.2a 308.6b 35.9 \0.001 0.95 0.03

18:1-c11 2.1 11.0 3.5 11.3 1.2 \0.001 \0.01 0.06

18:2-c9,c12 (LNA) 159.7 463.0 215.6 474.1 3.6 \0.001 \0.01 0.06

18:3 (ALA) 80.0a 1221.7c 72.6a 1062.7b 6.6 \0.001 0.01 0.02

20:0 1.4a 2.6b 1.5a 2.4b 0.2 \0.001 0.93 0.02

22:0 1.3 2.9 1.2 2.7 0.2 \0.001 0.02 0.40

20:4n-6 (ARA) 0.5b 0.7c 0.3a 0.6c 0.1 \0.001 \0.001 \0.001

Total 405.0a 2282.4c 503.3a 2125.6b 256.2 \0.001 0.55 0.03

SFA 95.9 253.3 125.3 261.7 22.8 \0.001 \0.01 0.09

UFA 309.1a 2029.0c 378.1a 1863.9b 234.0 \0.001 0.32 0.02

MUFA 69.0a 343.7b 89.6a 326.5b 37.6 \0.001 0.83 0.03

PUFA 240.2a 1685.3c 288.5a 1537.4b 196.5 \0.001 0.21 0.02

a,b,c Treatment means within rows without a common letter differ significantly P \ 0.05
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reflects the ability of some dietary ALA in flaxseed to

escape hydrogenation in the rumen and be absorbed into

the blood with potential delivery to tissues. These findings

are consistent with earlier studies [2, 32, 33] in which the

composition of omega-3 fatty acids were doubled when

flaxseed or flax oil was added to cattle diets. In a study by

Farran et al. [3], supplementation of crossbred heifers with

13% dietary flaxseed resulted in a plasma ALA concen-

tration of 262.7 lg/mL plasma, a concentration that is

comparable to that observed in our study. However, Doreau

et al. [34] examined the effect of supplementing 7.5%

flaxseed or flaxseed oil on dry cow plasma fatty acid pro-

files and found no increase in plasma omega-3 fatty acids.

The hydrogenation of ALA by rumen bacteria can be

affected by the forage to concentrate ratio in the diet. The

study of Doreau et al. [34] found the extent of ruminal

hydrogenation of dietary ALA was 95% in the rumen of

dry cows fed a 70% forage (60% silage and 10% hay) diet

and up to 97% if the diet was supplemented with 7.5%

flaxseed. In an in vitro study, Kronberg et al. [35] found

that the 43% of ALA in flaxseed was hydrogenated, but

protection with tannins reduced this to 13%. However, no

significant differences were found in plasma LNA in steers

consuming forage or grain based diets containing flaxseed

when tannins were either included or excluded from the

diet [34]. In the present experiment, feeding flaxseed

Table 4 Comparison of plasma FAME concentrations among cows fed hay- or silage-based diets with or without 15% flaxseed

FAME (lmol/L) Treatment SEM P-value

Hay Hay-flax Silage Silage-flax Flax Forage Flax 9 forage

14:0 60.6 60.9 68.0 69.7 4.3 0.34 \0.001 0.48

14:1-c9 22.6 23.0 24.0 22.3 1.9 0.42 0.68 0.23

16:0 326.4 333.4 349.3 389.1 16.3 0.01 \0.0001 0.06

16:1-c9 22.6 27.0 24.2 34.9 2.4 \0.001 0.01 0.09

18:0 771.5a 1069.4b 848.3a 1423.9c 23.88 \0.001 \0.001 \0.01

18:1-t6-t8 7.1ab 15.7c 4.1a 8.1b 1.1 \0.001 \0.001 0.05

18:1-t9 4.8a 10.2b 4.1a 5.4a 0.7 \0.001 \0.01 0.02

18:1-t10 10.7 44.1 4.4 9.9 4.9 0.01 \0.01 0.07

18:1-t11 (VAA) 28.3a 82.2b 14.2a 33.8a 6.0 \0.001 \0.001 0.02

18:1-c9 195.8 290.5 193.9 306.8 14.2 \0.001 0.42 0.31

18:1-c11 22.0 34.0 21.3 32.8 0.87 \0.001 0.66 0.91

18:2n-6 (LNA) 1288.2 1434.2 1346.6 1531.8 81.3 \0.01 0.14 0.71

18:2 c9,t11 ? t7,c9 (CLA) 3.7 8.1 4.4 6.5 0.9 \0.001 0.62 0.22

18:3n-3 (ALA) 212.2 820.4 172.8 829.7 31.4 \0.001 0.62 0.43

20:0 39.4 31.4 40.0 37.9 4.1 \0.01 0.05 0.10

22:0 82.4b 72.3a 80.0b 82.5b 5.4 0.06 0.06 \0.01

20:4 n-6 (ARA) 115.0 124.8 116.5 134.3 9.2 \0.001 0.12 0.25

20:5n-3 (EPA) 21.9 32.2 19.8 34.7 2.6 \0.001 0.91 0.23

22:5n-3 (DPA) 24.7 23.5 24.0 25.9 1.8 0.64 0.27 0.06

22:6n-3 (DHA) 4.1ab 3.8a 4.1ab 4.2b 0.4 0.57 0.13 0.04

Total FAME 3264.1 4541.1 3363.8 5024.1 186.0 \0.001 0.03 0.15

SFA 1280.4a 1567.4b 1385.5a 2003.0c 86.3 \0.001 \0.001 \0.01

UFA 1983.7 2973.8 1978.4 3021.1 129.7 \0.001 0.82 0.77

MUFA 313.9 526.8 290.2 454.0 27.7 \0.001 0.05 0.32

PUFA 1669.8 2447.0 1688.1 2567.1 117.0 \0.001 0.38 0.52

trans FA 54.6a 160.3b 31.2a 63.7a 11.5 \0.001 \0.001 0.03

trans FA –CLA&VAA 22.6a 70.1b 12.7a 23.4a 6.1 \0.01 \0.01 0.05

18:1-trans 50.9a 152.3b 26.8a 57.2a 11.3 \0.001 \0.001 0.03

CLA ? VAA 32.1a 90.3b 18.5a 40.3a 6.2 \0.001 \0.001 0.03

n-3 FA 262.9 879.9 220.6 894.5 32.5 \0.001 0.67 0.37

The data is the average value of plasma samples collected on day 14 and 21 or each sampling period
a,b,c Treatment means within rows without a common letter differ significantly P \ 0.05
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increased plasma levels of ALA, but forage type did not

influence ALA levels (mean value 1,142 lmol/L). Conse-

quently, the forages in our study appear to have a similar

impact on fatty acid biohydrogenation, even though ensil-

ing may alter the activity of some plant secondary com-

pounds that could alter this process [21].

Among the long chain omega-3-fatty acids, the plasma

concentration of EPA was the only fatty acid that was

increased as a result of the addition of flaxseed to diet. This

result may reflect the high plasma concentrations of ALA

as it is the precursor for the formation of EPA via elon-

gation and desaturation. Others have previously found that

feeding flaxseed to steers increased levels of EPA and DPA

in bovine muscle without altering levels of DHA [6]. High

levels of ALA may reduce formation of DHA as both ALA

and the precursor for DHA synthesis compete for desatu-

ration via D6 desaturase [36].

Feeding flaxseed to monogastric and ruminant animals

has the potential benefit of increasing omega-3 fatty acids

in meat, and for ruminants this is also accompanied by

increased levels of ALA hydrogenation products, some of

which have reported effects on human health. RUA is

typically the most abundant CLA isomer in beef and it has

many purported beneficial health effects [8]. RUA is a

product of hydrogenation of PUFAs in the rumen and in the

body arises mainly from endogenous synthesis via dehy-

drogenation of 18:1-trans fatty acids including VAA [37].

Overall, feeding flax increased plasma CLA, but levels

were not influenced by forage type. Feeding flaxseed

combined with silage, however, promoted more complete

hydrogenation of ALA (i.e., 18:0) while feeding flaxseed

combined with hay resulted in greater accumulations of

plasma 18:1-trans, mainly in the form of VAA.

With the Latin square design used in the present study, it

was possible to track the plasma ALA changes of the same

animal during the overall experiment when the four dif-

ferent diets were fed. The plasma ALA concentration

reached the highest level on day 14 and thereafter reached

a plateau for the remaining time that flaxseed was sup-

plemented. When changed to the control diet, without

flaxseed, plasma ALA levels declined to pre-supplemen-

tation levels within 14 days (data not shown). These results

suggest that the plasma ALA level was directly influenced

by dietary flaxseed supplementation. Plasma fatty acid

levels may be affected not only by absorption, but also by

endogenous lipid metabolism including incorporation of

fatty acids into tissues and lipolysis releasing fatty acids

from adipose tissue. In a study using lactating dairy cows

[1], it was found that inclusion of formaldehyde-treated

(11%) or untreated flaxseed (13%) in silage diets resulted

in a similar increase in plasma omega-3 fatty acid levels

with ALA accounting for about 15% of the total fatty acids

in plasma. Based on the current and previous studies [1–3,

33] it is suggested that including flaxseed in the diet at

levels that result in 6% total lipid in the diet will result in

significant levels of ALA escaping the rumen.

In fattening animals, plasma fatty acids may be directly

used for incorporation into adipose tissue. A strong positive

correlation has been reported for wt% of ALA between

plasma and fat tissue with a coefficient (r) of 0.88

(P \ 0.0001), while no correlation was observed for LNA

(r = 0.13, P = 0.33) [38]. These results were based on 64

cull cows (16 per treatment) fed hay- or silage-based diet

supplemented with or without ground flaxseed for

12 weeks. Plasma levels of ALA could have value as

predictors for accretion of this fatty acid in adipose tissue,

likely because this fatty acid is considered essential in

mammals.

In conclusion, the results from this study indicated that

flaxseed supplementation in cattle diets can be used to

increase plasma levels of beneficial fatty acids including

ALA, EPA, VAA and CLA (combined RUA and 18:2-

t7,c9), but there is no difference in ALA, EPA or RA when

flaxseed is included in a barley silage versus a hay-based

diet. Feeding flaxseed combined with hay, however, can

lead to preferential accumulations of plasma VAA which is

a precursor for CLA synthesis [37]. Elevated plasma levels

of this fatty acid could increase its availability for incor-

poration into tissues resulting in a more desirable fatty acid

profile in beef.

Table 5 Correlation analysis between FAME concentration in the

plasma and that in the diets or that of daily fatty acids intake

Fatty acid Correlation-1 Correlation-2

Coefficient 1 P-value Coefficient 2 P-value

14:0 0.26 0.08 0.35 0.02

16:0 0.27 0.07 0.16 0.28

16:1-c9 0.38 \0.01 0.34 0.02

18:0 0.62 \0.001 0.57 \0.001

18:1-c9 0.72 \0.001 0.65 \0.001

18:1-c11 0.53 \0.001 0.45 \0.01

18:2n-6 (LNA) 0.30 0.04 0.27 0.05

18:3n-3 (ALA) 0.93 \0.001 0.91 \0.001

20:0 -0.15 0.29 -0.09 0.52

22:0 -0.09 0.54 -0.15 0.32

20:4n-6 (ARA) 0.11 0.45 0.13 0.37

SFA 0.60 \0.001 0.51 \0.001

UFA 0.75 \0.001 0.71 \0.001

MUFA 0.65 \0.001 0.60 \0.001

PUFA 0.71 \0.001 0.68 \0.001

Correlation 1 between dietary fatty acids concentration (mmol/

kg DM) and that of plasma concentration (lmol/L). Correlation 2
between calculated daily fatty acids intake (mmol/day) and that of

plasma concentration (lmol/L)
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Abstract The abundance of 20- to 24-carbon fatty acids

in omasal digesta of cows fed grass silage-based diets

supplemented with 0 (Control) and 250 g/day of fish oil

(FO) was examined to investigate the fate of long-chain

unsaturated fatty acids in the rumen. Complimentary

argentation thin-layer chromatography and gas-chroma-

tography mass-spectrometry analysis of fatty acid methyl

esters and corresponding 4,4-dimethyloxazoline derivatives

prepared from fish oil and omasal digesta enabled the

structure of novel 20- to 22-carbon fatty acids to be eluci-

dated. Compared with the Control, the FO treatment

resulted in the formation and accumulation of 27 novel 20-

and 22-carbon biohydrogenation intermediates containing

at least one trans double bond and the appearance of cis-14

20:1, 20:2n-3, 21:4n-3 and 22:3n-6 not contained in fish oil.

No conjugated C20-carbon fatty acids were detected in

Control or FO digesta. In conclusion, fish oil in the diet

results in the formation of numerous long-chain biohydro-

genation intermediates in the rumen of lactating cows.

Comparison of the intake and flow of 20-, 21- and 22-car-

bon fatty acids at the omasum in cows fed the Control and

FO treatments suggests that the first committed steps of

20:5n-3, 21:5n-3 and 22:6n-3 hydrogenation in the rumen

involve the reduction and/or isomerisation of double bonds

closest to the carboxyl group.

Keywords Biohydrogenation � Fish oil � Lactating cow �
Gas-chromatography mass-spectrometry �
Silver-ion thin-layer chromatography

Abbreviations

DMOX 4,4-Dimethyloxazoline

FAME Fatty acid methyl ester

GC Gas chromatography

GC–MS Gas chromatography–mass spectrometry

HPLC High-performance liquid chromatography

TLC Thin-layer chromatography

Introduction

Clinical studies in human subjects have established that

eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid

(22:6n-3) exert anti-thrombotic and anti-arrhythmic prop-

erties, with evidence that long-chain n-3 fatty acids

decrease cardiovascular disease risk and the incidence of

myocardial infarction [1–3]. Ruminant-derived foods are a

major source of lipid in the human diet [4], and therefore a

number of studies have examined the use of fish oil in the

diet of growing and lactating cattle to enhance the con-

centrations of 20:5n-3 and 22:6n-3 in meat [5] and milk

[4, 6] to improve long-term human health. However, the

potential to enrich 20:5n-3 and 22:6n-3 in milk fat and

tissue lipids is limited due to extensive metabolism of long-

chain n-3 fatty acids in the rumen. It is well established that

20:5n-3 and 22:6n-3 are hydrogenated extensively in the

rumen in vivo [7–9] and disappear during incubations with

rumen fluid in vitro [10–12], but the metabolic pathways

involved and the intermediates formed are not known.

Characterizing the fatty acids formed during the metabo-

lism of long-chain n-3 fatty acids in the rumen is important

to providing a more fundamental understanding of the

mechanisms involved in the hydrogenation of long-chain
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unsaturated fatty acids in the rumen and also offering an

explanation for the decreases in tissue adipogenesis and

mammary lipogenesis in ruminants fed diets containing

fish oil.

Several techniques have been developed for the deter-

mination of lipid composition in ruminal digesta [13, 14].

No single method in isolation can provide a comprehensive

assessment of the occurrence of fatty acids in biological

samples and therefore a combination of techniques are

required [14–16]. Previous studies examining the effect of

fish oil on ruminal biohydrogenation have been based on

the determination of lipid composition in digesta using a

combination of gas chromatography (GC), gas-chroma-

tography mass-spectrometry (GC–MS) and silver-ion high-

performance liquid-chromatography (Ag?-HPLC) analysis

of fatty acid methyl esters (FAME) [7–9]. However, these

techniques provide only limited information on the struc-

ture of fatty acids formed during ruminal biohydrogenation

of long-chain unsaturated fatty acids. In order to charac-

terise the intermediates formed during ruminal biohydro-

genation of long-chain fatty acids in fish oil, the structure

and composition of 20- to 24-carbon fatty acids in fish oil

and the omasal digesta of cows fed grass-silage-based diets

supplemented with 0 or 250 g/day of fish oil was deter-

mined. Fatty acids were identified based on the fraction-

ation of FAME by Ag?-TLC and GC–MS analysis of

FAME and corresponding 4,4-dimethyloxazoline (DMOX)

derivatives. Detailed analysis of fish oil and omasal digesta

fatty acid composition combined with measurements of

nutrient flow at the omasum provided the first quantitative

estimates of ruminal long-chain fatty acid biohydrogena-

tion intermediate outflow in lactating cows.

Materials and Methods

Materials

Samples of freeze-dried omasal digesta reconstituted from

individual liquid, small and large particulate fractions

according to indigestible marker concentrations to repre-

sent true digesta at the omasal canal were obtained from

following the completion of an experiment with five cows

fed grass-silage-based diets supplemented with 0 (Control)

or 250 g/day of refined fish oil (FO; EPAX 3000 TG,

Pronova Biocare, Aalesund, Norway) fed over consecutive

14-day experimental periods [7]. Reconstituted omasal

digesta of cows fed the Control and FO treatments were

stored at -80 �C under nitrogen until analysed for non-

esterified fatty acids [7] or subjected to more extensive

analysis of total lipid composition as described in the

present paper. All chemicals and solvents were of analyt-

ical grade. Authentic reference FAME standards were

purchased from Nu-Chek Prep (GLC #463; 21:0, #N-21-M;

23:0, #N-23-M; 24:0, #N-24-M; trans-11 20:1, #U-64-M;

cis-12-21:1, #U-85-M; cis-14 23:1, #U-87-M; Elysian,

MN), Larodan Fine Chemicals (18:4n-3, #10-1840; cis-9

20:1, #20-2001-1-4; 20:4n-3, #20-2024-1; 21:3n-3, #20-

2103-1-4; 21:5n-3, #20-2105-1-4; trans-13 22:1, #20-2210-

9; 22:5n-6, #20-2265-7; 23:5n-3, #20-2305-1-4; 24:5n-3,

#20-2405-4; 25:0, #20-2500-7; 29:0, #20-2900-7; 9-O-

18:0, #14-1800-5-4; 12-O-18:0, #14-1800-6-4; 13-O-18:0,

#14-1800-7-4; 16-O-18:0, #14-1800-8-39; Malmö, Swe-

den) and Sigma-Aldrich (26:0, #H-6389; 27:0, #H-6639;

28:0, #O-4129; 30:0 #T-1902; mixture of 18:2n-6 isomers,

#L-8404; mixture of conjugated 18:2 isomers, #O-5632;

mixture of 18:3n-3 isomers, #L-6031; St. Louis, MO).

Lipid Extraction and Preparation of Fatty Acid Methyl

Esters

Samples (200 mg) of freeze-dried reconstituted omasal

digesta were transferred into 10 mL glass tubes. Following

the addition of 0.5 mL distilled water and 1 mL of internal

standard (tridecanoic acid, #13-A, Nu-Check Prep) dis-

solved in ethanol (0.1%, w/v), the pH was adjusted to 2.0

with 2 M hydrochloric acid. After mixing for 5 min, lipid

was extracted in duplicate with a mixture of hexane and

isopropanol (3:2, v/v) [17]. After rinsing with 2 mL of

deionized water, organic extracts were combined, dried

over 1 g anhydrous sodium sulphate and dried at 45 �C

under a steady stream of nitrogen. FAME were prepared

using a two-step base-acid catalysed procedure. Extracted

lipid was dissolved in 2 mL of hexane and transesterified

using sodium methoxide in methanol [18]. After drying

over 1 g calcium chloride for 30 min, the organic soluble

phase was transferred to a clean test tube, evaporated to

dryness under a stream of nitrogen at 30 �C and incubated

at 50 �C for 30 min with 1.5 mL of 1% (v/v) sulphuric acid

in methanol [7]. After rinsing according to standard pro-

cedures, [7] FAME were dissolved in hexane prior to GC

analysis and Ag?-TLC.

Argentation Silver Ion Thin Layer Chromatography

Argentation-TLC of FAME prepared from total lipid

in digesta was performed using Silica gel G plates

(200 9 200 mm and 0.50 mm thickness, No. 1.13894;

Merck, Darmstadt, Germany) impregnated with 5% (w/v)

silver nitrate in acetonitrile for 20 min and activated at

110 �C for 45 min just before sample application. Plates

were developed with a solvent comprised of hexane and

diethyl ether (90:10 v/v) and the separated bands were

visualized under UV light after spraying with a 0.2% (w/v)

solution of 20,70-dichlorofluorescein in methanol [14, 19,

20]. Five bands separated according to the degree of
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unsaturation and corresponding to methyl esters of satu-

rated, cis-, and trans-monoenoic, dienoic and polyenoic

fatty acids containing three or more double bonds were

removed individually from the plate and transferred to

clean test tubes. Fractionated FAME were recovered from

the silica after addition of 1 mL methanol, 2 mL of hexane

and 1 mL of 6% (w/v) aqueous sodium chloride [21] and

the hexane soluble phase was dried over anhydrous sodium

sulphate. Each FAME fraction was submitted for GC and

GC–MS analysis and converted to DMOX derivatives.

Preparation of 4,4-Dimethyloxazoline Derivatives

Samples of total and fractionated FAME were converted to

DMOX derivatives by incubation overnight with 250 lL of

2-amino, 2-methyl, 1-propanol under a nitrogen atmo-

sphere [22] at 170 �C. Once cooled, the reaction mixture

was dissolved with 5 mL of a mixture of diethyl ether and

hexane (1:1 v/v) and rinsed with 5 mL of distilled water.

The organic phase was recovered, transferred to a clean

tube and the extraction was repeated using 2 mL of the

diethyl ether and hexane solvent mixture. Both organic

extracts were combined, washed with 3 mL of distilled

water, dried over anhydrous sodium sulphate, centrifuged

and evaporated to dryness under nitrogen at 30 �C (http://

lipidlibrary.aocs.org/ms/ms02/index.htm). Once prepared,

DMOX derivatives were dissolved in hexane and analysed

by GC–MS.

GC and GC–MS Analysis

Total FAME profile in a 2 lL sample at a split ratio of 1:50

was determined with a gas chromatograph (6890, Hewlett-

Packard, Wilmington, DE) equipped with a flame ioniza-

tion detector and a 100-m CP-Sil 88 fused silica capillary

column (Chrompack, Middelburg, The Netherlands) using

a temperature gradient program and hydrogen as the carrier

gas operated at constant pressure (137.9 kPa) at a flow rate

of 0.5 mL/min [7].

Mass spectra of FAME and DMOX derivatives were

obtained using the same type of gas chromatograph and

column used for analysis of FAME composition equipped

with a selective quadrupole mass detector (model 5973 N,

Agilent Technologies, Wilmington, DE) connected to a

dedicated computer with ChemStation software installed.

The mass spectrometer was operated at 230 �C in the

electron impact ionization mode, and mass spectra were

recorded under an ionization energy of 70 eV. The injector

(split ratio of 1:50) and interface temperatures were

maintained at 255 and 240 �C, respectively. Total DMOX

profiles in a 4 lL sample volume were determined using

helium as a carrier gas operated at constant pressure

(142.6 kPa) at a flow rate of 0.6 mL/min and the same

temperature gradient program applied for the analysis of

FAME by GC.

Interpretation of mass spectra were performed according

to established guidelines [23, 24]. Electron impact ioniza-

tion spectra of DMOX derivatives were used to locate

double bonds based on atomic mass unit distances (amu),

with an interval of 12 amu between the most intense peaks

of clusters of ions containing n and n - 1 carbon atoms

being interpreted as cleavage of the double bond between

carbon n and n ? 1 in the fatty acid moiety. In addition,

odd numbered fragments at m/z 139, 153 and 167 accom-

panied by even mass ions at m/z 138, 152 and 166 were

used as diagnostic ions to locate double bonds at D4, D5

and D6, respectively [25–27]. When available, deduced

fatty acid structure was verified by comparison with the

mass spectrum of DMOX derivatives prepared from

authentic FAME standards, reports in the literature [22,

25–27], and cross-referencing with an online reference

spectra library (http://lipidlibrary.aocs.org/ms/masspec.

html). Since GC–MS analysis of DMOX derivatives does

not discriminate between geometric isomers, double bond

geometry of monoenoic fatty acids was confirmed based on

the appearance of FAME in bands separated by Ag?-TLC.

Fractionation of FAME by Ag?-TLC did not resolve die-

noic, trienoic, tetraenoic, pentaenoic and hexaenoic fatty

acids, and therefore a cis or trans double bond configura-

tion for fatty acids containing two or more double bonds

was inferred based on comparisons of retention times of

methyl esters in samples with authentic FAME standards

and the known elution order of geometric isomers of

18:2n-6 and 18:3n-3 methyl esters (L-8404 and L-6031,

Sigma-Aldrich) on a 100 m CP Sil 88 capillary column

[28, 29].

Statistical Analysis

Differences in fatty acid flow at the omasum and ruminal

fatty acid balance between the control and FO treatments

were evaluated statistically by a paired t test (SAS� Sys-

tems, Release 9.2, SAS Institute, Cary, NC). A 95% con-

fidence interval was used as the default for the hypothesis

test and assumptions of data normality were validated

using the univariate procedure (SAS� Systems). Differ-

ences at P \ 0.05 were considered significant.

Results

Analysis of FAME by GC revealed the occurrence of a

complex mixture of 20- to 22-carbon fatty acids in fish oil

and omasal digesta of cows on the FO treatment eluting

between 42.5 and 53.9 min (Figs. 1, 2, 3, 4). Relative

abundance of long-chain methyl esters prepared from total
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lipid in omasal digesta of cows on the FO diet was almost

identical to the profile of FAME in the non-esterifed fatty

acid fraction [7] (data not presented).

Development of TLC plates with hexane and diethyl

ether allowed 18-, 20-, and 22-carbon cis-monoenoic

isomers to be resolved from trans-monoenoic methyl

esters, but did not result in the complete separation of

methyl esters of long-chain dienoic and trienoic fatty acids.

In total, five distinct bands comprised of saturated, trans-

and cis-monoenoic, di- and trienoic species were recov-

ered, while methyl esters of C18-carbon polyenoic fatty

acids containing four or more double bonds remained at or

near the origin (data not presented).

Initial identification of fatty acid carbon chain length

and number of double bonds in fish oil and omasal digesta

was based on GC–MS analysis of FAME. Appearance of
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Fig. 1 Partial gas chromatogram indicating the separation of fatty

acid methyl esters (FAME) prepared from total lipids in a refined fish

oil and b,c omasal digesta of cows fed grass silage-based diets

supplemented with 0 (b) or 250 g/day (c) of refined fish oil. Peaks

were identified based on gas-chromatography mass-spectrometry

(GC–MS) analysis of 4,4-dimethyloxaline derivatives prepared from

FAME fractionated by silver-ion thin-layer chromatography (Ag?-

TLC). Molecular ions and key diagnostic ion fragments recorded

during GC–MS analysis used to identify carbon chain length and

locate the position of double bonds of unsaturated fatty acids are

listed in Table 1. Parenthesis indicate tentative geometry of double

bonds as inferred based on retention times and elution order of FAME

during GC analysis relative to authentic methyl ester standards. Peak

identification: 1, 20:0; 2, D7,9-17:2; 3, cis-6, cis-9, cis-12 18:3; 4,

unresolved trans-9 20:1 and trans-10 20:1; 5, cis-5 20:1; 6, trans-11

20:1; 7, trans-12 20:1; 8, trans-13 20:1; 9, cis-8 20:1; 10, trans-14

20:1; 11, cis-9 20:1; 12, trans-15 20:1; 13, cis-11 20:1; 14, cis-9, cis-

12, cis-15 18:3; 15, cis-13 20:1; 16, cis-14 20:1; 17, cis-9, trans-11

18:2; 18, cis-15 20:1; 19, trans-9, cis-11 18:2; 20, unresolved cis-11,

trans-13 18:2 and trans-11, trans-15 20:2; 21, cis-16 20:1; 22,

unresolved trans-10, cis-12 18:2 and trans-9, trans-15 20:2; 23, 21:0;

24, trans-10, trans-16 20:2; 25, trans-11, cis-13 18:2; 26, trans-13,

trans-17 20:2; 27, trans-11, cis-15 20:2; 28, trans-12, trans-14 18:2;

29, trans-11, trans-13 18:2; 30, cis-8, cis-11 20:2; 31, unresolved

trans-7, trans-9 18:2, trans-8, trans-10 18:2 and trans-9, trans-11

18:2; 32, cis-10, trans-15 20:2; 33, trans-11, cis-17 20:2; 34, cis-6,

cis-9, cis-12, cis-15 18:4; 35, trans-13, cis-17 20:2; 36, cis-8, cis-11,

cis-14, cis-17 18:4; 37, cis-11, cis-14 20:2; 38, trans-14, cis-17 20:2;

39, cis-9, trans-11, cis-15 18:3; 40, cis-14, cis-17 20:2; 41, (trans)-9,

(trans)-14, (trans)-17 20:3; 42, 22:0; 43, (trans)-10, (trans)-14,

(trans)-17 20:3; asterisks, unidentified peaks
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Fig. 2 Partial gas chromatogram indicating the separation of FAME

prepared from total lipids in a refined fish oil and b,c omasal digesta

of cows fed grass silage-based diets supplemented with 0 (b) or

250 g/day (c) of refined fish oil. Peaks were identified based on GC–

MS analysis of 4,4-dimethyloxaline derivatives prepared from FAME

fractionated by Ag?-TLC. Molecular ions and key diagnostic ion

fragments recorded during GC–MS analysis used to identify carbon

chain length and locate the position of double bonds of unsaturated

fatty acids are listed in Table 1. Parenthesis indicate tentative

geometry of double bonds as inferred based on retention times and

elution order of FAME during GC analysis relative to authentic

methyl ester standards. Peak identification: 42, 22:0; 43, (trans)-10,

(trans)-14, (trans)-17 20:3; 44, (cis)-10, (trans)-14, (trans)-17 20:3 or

(trans)-10, (cis)-14, (trans)-17 20:3; 45, (cis)-11, (trans)-14, (trans)-

17 20:3 or (trans)-11, (cis)-14, (trans)-17 20:3; 46, cis-8, cis-11,

cis-14 20:3; 47, (cis)-11, (cis)-14, (trans)-17 20:3; 48, (trans)-10,

(trans)-14, (cis)-17 20:3; 49, D11,14,18-20:3; 50, (trans)-11, (cis)-14,

(cis)-17 20:3; 51, cis-11 22:1; 52, cis-13 22:1; 53, cis-11, cis-14,

cis-17 20:3; 54, cis-15 22:1; 55, cis-5, cis-8, cis-11, cis-14 20:4; 56,

trans-12, trans-17 22:2; 57, 23:0; 58, (trans)-7, (cis)-11, (cis)-14,

(cis)-17 20:4; 59, cis-8, cis-11, cis-14, cis-17 20:4; 60, cis-13, cis-16

22:2; 61, cis-14 23:1; 62, cis-12, cis-15, cis-18 21:3; 63, D10,13,17-

22:3; 64, cis-5, cis-8, cis-11, cis-14, cis-17 20:5; 65, 24:0; 66, (cis)-10,

(trans)-14, (cis)-19 22:3; asterisk, unidentified peaks
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22:3, 22:4, 22:5, 22:6, 23:5, 24:5 and 24:6 methyl esters

was confirmed based on molecular ions at m/z 324, 322,

320, 318, 316, 334, 332, 330, 352, 350, 348, 346, 344, 342,

358, 372 and 370, respectively. However, the mass spectra

of FAME did not contain sufficient characteristic ion

fragments to allow the position of double bonds to be

located. Therefore, the structure of long-chain fatty acids

contained in fish oil and omasal digesta were formally

identified based on GC–MS analysis of DMOX derivatives.

Selected regions of the total ion chromatogram for DMOX

derivatives prepared from total lipid in omasal digesta of

cows fed the FO treatment are shown in Figs. 5 and 6.

Separation and relative retention of DMOX derivatives

during GC–MS analysis was comparable to that obtained

for FAME by GC analysis, but the elution order of certain

peaks differed. For example, during the analysis of DMOX

derivatives 18:3n-3 eluted after cis-13 20:1 and 22:0 eluted

before cis-9, trans-11, cis-15 18:3, cis-14, cis-17 20:2 and

trans-9, trans-14, trans-17 20:3 (Fig. 5), whereas the

reverse was true during the analysis of methyl esters

(Fig. 1). Relative retention times of trans-11, cis-14, cis-17

20:3, 20:3n-3, 20:5n-3, cis-11 22:1, cis-13 22:1, cis-15

22:1, trans-12, trans-17 22:2, D10,13,17 22:3, trans-10,

trans-13, cis-16, cis-19 22:4, 22:4n-3, trans-5, cis-10, cis-

13, cis-16, cis-19 22:5, 23:0, 24:0, cis-16 25:1 and 26:0
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Fig. 3 Partial gas chromatogram indicating the separation of FAME

prepared from total lipids in a refined fish oil and b,c omasal digesta of

cows fed grass silage-based diets supplemented with 0 (b) or 250 g/day

(c) of refined fish oil. Peaks were identified based on GC–MS analysis

of 4,4-dimethyloxaline derivatives prepared from FAME fractionated

by Ag?-TLC. Molecular ions and key diagnostic ion fragments

recorded during GC–MS analysis used to identify carbon chain length

and locate the position of double bonds of unsaturated fatty acids are

listed in Table 1. Parenthesis indicate tentative geometry of double

bonds as inferred based on retention times and elution order of FAME

during GC analysis relative to authentic methyl ester standards. Peak

identification: 64, cis-5, cis-8, cis-11, cis-14, cis-17 20:5; 65, 24:0; 66,

(cis)-10, (trans)-14, (cis)-19 22:3; 67, cis-10, cis-13, cis-16 22:3; 68,

(trans)-12, (cis)-16, (cis)-19 22:3; 69, unresolved cis-9, cis-12, cis-15,

cis-18 21:4 and cis-11 24:1; 70, cis-15 24:1; 71, cis-13, cis-16, cis-19

22:3; 72, cis-7, cis-10, cis-13, cis-16 22:4; 73, (trans)-10, (trans)-13,

(cis)-16, (cis)-19 22:4; 74, 25:0; 75, (trans)-8, (cis)-13, (cis)-16, (cis)-

19 22:4; 76, cis-6, cis-9, cis-12, cis-15, cis-18 21:5; 77, (cis)-7, (trans)-

13, (cis)-16, (cis)-19 22:4; 78, cis-10, cis-13, cis-16, cis-19 22:4; 79,

cis-4, cis-7, cis-10, cis-13, cis-16 22:5; 80, 10-O-16:0; 81, cis-16 25:1;

82, (trans)-5, (cis)-10, (cis)-13, (cis)-16, (cis)-19 22:5; 83, 26:0;

asteriks, unidentified peaks
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Fig. 4 Partial gas chromatogram indicating the separation of FAME

prepared from total lipids in a refined fish oil and b,c omasal digesta

of cows fed grass silage-based diets supplemented with 0 (b) or

250 g/day (c) of refined fish oil. Peaks were identified based on GC–

MS analysis of 4,4-dimethyloxaline derivatives prepared from FAME

fractionated by Ag?-TLC. Molecular ions and key diagnostic ion

fragments recorded during GC–MS analysis used to identify carbon

chain length and locate the position of double bonds of unsaturated

fatty acids are listed in Table 1. Parenthesis indicate tentative

geometry of double bonds as inferred based on retention times and

elution order of FAME during GC analysis relative to authentic

methyl ester standards. Peak identification: 83, 26:0; 84, cis-7, cis-10,

cis-13, cis-16, cis-19 22:5; 85, cis-17 26:1; 86, cis-4, cis-7, cis-10, cis-

13, cis-16, cis-19 22:6; 87, 27:0; 88, cis-8, cis-11, cis-14, cis-17, cis-

20 23:5; 89, unresolved 10-OH-18:0 and 9-O-18:0; 90, 10-O-18:0; 91,

13-O-18:0; 92, 28:0; asterisks, unidentified peaks
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were also found to differ when analysed as a methyl ester

or DMOX derivative.

Characteristic ion fragments in the mass spectrum of

DMOX derivatives used to locate the position of double

bonds of 20-, 21- and 22-carbon unsaturated fatty acids in

Control and FO omasal digesta are listed in Table 1. Spectra

of all DMOX derivatives contained prominent ions at m/z at

113 and 126 (Table 1). A prominent fragment at m/z at 113

arises from a McLafferty rearrangement ion formed by the

migration of the c-hydrogen followed by cleavage between

carbon atoms 2 and 3, while the abundant ion at m/z at 126 is

thought to be formed due to cyclization-displacement

reaction and cleavage between carbon atoms 4 and 5 [25].

Molecular ions of DMOX derivatives at m/z 363, 361, 359,

357, 355, 373, 371, 369, 391, 389, 387, 385, 383 and 381

confirmed a 20:1, 20:2, 20:3, 20:4, 20:5, 21:3, 21:4, 21:5,

22:1, 22:2, 22:3, 22:4, 22:5 and 22:6 structure, respectively.

GC–MS analysis of DMOX derivatives revealed the

appearance of several 20-carbon unsaturated fatty acids in

FO omasal digesta not contained in fish oil or Control

digesta (Table 2). Comparisons of 20-carbon unsaturated

fatty acids in fish oil with Control and FO omasal digesta

indicated that fish oil in the diet of lactating cows was

associated with the formation of cis-14 20:1, several posi-

tion and geometric 20:2 (n = 10) and 20:3 (n = 8) isomers

and an unusual 20:4 isomer (Table 2).

The mass spectrum of the DMOX derivative of the

unusual 20:4 intermediate in FO digesta contained four

ions separated by 12 amu gaps at m/z 168 and 180; 222 and

234; 262 and 274; 302 and 314 (Fig. 7a) locating double

bonds at positions D7, D11, D14 and D17, respectively. A

prominent ion at m/z 208 that represents cleavage between

carbon atoms at the 8 and 9 position corroborated a

di-methylene-interupted ethylenic bond system [30], and

confirmed the position of the first double bond between

carbon atom 6 and 7 and the D7,11,14,17 20:4 structure.

During GC analysis D7,11,14,17 20:4 eluted before 20:4n-

3 (Fig. 2) indicating that this intermediate contains at least

one trans double bond. Furthermore, the occurrence of a

double bond between carbon atom 7 and 8 rather between

carbon 8 and 9 as for 20:4n-3 and 20:5n-3, which share an

all cis methylene-interrupted (homo-allylic) molecular

structure provided further evidence to support the identi-

fication of trans-7, cis-11, cis-14, cis-17 20:4.
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Fig. 5 Partial total ion mass chromatogram of 4,4-dimethyloxaline

derivatives prepared from total lipids in omasal digesta of cows fed

grass silage-based diets supplemented with 250 g/day of refined fish

oil. Molecular ions and key diagnostic ion fragments recorded during

GC–MS analysis used to identify unknown peaks are listed in

Table 1. Parenthesis indicate tentative geometry of double bonds as

inferred based on retention times and elution order of FAME during

GC analysis relative to authentic methyl ester standards. Correspond-

ing peaks in the partial gas chromatograms for FAME (Figs. 1–3) are

indicated in parenthesis. Peak identification: 1, 20:0 (#1); 2, D7,9-

17:2 (#2); 3, unresolved trans-9 20:1 and trans-10 20:1 (#4); 4, trans-

11 20:1 (#6); 5, trans-12 20:1 (#7); 6, trans-13 20:1 (#8); 7, trans-14

20:1 (#10); 8, trans-15 20:1 (#12); 9, cis-11 20:1 (#13); 10, cis-13

20:1 (#15); 11, cis-9, cis-12, cis-15 18:3 (#14); 12, cis-14 20:1 (#16);

13, cis-9, trans-11 18:2 (#17); 14, unresolved cis-11, trans-13 18:2

and trans-11, trans-15 20:2 (#20); 15, unresolved trans-10, cis-12

18:2, cis-16 20:1 and trans-9, trans-15 20:2 (#21 and #22); 16, trans-

10, trans-16 20:2 (#24); 17, trans-13, trans-17 20:2 (#26); 18, trans-

11, cis-15 20:2 (#27); 19, unresolved conjugated 18:2 isomers and

trans-11, cis-17 20:2 (#31 and #33); 20, cis-10, trans-15 20:2 (#32);

21, trans-13, cis-17 20:2 (#35); 22, cis-11, cis-14 20:2 (#37); 23,

trans-14, cis-17 20:2 (#38); 24, 22:0 (#42); 25, unresolved cis-9,

trans-11, cis-15 18:3 and cis-14, cis-17 20:2 (#39 and #40); 26,

(trans)-9, (trans)-14, (trans)-17 20:3 (#41); 27, (trans)-10, (trans)-14,

(trans)-17 20:3 (#43); 28, (cis)-10, (trans)-14, (trans)-17 20:3 or

(trans)-10, (cis)-14, (trans)-17 20:3 (#44); 29, (cis)-11, (trans)-14,

(trans)-17 20:3 or (trans)-11, (cis)-14, (trans)-17 20:3 (#45); 30, (cis)-

11, (cis)-14, (trans)-17 20:3 (#47); 31, unresolved (trans)-10, (trans)-

14, (cis)-17 20:3 and D11,14,18-20:3 (#48 and #49); 32, cis-11 22:1

(#51); 33, cis-13 22:1 (#52); 34, (trans)-11, (cis)-14, (cis)-17 20:3

(#50); 35, cis-15 22:1 (#54); 36, cis-11, cis-14, cis-17 20:3 (#53); 37,

23:0 (#57); 38, trans-12, trans-17 22:2 (#56); 39, (trans)-7, (cis)-11,

(cis)-14, (cis)-17 20:4 (#58); 40, cis-8, cis-11, cis-14, cis-17 20:4

(#59); 41, unresolved cis-13, cis-16 22:2 and cis-14 23:1 (#60 and

#61); 42, cis-12, cis-15, cis-18 21:3 (#62); 43, 24:0 (#65); 44,

D10,13,17-22:3 (#63); 45, cis-5, cis-8, cis-11, cis-14, cis-17 20:5

(#64); 46, (cis)-10, (trans)-14, (cis)-19 22:3 (#66); 47, cis-10, cis-13,

cis-16 22:3 (#67); 48, (trans)-12, (cis)-16, (cis)-19 22:3 (#68); 49,

unresolved cis-9, cis-12, cis-15, cis-18 21:4 and cis-11 24:1 (#69)
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Eight 20:3 isomers were detected in FO omasal digesta

(Table 2). Recorded mass spectra of DMOX derivatives of

all detected 20:3 isomers enabled the basic structure of

these intermediates to be characterized. The mass spectrum

of the DMOX derivative of D9, 14, 17, 20:3 (Fig. 7b)

contained ions at m/z 196, 208, 264, 276, 304 and 316,

separated by a series of ions 14 amu apart (Table 1)

defining the position of double bonds in the fatty acid

moiety at D9, D14 and D17. For isomers of D10,14,17 20:3,

double bonds were located based on 12 amu intervals

between ion fragments at m/z 210, 222, 264, 276, 304 and

316 (Table 1). The position of the first double bond at D10

was corroborated by an abundant ion at m/z 250 formed by

cleavage between carbon 12 and 13 (Fig. 7c). Double

bonds in geometric isomers of D11,14,17 20:3 were located

based on 12 amu gaps at m/z 224, 236, 264, 276, 304 and

316 (Table 1) and a molecular ion at m/z 359 (Fig. 7d). A

D11,14,17 20:3 structure was verified by comparison with

published spectra [22]. Omasal digesta of cows fed fish oil

also contained D11,14,18 20:3 (Table 2). Double bonds at

D11, D14 and D18 were located based on ion fragments at

m/z 224, 236, 264, 276, 318 and 330 (Table 1), while an

abundant ion at m/z 304 attributable to cleavage between

carbon atom 15 and 16 confirmed the occurrence of a bis-

methylene-interrupted double bond system. During GC

analysis of FAME two D10,14,17 20:3 and a D11,14,17

20:3 intermediate were found to elute before 20:3n-6, while

other geometric D11,14,17 20:3 isomers, and a D10,14,17

20:3 and D11,14,18 20:3 intermediate eluted after 20:3n-6

but before 20:3n-3 (Fig. 2), indicating that all unique 20:3

isomers in FO omasal digesta contained at least one trans

double bond. Relative retention and elution order of

geometric 18:3n-3 methyl esters (trans-9, trans-12, trans-

15 18:3 unresolved trans-9, cis-12, trans-15 and cis-9,

trans-12, trans-15 18:3, unresolved trans-9, trans-12, cis-

15 and cis-9, cis-12, trans-15 18:3, cis-9, trans-12, cis-15

18:3 and trans-9, cis-12, cis-15 18:3) [28, 29] enabled the

tentative identification of trans-9, trans-14, trans-17 20:3,

trans-10, trans-14, trans-17 20:3, cis-11, cis-14, trans-17

20:3, trans-10, trans-14, cis-17 20:3 and trans-11, cis-14,

cis-17 20:3 in FO omasal digesta.

Inclusion of fish oil in the diet was also associated with

the appearance of several 20:2 biohydrogenation interme-

diates in omasal digesta (Table 2). Mass spectrum of

DMOX derivatives enabled the structure of D9,15 20:2,

D10,15 20:2, D10,16 20:2, D11,15 20:2, D13,17 20:2

(Fig. 7e) and D14,17 20:2 to be identified. Double bonds

were located based on 12 amu intervals between ions at

m/z 196, 208, 278 and 290; 210, 222, 278 and 290; 210,

222, 292 and 304; 224, 236, 278 and 290; 252, 264, 306

and 318; 266, 278, 306 and 318, respectively (Table 1).

Abundant ions at m/z 264 and 292 that represent the

cleavage between carbon atom 12 and 13 and between

carbon atom 14 and 15, respectively, confirmed the D11,15

20:2 (Table 1) and D13,17 20:2 structure (Fig. 7e). Elution

order of 20:2 intermediates relative to 20:2n-6 and 20:2n-3

during GC analysis in combination with the relative

retention of geometric 18:2n-6 methyl esters (trans-9,

trans-12 18:2, cis-9, trans-12 18:2, trans-9, cis-12 18:2 and

cis-9, cis-12 18:2 [28, 29]) enabled trans-9, trans-15 20:2,

trans-10, trans-16 20:2, trans-13, trans-17 20:2, trans-11,

cis-15 20:2, cis-10, trans-15 20:2, trans-11, cis-17 20:2,

trans-13, cis-17 20:2 and trans-14, cis-17 20:2 to be

identified.
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Fig. 6 Partial total ion mass chromatogram of 4,4-dimethyloxaline

derivatives prepared from total lipids in omasal digesta of cows fed

grass silage-based diets supplemented with 250 g/day of refined fish

oil. Molecular ions and key diagnostic ion fragments recorded during

GC–MS analysis used to identify unknown peaks are listed in

Table 1. Parenthesis indicate tentative geometry of double bonds as

inferred based on retention times and elution order of FAME during

GC analysis relative to authentic methyl ester standards. Correspond-

ing peaks in the partial gas chromatograms for FAME (Figs. 3, 4) are

indicated in parenthesis. Peak identification: 50, cis-15 24:1 (#70); 51,

cis-13, cis-16, cis-19 22:3 (#71); 52, 25:0 (#74); 53, (trans)-10,

(trans)-13, (cis)-16, (cis)-19 22:4 (#73); 54, unresolved (trans)-8,

(cis)-13, (cis)-16, (cis)-19 22:4 and cis-6, cis-9, cis-12, cis-15, cis-18

21:5 (#75 and #76); 55, (cis)-7, (trans)-13, (cis)-16, (cis)-19 22:4

(#77); 56, cis-10, cis-13, cis-16, cis-19 22:4 (#78); 57, cis-16 25:1

(#81); 58, unresolved 10-O-16:0 and (trans)-5, (cis)-10, (cis)-13,

(cis)-16, (cis)-19 22:5 (#80 and #82); 59, 26:0 (#83), 60, cis-7, cis-10,

cis-13, cis-16, cis-19 22:5 (#84); 61, cis-17 26:1 (#85); 62, cis-4, cis-

7, cis-10, cis-13, cis-16, cis-19 22:6 (#86); 63, 27:0 (#87); 64,

unresolved 10-OH-18:0 and 9-O-18:0 (#89); 65, 10-O-18:0 (#90) and

66, 13-O-18:0 (#91)
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Table 1 Characteristic ion fragments recorded during gas-chroma-

tography mass-spectrometry (GC–MS) analysis of 4,4-dimethyloxaz-

oline derivatives of selected 20- and 22-carbon unsaturated fatty acids

in omasal digesta of cows fed grass silage-based diets supplemented

with 250 g/day of refined fish oil

Fatty acid RTa (min) RTb (min) Characteristic ion fragments (m/z, relative intensity)

trans-9 20:1 42.62 53.72 113 (100), 126 (98), 182 (25), 196 (8), 208 (7), 363 (M?, 24)

trans-11 20:1 42.70 53.78 113 (100), 126 (82), 210 (12), 224 (4), 236 (6), 363 (M?, 20)

trans-12 20:1 42.78 53.86 113 (100), 126 (82), 224 (13), 238 (5), 250 (4), 363 (M?, 23)

trans-13 20:1 42.85 53.95 113 (100), 126 (90), 238 (12), 252 (3), 264 (4), 363 (M?, 26)

trans-14 20:1 42.95 54.03 113 (100), 126 (67), 252 (7), 266 (5), 278 (3), 363 (M?, 19)

trans-15 20:1 43.04 54.10 113 (100), 126 (62), 266 (9), 280 (3), 292 (2), 363 (M?, 22)

D11,15 20:2 43.84 54.90 113 (76), 126 (89), 224 (8), 236 (4), 264 (69), 278 (12), 290

(4), 318 (17), 361 (M?, 13)

D9,15 20:2 43.91 54.99 113 (90), 126 (100), 182 (18), 196 (6), 208 (5), 278 (9), 290

(3), 318 (16), 361 (M?, 9)

D10,16 20:2 43.98 55.07 113 (100), 126 (89), 210 (9), 222 (12), 264 (41), 278 (41), 292

(12), 304 (13), 361 (M?, 16)

D13,17 20:2 44.17 55.25 113 (100), 126 (91), 252 (5), 264 (6), 292 (96), 306 (\1), 318

(11), 361 (M?, 20)

D11,15 20:2 44.30 55.40 113 (76), 126 (98), 224 (17) 236 (8), 264 (100), 278 (2), 290

(6), 318 (33), 361 (M?, 30)

D10,15 20:2 44.74 55.46 113 (100), 126 (87), 210 (11), 222 (7), 250 (18), 264 (13), 278

(7), 290 (8), 304 (14), 361 (M?, 15)

D13,17 20:2 44.87 56.03 113 (71), 126 (63), 252 (3), 264 (3), 292 (100), 306 (2), 318

(5), 361 (M?, 14)

D14,17 20:2 45.19 56.40 113 (100), 126 (81), 252 (7), 266 (4), 278 (4), 292 (9), 306 (8),

318 (5), 346 (18), 361 (M?, 15)

D9,14,17 20:3 45.80 57.24 113 (92), 126 (100), 196 (7), 208 (4), 250 (33), 264 (6), 276

(5), 290 (32), 304 (8), 316 (3), 359 (M?, 8)

D10,14,17 20:3 46.19 57.46 113 (72), 126 (100), 196 (7), 210 (3), 222 (3), 236 (10), 250

(63), 264 (2), 276 (4), 290 (16), 304 (4), 316 (4), 359 (M?, 7)

D10,14,17 20:3 46.55 57.93 113 (76), 126 (100), 196 (7), 210 (4), 222 (4), 236 (11), 250

(62), 264 (3), 276 (6), 290 (21), 304 (6), 316 (5), 359

(M?, 12)

D11,14,17 20:3 46.51 57.75 113 (100), 126 (92), 224 (5), 236 (2), 250 (5), 264 (8), 276 (4),

290 (19), 304 (12), 316 (6), 359 (M?, 20)

D11,14,17 20:3 46.93 57.90 113 (100), 126 (96), 224 (9), 236 (4), 250 (5), 264 (15), 276

(7), 290 (18), 304 (19), 316 (9), 359 (M?, 25)

all-cis D11,14,17 20:3 47.16 58.64 113 (90), 126 (100), 224 (4), 236 (2), 250 (5), 264 (11), 276

(4), 290 (17), 304 (13), 316 (5), 359 (M?, 18)

D11,14,18 20:3 46.63 57.93 113 (58), 126 (72), 210 (6), 224 (1), 236 (1), 250 (11), 264

(12), 276 (1), 290 (2), 304 (100), 318 (1), 330 (\1), 359

(M?, 1)

D7,11,14,17 20:4 48.44 60.10 113 (44), 126 (70), 168 (9), 180 (11), 208 (100), 222 (4), 234

(4), 248 (6), 262 (8), 274 (1), 302 (4), 314 (4), 357 (M?, 8)

all-cis D8,11,14,17 20:4 48.52 60.23 113 (49), 126 (100), 182 (10), 194 (3), 208 (15), 222 (12), 234

(6), 248 (12), 262 (17), 274 (7), 302 (5), 314 (4), 357

(M?, 12)

all-cis D5,8,11,14,17 20:5 49.55 61.56 113 (100), 126 (31), 153 (21), 180 (5), 192 (4), 220 (6), 232

(3), 246 (5), 260 (3), 272 (1), 286 (6), 300 (1), 312 (\1), 355

(M?, \1)

all-cis D12,15,18 21:3 48.96 60.86 113 (100), 126 (92), 224 (2), 238 (2), 250 (20), 264 (15), 278

(3), 290 (15), 304 (3), 318 (9), 330 (3), 373 (M?, 1)

all-cis D9,12,15,18 21:4 50.32 62.63 113 (92), 126 (100), 182 (21), 196 (6), 208 (5), 222 (19), 236

(13), 248 (6), 262 (9), 276 (11), 288 (6), 302 (12), 316 (2),

328 (2), 371 (M?, 9)
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Omasal digesta from cows fed both the Control and FO

treatments contained several positional isomers of 20:1

(Table 2). Mass spectra of DMOX derivatives of 20:1

isomers allowed the position of double bonds at D9, D10,

D11, D12, D13, D14 and D15 to be localized readily by

ions at m/z 196, 208; 210, 222; 224, 236; 238, 250; 252,

264; 266, 278; 280 and 292, respectively (Table 1). Sepa-

ration of FAME by Ag?-TLC along with retention times

during GC analysis (Fig. 1) confirmed that all 20:1 isomers

unique to omasal digesta contained a trans double bond.

Inclusion of fish oil in the diet also resulted in the

appearance of cis-11, -13, -14 and -15 20:1 in FO omasal

digesta (Table 2).

Characterization of 22-carbon unsaturated fatty acids in

fish oil and omasal digesta of cows fed the control and FO

treatment revealed that the inclusion of 22-carbon unsatu-

rated fatty acids from fish oil was associated with the

formation of several novel 22:2 (n = 1), 22:3 (n = 3), 22:4

(n = 3) and 22:5 (n = 1) intermediates in the rumen

(Table 3).

The spectrum of the DMOX derivative of the 22:5

intermediate contained ion fragments with a mass inter-

val of 12 amu at m/z 208, 220, 234, 248, 260, 274, 288,

300, 314, 328 and 340 that were separated by gaps of

14 amu (Fig. 8a), which enabled four of the five double

bonds to be located at D10, D13, D16, and D19,

respectively [25, 26]. The position of the final double

bond between carbon atoms 4 and 5 was discerned based

on the presence of ions at m/z 153, 166 and 180

(Table 1), and an even ion at m/z 152 (Fig. 8a) in the

mass spectrum that served as characteristic fragments of

a double bond in the D5 position [22, 26, 27] allowing

the D5,10,13,16,19 22:5 structure to be elucidated.

During GC analysis of FAME D5,10,13,16,19 22:5

eluted after 22:5n-6 but before 22:5n-3, which com-

bined with considerations on the methylene-interrupted

Table 1 continued

Fatty acid RTa (min) RTb (min) Characteristic ion fragments (m/z, relative intensity)

all-cis D6,9,12,15,18 21:5 51.66 64.54 113 (62), 126 (100), 167 (12), 194 (8), 206 (6), 220 (10), 234

(9), 246 (3), 260 (6), 274 (4), 286 (1), 300 (7), 314 (1), 326

(1), 369 (M?, 2)

cis-11 22:1 46.93 58.04 113 (100), 126 (76), 210 (17), 224 (4), 236 (1), 391 (M?, 19)

cis-13 22:1 47.07 58.25 113 (100), 126 (76), 238 (17), 252 (4), 264 (5), 391 (M?, 22)

cis-15 22:1 47.28 58.52 113 (100), 126 (67), 266 (17), 280 (4), 292 (3), 391 (M?, 27)

D12,17 22:2 47.75 59.16 113 (100), 126 (70), 224 (6), 238 (3), 250 (7), 292 (14), 306

(3), 318 (2), 389 (M?, 3)

D10,13,17 22:3 49.37 61.32 113 (23), 126 (4), 210 (2), 222 (3), 236 (6), 250 (10), 262 (1),

276 (4), 290 (100), 304 (1), 316 (3), 387 (M?, 11)

D10,14,19 22:3 49.76 61.74 113 (100), 126 (82), 196 (14), 210 (8), 222 (3), 250 (62), 264

(7), 276 (12), 318 (49), 332 (3), 344 (2), 387 (M?, 3)

D12,16,19 22:3 50.15 62.37 113 (93), 126 (100), 224 (10), 238 (6), 250 (1), 278 (98), 292

(3), 304 (10), 318 (27), 332 (9), 344 (8), 387 (M?, 21)

D8,13,16,19 22:4 51.53 64.42 113 (56), 126 (100), 168 (20), 182 (8), 194 (3), 236 (37), 250

(2), 262 (6), 276 (15), 290 (7), 302 (4), 330 (5), 342 (2), 385

(M?, 3)

D7,13,16,19 22:4 51.77 64.79 113 (89), 126 (100), 168 (10), 180 (12), 208 (12), 236 (14), 250

(7), 262 (3), 276 (12), 290 (18), 302 (3), 316 (15), 330 (7),

342 (3), 385 (M?, 12)

all-cis D10,13,16,19 22:4 51.36 65.29 113 (81), 126 (100), 210 (3), 222 (8), 250 (12), 262 (1), 290

(36), 302 (8), 330 (8), 342 (5), 385 (M?, 22)

D5,10,13,16,19 22:5 52.60 66.40 113 (100), 126 (21), 153 (18), 180 (14), 208 (1), 220 (4), 234

(9), 248 (3), 260 (1), 274 (4), 288 (3), 300 (1), 314 (5), 328

(1), 340 (\1), 383 (M?, \1)

all-cis D4,7,10,13,16,19 22:6 53.71 68.83 113 (100), 126 (10), 139 (11), 152 (52), 166 (6), 178 (5), 192

(13), 206 (6), 218 (5), 232 (7), 246 (5), 258 (4), 272 (7), 286

(1), 298 (1), 312 (6), 326 (\1), 338 (\1), 381 (M?, 2)

Parenthesis indicate tentative geometry of double bonds as inferred based on retention times and elution order of fatty acid methyl esters (FAME)

during GC analysis relative to authentic methyl ester standards
a Retention time of FAME on a 100 m CP-Sil 88 fused silica capillary column using a temperature gradient program [7] and hydrogen as the

carrier gas operated at constant pressure (137.9 kPa) at a flow rate of 0.5 mL/min
b Retention time of 4,4-dimethyloxazoline derivatives of fatty acids on a 100 m CP-Sil 88 fused silica capillary column using a temperature

gradient program [7] and helium as the carrier gas operated at constant pressure (142.6 kPa) at a flow rate of 0.6 mL/min
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(homo-allylic) molecular structure of 22:5n-3 and 22:6n-

3 were used to infer a trans-5, cis-10, cis-13, cis-16, cis-

19 22:5 structure.

Mass spectra of the DMOX derivatives of 22:4 isomers

enabled the position of double bonds to be identified

(Table 1). Ion fragments separated by 12 amu intervals at

Table 2 Mean concentration of

20- and 21-carbon fatty acids in

refined fish oil and omasal

digesta of lactating cows fed

grass silage-based diets

supplemented with 0 (Control)

or 250 g/day of refined fish oil

(FO)

Parenthesis indicate tentative

geometry of double bonds as

inferred based on retention

times and elution order of

FAME during GC analysis

relative to authentic methyl

ester standards
a Values are expressed as

mean ± SE (n = 3)
b Values are expressed as

mean ± SE (n = 5)
c Retention time comparisons

inferred a cis, trans, trans or

trans, cis, trans double bond

configuration
d Not detected

Concentration (g/100 g fatty acids) Fish oila Digestab

Control FO

20:0 0.27 ± 0.012 0.81 ± 0.040 0.54 ± 0.093

cis-5 20:1 0.13 ± 0.003 ND ND

cis-8 20:1 0.15 ± 0.001 ND ND

cis-9 20:1 0.17 ± 0.003 ND ND

cis-11 20:1 1.79 ± 0.009 0.10 ± 0.026 0.43 ± 0.098

cis-12 20:1 NDd 0.02 ± 0.006 ND

cis-13 20:1 0.24 ± 0.002 ND 0.09 ± 0.012

cis-14 20:1 ND ND 0.03 ± 0.017

cis-15 20:1 0.03 ± 0.002 ND 0.02 ± 0.008

trans-9 ? trans-10 20:1 ND 0.01 ± 0.008 0.04 ± 0.012

trans-11 20:1 ND 0.02 ± 0.008 0.07 ± 0.036

trans-12 20:1 ND 0.01 ± 0.004 0.08 ± 0.043

trans-13 20:1 ND 0.02 ± 0.008 0.11 ± 0.066

trans-14 20:1 ND 0.02 ± 0.004 0.09 ± 0.060

trans-15 20:1 ND 0.03 ± 0.007 0.25 ± 0.236

cis-8, cis-11 20:2 0.18 ± 0.001 ND ND

cis-11, cis-14 20:2 0.18 ± 0.002 0.03 ± 0.010 0.11 ± 0.023

cis-14, cis-17 20:2 ND ND 0.04 ± 0.011

cis-10, trans-15 20:2 ND ND 0.04 ± 0.017

trans-11, cis-15 20:2 ND ND 0.16 ± 0.044

trans-11, cis-17 20:2 ND ND 0.08 ± 0.017

trans-13, cis-17 20:2 ND ND 0.36 ± 0.184

trans-14, cis-17 20:2 ND ND 0.18 ± 0.061

trans-9, trans-15 20:2 ND ND 0.24 ± 0.056

trans-10, trans-16 20:2 ND ND 0.21 ± 0.028

trans-11, trans-15 20:2 ND ND 0.15 ± 0.038

trans-13, trans-17 20:2 ND ND 0.07 ± 0.024

cis-8, cis-11, cis-14 20:3 0.15 ± 0.001 ND 0.06 ± 0.016

cis-11, cis-14, cis-17 20:3 0.11 ± 0.002 ND 0.26 ± 0.110

(cis)-11, (cis)-14, (trans)-17 20:3 ND ND 0.07 ± 0.019

D10,14,17 20:3c ND ND 0.05 ± 0.022

D11,14,17 20:3c ND ND 0.03 ± 0.008

(trans)-11, (cis)-14, (cis)-17 20:3 ND ND 0.14 ± 0.015

(trans)-10, (trans)-14, (cis)-17 20:3 ND ND 0.13 ± 0.077

(trans)-9, (trans)-14, (trans)-17 20:3 ND ND 0.03 ± 0.001

(trans)-10, (trans)-14 (trans)-17 20:3 ND ND 0.05 ± 0.022

D11,14,18 20:3 ND ND 0.01 ± 0.009

cis-5, cis-8, cis-11, cis-14 20:4 0.89 ± 0.018 ND 0.02 ± 0.002

cis-8, cis-11, cis-14, cis-17 20:4 0.89 ± 0.018 ND 0.20 ± 0.022

(trans)-7, (cis)-11, (cis)-14, (cis)-17 20:4 ND ND 0.02 ± 0.008

cis-5, cis-8, cis-11, cis-14, cis-17 20:5 15.9 ± 0.398 ND 0.18 ± 0.034

cis-12, cis-15, cis-18 21:3 0.01 ± 0.001 ND 0.01 ± 0.005

cis-9, cis-12, cis-15, cis-18 21:4 ND ND 0.01 ± 0.002

cis-6, cis-9, cis-12, cis-15, cis-18 21:5 0.68 ± 0.021 ND 0.05 ± 0.016
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m/z 182, 194, 250, 262, 290, 302, 330 and 342 (Fig. 8b)

confirmed a D8,13,16,19 22:4 structure [22, 26, 27]. Sim-

ilarly, readily discernible 12 amu gaps in the mass spec-

trum of DMOX derivatives also enabled D7,13,16,19 22:4

and D10,13,16,19 22:4 in FO omasal digesta to be identi-

fied (Table 1). Retention time comparisons with authentic

FAME standards and the elution order of geometric iso-

mers of 18:3 methyl esters during GC analysis was used in

combination with the recorded mass spectra of DMOX

derivatives to identify trans-8, cis-13, cis-16, cis-19 22:4,

cis-7, trans-13, cis-16, cis-19 22:4 and trans-10, trans-13,

cis-16, cis-19 22:4.

Four 22:3 intermediates were detected in variable con-

centrations in FO omasal digesta (Table 3). The DMOX

derivative of D12,16,19 22:3 included ion fragments sep-

arated by 12 amu gaps at m/z 238, 250, 292, 304, 332 and

344 (Fig. 8c) that located double bonds at D12, D16 and

D19, respectively [22, 25, 26]. A prominent ion at m/z 278

(Fig. 8c) confirmed the presence of allylic bonds at D12

and D16. A putative trans-12, cis-16, cis-19 22:3 structure

Fig. 7 Gas chromatography-electron-impact mass spectrum of the

4,4-dimethyloxaline (DMOX) derivative of (a) trans-7, cis-11, cis-14,

cis-17 20:4, (b) trans-9, trans-14, trans-17 20:3, (c) trans-10, trans-

14, cis-17 20:3, (d) trans-11, cis-14, cis-17 20:3 and (e) trans-13, cis-

17 20:2 detected in omasal digesta of cows fed grass silage-based

diets containing fish oil. The mass spectrum of DMOX derivatives in

Fig. 7a–e corresponds to peaks #58, #41, #48, #50 and #35,

respectively, in the GC chromatogram of methyl esters
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was deduced based on retention time during GC analysis of

FAME. Trace amounts of D10,13,17 22:3 in fish oil and FO

omasal digesta (Table 3) were able to be identified based

on ions at m/z 210, 222, 250, 262, 292, 304 and 316 in the

DMOX mass spectrum (Table 1), but it was not possible to

establish or speculate on double bond geometry.

Inclusion of fish oil in the diet resulted in the appearance

of 22:2n-6 and D12,17 22:2 in omasal digesta (Table 3).

GC–MS analysis of DMOX derivatives confirmed the 22:2

structure based on a molecular ion at m/z 389, while ion

fragments at m/z 252, 264, 292 and 304 located the position

of double bonds at D13 and D16 (Table 1) and ions sepa-

rated by 12 amu intervals at m/z 238, 250, 306 and 318

indicated double bonds at D12 and D17 (Fig. 8d). Differ-

ences in the retention time during GC analysis between an

authentic 22:2n-6 methyl ester standard and the D12,17

22:2 biohydrogenation intermediate corroborated the

identification of trans-12, trans-17 22:2.

Both fish oil and FO omasal digesta contained cis-11,

-13 and -15 22:1 while trace amounts of cis-13 22:1 were

also detected in the digesta of cows fed the Control diet

(Table 3).

Detailed analysis of DMOX prepared from total lipid of

omasal digesta provided no evidence of 20-, 21- or

22-carbon conjugated intermediates (Fig. 5). During GC

analysis of FAME, several peaks in omasal digesta but

absent in fish oil were found to elute towards the end of

chromatogram between 54.6 and 54.9 min (Fig. 4).

Retention time comparisons with authentic standards were

consistent with the occurrence of one or more oxygenated

18-carbon fatty acids. GC–MS analysis of FAME and

DMOX derivatives prepared from experimental samples

Table 3 Mean concentration of 22-, 23- and 24-carbon fatty acids in refined fish oil and omasal digesta of lactating cows fed grass silage-based

diets supplemented with 0 (Control) or 250 g/day of refined fish oil (FO)

Concentration (g/100 g fatty acids) Fish oila Digestab

Control FO

22:0 0.11 ± 0.003 0.61 ± 0.036 0.56 ± 0.026

cis-11 22:1 1.18 ± 0.009 ND 0.12 ± 0.062

cis-13 22:1 0.27 ± 0.003 0.03 ± 0.006 0.10 ± 0.006

cis-15 22:1 0.10 ± 0.002 ND 0.06 ± 0.008

cis-13, cis-16 22:2 0.03 ± 0.012 ND 0.02 ± 0.004

trans-12, trans-17 22:2 NDc ND 0.03 ± 0.011

cis-10, cis-13, cis-16 22:3 ND ND 0.02 ± 0.012

(cis)-10, (trans)-14, (cis)-19 22:3 ND ND 0.08 ± 0.004

(trans)-12, (cis)-16, (cis)-19 22:3 ND ND 0.14 ± 0.070

D10,13,17 22:3 0.02 ± 0.003 ND 0.19 ± 0.014

cis-7, cis-10, cis-13, cis-16 22:4 0.08 ± 0.003 ND ND

cis-10, cis-13, cis-16, cis-19 22:4 0.09 ± 0.007 ND 0.35 ± 0.136

(cis)-7, (trans)-13, (cis)-16, (cis)-19 22:4 ND ND 0.05 ± 0.010

(trans)-8, (cis)-13, (cis)-16, (cis)-19 22:4 ND ND 0.13 ± 0.027

(trans)-10, (trans)-13, (cis)-16, (cis)-19 22:4 ND ND 0.03 ± 0.007

cis-4, cis-7, cis-10, cis-13, cis-16 22:5 0.26 ± 0.008 ND ND

cis-7, cis-10, cis-13, cis-16, cis-19 22:5 1.87 ± 0.059 ND 0.13 ± 0.047

(trans)-5, (cis)-10, (cis)-13, (cis)-16, (cis)-19 22:5 ND ND 0.05 ± 0.022

cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 22:6 10.3 ± 0.342 ND 0.09 ± 0.026

23:0 0.02 ± 0.003 0.11 ± 0.008 0.12 ± 0.014

cis-8, cis-11, cis-14, cis-17, cis-20 23:5 0.03 ± 0.009 ND ND

24:0 0.30 ± 0.015 0.57 ± 0.036 0.18 ± 0.034

cis-9, cis-12, cis-15, cis-18, cis-21 24:5 0.15 ± 0.004 ND 0.01 ± 0.003

cis-6, cis-9, cis-12, cis-15, cis-18, cis-21 24:6 0.16 ± 0.006 ND ND

Parenthesis indicate tentative geometry of double bonds as inferred based on retention times and elution order of fatty acid methyl esters during

GC analysis relative to authentic methyl ester standards
a Values are expressed as mean ± SE (n = 3)
b Values are expressed as mean ± SE (n = 5)
c Not detected
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and available authentic standards, combined with reference

to published mass spectra [31–34], enabled the appearance

of 9-O-18:0, 10-O-18:0 and 13-O-18:0 in omasal digesta to

be determined. Fish oil in the diet also resulted in the

appearance of 10-O-16:0 in omasal digesta (Fig. 3).

The mass spectrum of the methyl ester of 10-O-18:0

indicated a molecular ion at m/z 312 and a characteristic

fragmentation pattern with abundant ions at m/z 141, 171

and 199 arising from alpha cleavage with respect to the oxo

group and ions at m/z 156 (155 ? H) and 214 (213 ? H)

corresponding to beta cleavage (Fig. 9a) enabling the

position of the oxo group to be located at the D10 position

[31, 34]. GC–MS analysis of the corresponding DMOX

derivative confirmed the appearance of 10-O-18:0 in

omasal digesta based on a molecular ion at m/z 351,

fragments at m/z 196 and 210 due to cleavages alpha and

beta to the oxo group on the side of the oxiran ring and less

abundant ions at m/z 238, 253 and 266 arising from

cleavages on the other side of the oxo group (Fig. 9b) [33].

The mass spectrum of the methyl ester of 13-O-18:0 con-

tained several diagnostic ions at m/z 99, 114, 167, 199, 241

and 256 (Fig. 9c) locating the position of the oxo group

at the D13 position [31]. An expected molecular ion at

m/z 312 was not detected (Fig. 9c) but could be deduced

from the ion at m/z 281 (M-31). An inferred 13-O-18:0

structure was confirmed based on characteristic ion frag-

ments in the mass spectrum of the corresponding DMOX

derivative at m/z 238, 252, 280, 295 and 308 and a

molecular ion at m/z 351 (Fig. 9d) [33].

Analysis of lipid in omasal digesta of cows fed grass-

silage-based diets supplemented with 0 or 250 g/day of

refined fish oil along with measurements of nutrient flow at

the omasum [7] provided the first quantitative estimates of

the ruminal outflow of long-chain fatty acid biohydroge-

nation intermediates in cattle (Table 4). Fish oil in the diet

enhanced (P \ 0.05) the flow of 20:5n-3, 22:5n-3, 22:6n-3

and 24:5n-3, but the increases were marginal relative to

intake (Table 4). Ruminal long-chain fatty acid balance

determined as the difference between flow at the omasum

and intake confirmed that 20:4n-6, 20:5n-3, 22:4n-6, 22:5n-

3, 22:6n-3, 23:5n-3, 24:5n-3 and 24:6n-3 were extensively

hydrogenated in the rumen (95.6, 97.6, 100.0, 88.1, 98.2,

100.0, 87.4 and 100%, respectively), but also indicated a

lower apparent disappearance of 20:2n-6 and 20:4n-3 in the

rumen (3.0 and 66.9%, respectively). Inclusion of fish oil in

the diet increased (P \ 0.05) the flow of 20- and 22-carbon

Fig. 8 Gas chromatography-electron-impact mass spectrum of the

DMOX derivative of trans-5, cis-10, cis-13, cis-16, cis-19 22:5 (a),

trans-8, cis-13, cis-16, cis-19 22:4 (b), trans-12, cis-16, cis-19 22:3

(c) and trans-12, cis-17 22:2 (d) detected in omasal digesta in cows

fed grass silage-based diets containing refined fish oil. The mass

spectrum of DMOX derivatives in Fig. 8a–d corresponds to peaks

#82, #75, #68 and #56, respectively in the GC chromatogram of

methyl esters
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intermediates containing at least one trans double bond

from between 0.08–2.00 and 0.14-1.09 g/day, respectively

(Table 4). Furthermore, measurements of ruminal fatty

acid balance also indicated that fish oil in the diet was

associated with the net synthesis of several all cis

20- (20:2n-3, 20:3n-3 and 20:3n-6), 21- (21:3n-3, 21:4n-3)

and 22- (22:2n-6, 22:3n-6 and 22:4n-3) carbon fatty acids

(Table 4). Even though fish oil in the diet increased the

intake of 20- and 22-carbon unsaturated fatty acids, rumi-

nal 20:0 and 22:0 balance was lower (P \ 0.05) in cows

fed the control than the FO treatment (Table 4). Fish oil in

the diet also enhanced (P \ 0.05) the flow of 10-O-16:0,

9-O-18:0 ? 10-OH-18:0 and 10-O-18:0 at the omasum

from 0.0, 0.12 and 2.00 to 1.91, 1.20 and 19.4 g/day, but

had no effect (P [ 0.05) on ruminal outflow of 13-O-18:0

(0.61 and 0.46 g/day for the Control and FO, respectively).

Discussion

The present report documents the re-analysis of omasal

digesta collected from cows fed 0 or 250 g/day of refined

fish oil. A more detailed analysis was initiated due to the

relatively high number of unknown peaks in the GC

chromatogram of methyl esters prepared from the non-

esterified fatty acid fraction that could not be identified due

to the lack of authentic standards. However, elucidating the

structure of unknown intermediates in order to understand

the fate of long-chain unsaturated fatty acids in the rumen

relies on the assumption that no substantial changes in lipid

composition occurred during the storage of digesta. Com-

parable flows of 20:4n-3, 20:5n-3, 22:4n-3, 22:5n-3 and

22:6n-3 at the omasum of cows on the Control and FO

treatments based on the analysis of non-esterified fatty

acids [7] or total lipid confirm that there were no sub-

stantial changes in the abundance of 20- and 22- carbon

polyenoic fatty acids in samples used in this and earlier

analysis. Furthermore, analysis of total lipid in omasal di-

gesta also revealed that 10-O-16:0 in the non-esterified

fatty acid fraction of FO omasal digesta was erroneously

identified as 22:5n-6 [7].

Comparisons of the profile of FAME in fish oil and

omasal digesta revealed the occurrence of numerous novel

20-, 21- and 22-carbon fatty acids in fish oil digesta,

indicating that these isomers must originate from the

incomplete hydrogenation of fish oil fatty acids in the

Fig. 9 Gas chromatography-electron-impact mass spectrum of a the

methyl ester of 10-O-18:0, b DMOX derivative of 10-O-18:0,

c methyl ester of 13-O-18:0, and d 4,4-dimethyloxaline derivative of

13-O-18:0 detected in omasal digesta in cows fed grass silage-based

diets containing refined fish oil
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Table 4 Mean flow at the omasum and ruminal balance of long-chain fatty acids in lactating cows fed grass silage-based diets supplemented

with 0 (Control) or 250 g/day of refined fish oil (FO)

Fatty acid Flow at the omasum (g/day) Ruminal balance (g/day)a

Control FO SEM P value Control FO SEM P value

20:0 4.33 3.14 0.349 0.074 3.50 1.87 0.255 0.011

cis-8 20:1 0.0 0.0 – – 0.00 -0.32 \0.01 \0.001

cis-9 20:1 0.0 0.0 – – 0.00 -0.37 \0.01 \0.001

cis-11 20:1 0.51 2.37 0.117 \0.001 -0.82 -0.85 0.098 0.831

cis-12 20:1 0.13 0.00 0.01 0.001 0.13 0.00 0.010 0.001

cis-13 20:1 0.0 0.53 0.018 \0.001 0.00 0.01 0.018 0.845

cis-14 20:1 0.0 0.17 0.042 0.050 0.00 0.17 0.042 0.049

cis-15 20:1 0.0 0.11 0.021 0.022 0.00 0.05 0.021 0.156

trans-9 20:1 0.03 0.25 0.039 0.017 0.03 0.25 0.040 0.017

trans-11 20:1 0.12 0.43 0.102 0.095 0.12 0.43 0.102 0.094

trans-12 20:1 0.06 0.46 0.107 0.059 0.06 0.46 0.107 0.059

trans-13 20:1 0.08 0.66 0.177 0.665 0.01 0.66 0.177 0.084

trans-14 20:1 0.09 0.58 0.159 0.095 0.09 0.57 0.158 0.010

trans-15 20:1 0.16 1.58 0.571 0.155 0.16 1.58 0.571 0.155

cis-8, cis-11 20:2 0.0 0.0 – – 0.00 -0.39 \0.01 \0.001

cis-11, cis-14 20:2 0.14 0.64 0.083 0.013 -0.17 -0.01 0.074 0.212

cis-14, cis-17 20:2 0.0 0.20 0.011 \0.001 0.00 0.20 0.012 \0.001

cis-10, trans-15 20:2 0.0 0.26 0.046 0.016 0.00 0.26 0.046 0.016

trans-11, cis-15 20:2 0.0 0.89 0.055 \0.001 0.00 0.89 0.055 \0.001

trans-11, cis-17 20:2 0.0 0.47 0.045 0.002 0.00 0.47 0.043 0.002

trans-13, cis-17 20:2 0.0 2.00 0.285 0.008 0.00 2.00 0.286 0.008

trans-14, cis-17 20:2 0.0 1.07 0.163 0.010 0.00 1.07 0.163 0.010

trans-9, trans-15 20:2 0.0 1.38 0.153 0.003 0.00 1.38 0.154 0.003

trans-10, trans-16 20:2 0.0 1.19 0.110 0.002 0.00 1.19 0.110 0.002

trans-11, trans-15 20:2 0.0 0.89 0.099 0.003 0.00 0.88 0.099 0.003

trans-13, trans-17 20:2 0.0 0.39 0.040 0.003 0.00 0.39 0.040 0.003

cis-8, cis-11, cis-14 20:3 0.0 0.33 0.022 \0.001 0.00 0.01 0.021 0.829

cis-11, cis-14, cis-17 20:3 0.0 1.45 0.140 0.002 0.00 1.21 0.141 0.004

(cis)-11, (cis)-14, (trans)-17 20:3 0.0 0.39 0.035 0.002 0.00 0.39 0.035 0.001

D10,14,17 20:3b 0.0 0.26 0.031 0.004 0.00 0.27 0.031 0.004

D11,14,17 20:3b 0.0 0.16 0.011 0.001 0.00 0.16 0.012 0.001

(trans)-11, (cis)-14, (cis)-17 20:3 0.0 0.77 0.025 \0.001 0.00 0.77 0.024 \0.001

(trans)-10, (trans)-14, (cis)-17 20:3 0.0 0.69 0.104 0.009 0.00 0.69 0.104 0.009

(trans)-9, (trans)-14, (trans)-17 20:3 0.0 0.17 0.009 \0.001 0.00 0.17 0.008 \0.001

(trans)-10, (trans)-14, (trans)-17 20:3 0.0 0.27 0.147 \0.001 0.00 0.27 \0.01 \0.001

D11,14,18 20:3 0.0 0.08 0.021 0.060 0.00 0.08 0.022 0.060

cis-5, cis-8, cis-11, cis-14 20:4 0.0 0.10 0.009 0.002 0.00 -2.16 0.009 \0.001

cis-8, cis-11, cis-14, cis-17 20:4 0.0 1.11 0.052 \0.001 -1.99 -2.25 0.058 0.033

(trans)-7, (cis)-11, (cis)-14, (cis)-17 20:4 0.0 0.11 0.014 0.006 0.00 0.11 0.013 0.004

cis-5, cis-8, cis-11, cis-14, cis-17 20:5 0.0 1.05 0.082 0.001 0.00 -42.5 0.082 \0.001

cis-12, cis-15, cis-18 21:3 0.0 0.04 0.008 0.027 0.00 0.02 0.008 0.115

cis-9, cis-12, cis-15, cis-18 21:4 0.0 0.07 0.003 \0.001 0.00 0.07 0.003 \0.001

cis-6, cis-9, cis-12, cis-15, cis-18 21:5 0.0 0.33 0.109 \0.001 0.00 -1.42 \0.01 \0.001

22:0 3.24 2.95 0.092 0.091 -0.49 -0.28 0.117 0.280

cis-11 22:1 0.0 0.63 0.089 0.007 0.00 -1.90 0.089 \0.001

cis-13 22:1 0.17 0.59 0.044 0.002 0.17 0.00 0.044 0.054

Lipids (2011) 46:587–606 601

123



rumen. In total, 27 novel 20-, 21- and 22-carbon fatty acids

containing at least one trans double bond and several

unique all cis long-chain polyunsaturated fatty acids were

detected in variable concentrations in omasal digesta of

cows fed fish oil, with the implication that the hydroge-

nation of long-chain unsaturated fatty acids in the rumen

involves a complicated series of metabolic reactions and

the formation of numerous intermediates. GC–MS analysis

of FAME confirmed chain length and degree of unsatura-

tion of 20- to 24-carbon fatty acids in fish oil and omasal

digesta but did not yield sufficient information enabling the

position of double bonds to be located, which can be

attributed to the high sensitivity of the carboxyl group to

fragmentation and the propensity of double bonds in

unsaturated methyl esters to migrate along the carbon chain

[24].

During analysis of FAME by GC and GC–MS, the rel-

ative retention times of FAME, especially those of satu-

rated compared with unsaturated methyl esters, were found

to differ between CP-Sil 88 columns obtained from the

same supplier, causing, for instance, the elution order of

20:5n-3 and 24:0 to vary, which is consistent with previous

reports [35]. Furthermore, the use of helium as a carrier gas

during GC–MS analysis was found to alter the relative

retention times of certain FAME compared with hydrogen

used for GC analysis. Differences in chromatography

between columns, carrier gases and also the molecular

weight of analysed fatty acid derivatives served to com-

plicate the cross-referencing of peaks between GC and

GC–MS analysis and the identification of minor fatty acids

in analysed samples. Pinpointing unknown peaks resolved

during GC analysis of FAME in the total ion chromato-

gram during GC–MS analysis of FAME and DMOX

derivatives was achieved based on the relative abundance

of specific isomers in omasal digesta and repeated injection

and analysis of fatty acid derivatives over an extended

period enabling variations in relative retention time and

elution order of FAME and DMOX to be taken into

account. While it is generally accepted that DMOX

derivatives exhibit chromatographic properties comparable

to those of FAME [23, 24], the current investigation

highlighted that even subtle variations in the relative

Table 4 continued

Fatty acid Flow at the omasum (g/day) Ruminal balance (g/day)a

Control FO SEM P value Control FO SEM P value

cis-15 22:1 0.0 0.32 0.008 \0.001 0.00 0.11 0.007 \0.001

cis-13, cis-16 22:2 0.0 0.10 0.008 0.001 0.00 0.03 0.009 0.057

trans-12, trans-17 22:2 0.0 0.19 0.032 0.014 0.00 0.19 0.031 0.014

cis-10, cis-13, cis-16 22:3 0.0 0.14 0.030 0.028 0.00 0.15 0.029 0.026

(cis)-10 (trans)-14, (cis)-19 22:3 0.0 0.46 0.092 \0.001 0.00 0.46 \0.01 \0.001

(trans)-12, (cis)-16 (cis)-19 22:3 0.0 0.84 0.154 0.019 0.00 0.84 0.154 0.019

D10,13,17 22:3 0.0 1.09 0.055 \0.001 0.00 1.04 0.055 \0.001

cis-7, cis-10, cis-13, cis-16 22:4 0.0 0.0 – – 0.00 -1.17 \0.01 \0.001

cis-10, cis-13, cis-16, cis-19 22:4 0.0 1.92 0.175 0.002 0.00 1.72 0.177 0.002

(cis)-7, (trans)-13, (cis)-16, (cis)-19 22:4 0.0 0.30 0.008 \0.001 0.00 0.30 0.009 \0.001

(trans)-8, (cis)-13, (cis)-16, (cis)-19 22:4 0.0 0.74 0.040 \0.001 0.00 0.74 0.040 \0.001

(trans)-10, (trans)-13, (cis)-16, (cis)-19 22:4 0.0 0.14 0.010 0.001 0.00 0.14 0.011 0.001

cis-4, cis-7, cis-10, cis-13, cis-16 22:5 0.0 0.0 – – 0.00 -0.86 \0.01 \0.001

cis-7, cis-10, cis-13, cis-16, cis-19 22:5 0.0 0.71 0.076 0.001 0.00 -5.23 0.076 \0.001

(trans)-5, (cis)-10, (cis)-13, (cis)-16, (cis)-19 22:5 0.0 0.30 0.030 0.002 0.00 0.30 0.031 0.002

cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 22:6 0.0 0.49 0.045 0.002 0.00 -27.2 0.045 \0.001

23:0 0.61 0.70 0.071 0.404 0.61 0.65 0.071 0.720

cis-8, cis-11, cis-14, cis-17, cis-20 23:5 0.0 0.0 – – 0.00 -0.07 \0.01 \0.001

24:0 3.04 2.88 0.207 0.611 -0.74 -1.27 0.055 0.003

cis-9, cis-12, cis-15, cis-18, cis-21 24:5 0.0 0.042 0.004 0.002 0.00 -0.29 0.004 \0.001

cis-6, cis-9, cis-12, cis-15, cis-18, cis-21 24:6 0.0 0.0 – – 0.00 -0.35 \0.01 \0.001

Parenthesis indicate tentative geometry of double bonds as inferred based on retention times and elution order of FAME during GC analysis

relative to authentic FAME standards
a Calculated as [mean flow at the omasum (g/day) - intake (g/day)] for cows fed grass-silage-based diets supplemented with 0 (Control) or

250 g/day of refined fish oil (FO)
b Retention time comparisons inferred a cis, trans, trans or trans, cis, trans double bond configuration
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retention and elution order of FAME and DMOX deriva-

tives can introduce major challenges in attempts to identify

the structure of minor components in samples containing a

highly complex mixture of fatty acids.

Identification of the structure of unknown fatty acids

was based on GC–MS analysis of DMOX derivatives since

these can be prepared from FAME and purified without

substantial losses of polyenoic fatty acids and are highly

volatile, allowing the recording of mass spectra even for

isomers at very low concentrations in complex samples

under the same chromatographic conditions applied to

FAME [23]. However, some reports have indicated that, in

certain circumstances, fatty acid derivatization may cause

the isomerization of double bonds and formation of arte-

facts [36–38]. Prior to the preparation of DMOX from

FAME of fish oil and omasal digesta, a wide range of

authentic FAME standards containing between one and six

double bonds were converted to DMOX derivatives and

analysed by GC–MS. There was no evidence based on the

chromatography, order of elution of DMOX derivatives

relative to parent FAME, or from the recorded mass

spectrum to indicate that heating at 170 �C overnight

altered the composition of fatty acids in the analysed

samples.

Fractionation of FAME according to the degree of un-

saturation and double bond geometry by Ag?-TLC allowed

cis and trans monoenoic fatty acids to be completely

resolved, confirming the configuration of double bonds for

20:1 and 22:1 isomers. Despite the fractionation of FAME

prior to the conversion of DMOX derivatives, it was not

possible to elucidate the structure of all 20- and 22- carbon

fatty acids due to a very low abundance and/or co-elution

with other components. A mixture of hexane and diethyl

ether was used to develop TLC plates based on reports that

this solvent system resolves trans and cis 18:1 isomers in

bovine milk fat [14, 19, 20], and therefore applied in the

analysis of omasal digesta due to the occurrence of cis and

trans 20:1 and cis 22:1 isomers. Previous investigations

have reported the separation of methyl esters of cis 20:1,

cis 22:1, trans 20:1, trans 22:1 and geometric isomers of

20:5n-3 and 22:6n-3 by Ag?-TLC using plates developed

with a mixture (50:50, v/v) of toluene and hexane [39] or a

mixture (85:15, v/v) of toluene and methanol [40, 41], but

the use of alternative solvents was not explored further in

the current analysis. Methyl esters of 22-carbon fatty acids

containing four or more double bonds were not resolved by

Ag?-TLC, which, combined with the inability of GC–MS

analysis of DMOX derivatives to distinguish between

geometric isomers, meant that inferences on double

geometry of specific biohydrogenation intermediates in

omasal digesta of cows fed fish oil had to be drawn on the

basis of retention times and order of elution relative to

authentic standards during GC analysis.

Fish oil in the diet is known to alter the hydrogenation of

unsaturated fatty acids in the rumen, causing an increase in

the flow of 16:1, 18:1, and 18:2 intermediates at the

omasum or duodenum in cattle [7–9]. Studies in sheep have

demonstrated that the inhibitory effects of fish oil fatty

acids on the reduction of trans 18:1–18:0 is also associated

with the accumulation of 10-OH-18:0 [42] and 10-O-18:0

[43] in the rumen. Identification of oxygenated 18-carbon

fatty acids in Control and FO digesta confirmed that fish oil

in the diet causes an increase in ruminal outflow of 10-O-

16:0, 9-0-18:0, 10-OH-18:0 and 10-O-18:0 in cattle but has

no effect on 13-O-18:0 at the omasum. Incubations of fatty

acid substrates with rumen fluid or pure cultures of rumen

bacteria have established that cis-9 18:1 [44–46] and trans-

10 18:1 [46] can be hydrated to yield 10-OH-18:0, which is

further oxidized to 10-O-18:0. Rumen bacteria are also

known to be capable of converting 18:2n-6 to cis-9, 13-OH

18:1 [47]. It remains uncertain if one or more fatty acids in

fish oil promote the hydration of unsaturated fatty acids or

alternatively inhibit further transformations of 18-carbon

oxo fatty acids in the rumen.

The inhibitory effects of fish oil in the diet on the

complete reduction of 18-carbon unsaturated fatty acids to

18:0 in the rumen are thought to be related to the toxic

effects of 20:5n-3 and 22:6n-3 on the growth and metabolic

activity of ruminal bacteria capable of biohydrogenation

[12, 48, 49]. Even though it is well established that 20:5n-3

and 22:6n-3 are extensively hydrogenated in the rumen

[7–9], the intermediates formed and metabolic pathways

responsible are not known.

Fish oil in the diet enhanced the flow of 20:5n-3, 22:5n-3

and 22:6n-3 at the omasum, with the increases determined

from the analysis of total lipid in omasal digesta being

almost identical to those based on the flow of non-esterified

fatty acids at the omasum [7], indicating that the small

amounts of long-chain fatty acids that escape the rumen are

in free fatty acid form. Measurements of ruminal fatty acid

balance indicated that fish oil in the diet resulted in the net

synthesis of cis-14 20:1, 20:2n-3, 20:3n-3, 21:3n-3, 21:4n-

3, 22:2n-6, 22:3n-6 and 22:4n-3. Extensive investigations

have not yielded any substantive evidence that the carbon

chain of unsaturated fatty acids is elongated or shortened

during biohydrogenation in the rumen [50, 51]. Therefore,

the occurrence of 21:3n-3 and 21:4n-3 in FO digesta must

arise from the hydrogenation of 21:5n-3 in fish oil by a

series of reactions that result in the sequential reduction of

cis double bonds at D6 and D9. A serial reduction of double

bonds closest to the carboxyl group also appears to repre-

sent one of the main pathways explaining the disappear-

ance of 20:5n-3 and 22:6n-3 in the rumen. Hydrogenation

of 20:5n-3 involving the reduction of cis double bonds at

D5, D8 and D11 offers an explanation for the formation and

accumulation of 20:2n-3 and 20:3n-3 and the lower extent
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of hydrogenation of 20:4n-3 than 20:5n-3 in the rumen.

Similarly, the lower ruminal hydrogenation of 22:5n-3

compared with 22:6n-3, along with the net synthesis of

22:4n-3 provides further evidence that one of the main

transformations of 22:6n-3 in the rumen involves the initial

removal of the double bond between carbon atoms 4 and 5

followed by the reduction of the double bond at D7.

Measurements of ruminal fatty acid balance in cows fed

fish oil also suggest that hydrogenation of 20:4n-6 may

proceed via the reduction of double bonds at D5 and D8 to

yield 20:2n-6, and that hydrogenation of 22:5n-6 involves

the formation of 22:4n-6, 22:3n-6 and 22:2n-6 via

sequential reduction of double bonds at D4, D7 and D10.

Inclusion of fish oil in the diet also resulted in the

accumulation of numerous polyenoic 20- and 22-carbon

intermediates containing at least one trans double bond,

indicating that hydrogenation of long-chain unsaturated

fatty acids also involves the isomerisation of cis double

bonds. Owing to the complex composition of fish oil it is

not possible to establish the metabolic origins of many of

these biohydrogenation intermediates. However, the posi-

tion of double bonds in trans-5, cis-10, cis-13, cis-16, cis-

19 22:5 identified in FO omasal digesta indicate that this

intermediate must originate from metabolism of 22:6n-3 in

the rumen by a series of reactions involving isomerization

of the cis-4 double bond and reduction of the cis-7 double

bond. Furthermore, isomerisation of the cis bond between

carbon atoms 8 and 9 in 20:4n-3 would also account for the

formation of trans-7, cis-11, cis-14, cis-17 20:4 in the

rumen but it remains unclear if this intermediate arises

from 20:4n-3 in fish oil or from 20:4n-3 liberated from

20:5n-3 following the reduction of the cis-5 double bond.

Since fish oil contained 18-fold more 20:5n-3 than 20:4n-3,

it seems more likely that trans-7, cis-11, cis-14, cis-17 20:4

originates from 20:5n-3 in the diet.

By analogy with the known pathways of 18-carbon

unsaturated fatty acid metabolism in the rumen it has been

speculated that ruminal hydrogenation of 20:5n-3 and

22:6n-3 yields intermediates with 5 or 6 double bonds,

containing at least one trans double bond [51]. Omasal

digesta of cows on the FO treatment was devoid of 20:5 or

22:6 biohydrogenation intermediates, and no 20- and

22-carbon fatty acids containing a conjugated double bond

were detected. Several studies have reported the occurrence

of geometric and position isomers of conjugated 18:2 in

omasal or duodenal digesta of cattle [7–9], and the

appearance of cis-9, trans-11, cis-15 18:3 in omasal digesta

of cows fed grass-silage-based diets [52]. Even though

intermediates produced during the initial stages of biohy-

drogenation are known to be transient and rapidly hydro-

genated [50, 51], it has been possible to isolate and identify

conjugated intermediates formed during incubations of

18:2n-6 and 18:3n-3 with ruminal fluid [12, 53, 54]. An

absence of conjugated 20- or 22- fatty acids in digesta of

cows fed fish oil requires further corroboration based on

reverse-phase HPLC analysis of FAME [55], but evidence

from this investigation suggests that the first committed

steps of 20:5n-3, 21:5n-3, 22:5n-3 and 22:6n-3 hydroge-

nation in the rumen do not appear to involve the formation

of a conjugated bond system.

Fish oil in the diet enhanced the flow of trans 20:1 and

trans 22:1 isomers at the omasum consistent with recent

reports on temporal changes in fatty acid composition of

ruminal digesta of sheep fed high concentrate diets con-

taining fish oil and sunflower oil [43]. Increases in ruminal

outflow of trans 20:1 and trans 22:1 were not accompanied

by higher amounts of 20:0 and 22:0 leaving the rumen,

indicating that one or more fatty acids in fish oil inhibit the

complete hydrogenation of 20- and 22-carbon unsaturated

fatty acids in the rumen. Studies in growing cattle have also

shown that incremental amounts of fish oil in the diet do

not increase 20:0 and 22:0 at the duodenum [8, 9].

Incubations with rumen fluid have established that

20:5n-3 and 22:6n-3 inhibit the complete hydrogenation of

18-carbon unsaturated fatty acids causing trans 18:1 iso-

mers to accumulate [11]. Changes in the flow of trans 20:1

biohydrogenation intermediates were also accompanied by

an increase in the amount of cis-11, -13, -14 and cis-15

20:1 at the omasum that may reflect ruminal escape of

these fatty acids contained in fish oil, or formation of these

isomers during the hydrogenation of 20-carbon polyun-

saturated fatty acids in the rumen. Ruminal escape of fish

oil fatty acids may also account for the increase in cis-11,

-13 and -15 22:1 in FO omasal digesta, but the possibility

that one or more of these isomers is formed during the

penultimate step of 22-carbon polyunsaturated fatty acid

hydrogenation in the rumen cannot be excluded.

Detailed analysis of lipid in omasal digesta of cows fed

FO suggests that hydrogenation of long-chain polyenoic

fatty acids in the rumen may proceed via two distinct

mechanisms that involve sequential reduction and/or

isomerization of cis double bonds closest to the carboxyl

group. Further studies examining the fate of C13 labeled

20:5n-3 and 22:6n-3 administered in the rumen in vivo or

incubations of pure fatty acid substrates with mixed rumen

bacteria in the presence of deuterium oxide [46, 54] are

required to verify these considerations. Techniques applied

to the analysis of fatty acid composition allowed carbon

chain length and double bond position for most of the

20- and 22-carbon biohydrogenation intermediates in

omasal digesta to be identified, but the structure of several

minor fatty acids remains unknown. Furthermore, double

bond geometry of most polyenoic biohydrogenation inter-

mediates had to be inferred rather than determined. Addi-

tional investigations based on GC–MS analysis of other FA

derivatives including picolinyl esters [24], or analysis of
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FAME by covalent adduct chemical ionization tandem MS

[56, 57], two-dimensional GC analysis [58], GC-Fourier

infrared spectroscopy-MS [59], reverse-phase HPLC [55]

and Ag ? HPLC [41] are required to verify the double

bond geometry of polyenoic biohydrogenation intermedi-

ates and characterize other minor fatty acids formed during

the hydrogenation of long-chain unsaturated fatty acids in

the rumen.

The biological significance of the formation and accu-

mulation of numerous 20- and 22-carbon fatty acids con-

taining one or more trans double bonds in the rumen of

cows fed fish oil remains uncertain. Ruminal outflow of

specific 20- and 22-carbon biohydrogenation intermediates

was of the same magnitude as the amount of 20:5n-3,

22:5n-3 and 22:6n-3 and it is probable that most of these

intermediates are also incorporated into milk fat triacyl-

glycerides and tissue lipids, albeit at low concentrations. A

higher consumption of trans fatty acids in the human diet is

known to be associated with an increase in cardiovascular

disease risk, with recent evidence from clinical trials

implicating 18-carbon fatty acids containing more than one

double bond as being particularly harmful [60]. It is pos-

sible that increases in polyenoic trans fatty acids may

offset some of the expected benefits to human health from

the enrichment of 20:5n-3 and 22:6n-3 in ruminant derived

foods.
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Sébédio J-L, Berdeaux O (2006) Analysis of eicosapentaenoic

and docosahexaenoic acid geometrical isomers formed during

fish oil deodorization. J Chromatogr A 1129:21–28

42. Kitessa SM, Gulati SK, Ashes JR, Fleck E, Scott TW, Nichols PD

(2001) Utilisation of fish oil in ruminants—I. Fish oil metabolism

in sheep. Anim Feed Sci Technol 89:189–199

43. Toral PG, Shingfield KJ, Hervás G, Toivonen V, Frutos P (2010)

Effect of fish oil and sunflower oil on rumen fermentation

characteristics and fatty acid composition of digesta in ewes fed a

high concentrate diet. J Dairy Sci 93:4804–4817

44. Hudson JA, MacKenzie CA, Joblin KN (1995) Conversion of

oleic acid to 10-hydroxystearic acid by two species of ruminal

bacteria. Appl Microbiol Biotechnol 44:1–6

45. Jenkins TC, AbuGhazaleh AA, Freeman S, Thies EJ (2006) The

production of 10-hydroxystearic and 10-ketostearic acids is an

alternative route of oleic acid transformation by the ruminal

microbiota in cattle. J Nutr 136:926–931

46. McKain N, Shingfield KJ, Wallace RJ (2010) Metabolism of

conjugated linoleic acids and 18:1 fatty acids by ruminal bacteria:

products and mechanisms. Microbiology 156:579–588

47. Hudson JA, Morvan B, Joblin KN (1998) Hydration of linoleic

acid by bacteria isolated from ruminants. FEMS Microbiol Lett

169:277–282

48. Maia MRG, Chaudhary LC, Figueres L, Wallace RJ (2007)

Metabolism of polyunsaturated fatty acids and their toxicity

to the microflora of the rumen. Antonie van Leeuwenhoek

91:303–314

49. Maia MRG, Chaudhary LC, Bestwick CS, Richardson AJ,

McKain N, Larson TR, Graham IA, Wallace RJ (2010) Toxicity

of unsaturated fatty acids to the biohydrogenating ruminal bac-

terium, Butyrivibrio fibrisolvens. BMC Microbiol 10:52

50. Harfoot CG, Hazlewood GP (1988) Lipid metabolism in the

rumen. In: Hobson PN (ed) The rumen microbial ecosystem.

Elsevier, London, pp 285–322

51. Jenkins TC, Wallace RJ, Moate PJ, Mosley EE (2008) BOARD-

INVITED REVIEW: recent advances in biohydrogenation of

unsaturated fatty acids within the rumen microbial ecosystem.

J Anim Sci 86:397–412

52. Shingfield KJ, Ahvenjärvi S, Toivonen V, Vanhatalo A, Huhta-

nen P, Griinari JM (2008) Effect of incremental levels of sun-

flower-seed oil in the diet on ruminal lipid metabolism in

lactating cows. Br J Nutr 99:971–983

53. Jouany J-P, Lassalas B, Doreau M, Glasser F (2007) Dynamic

features of the rumen metabolism of linoleic acid, linolenic acid

and linseed oil measured in vitro. Lipids 42:351–360

54. Wallace RJ, McKain N, Shingfield KJ, Devillard E (2007) Iso-

mers of conjugated linoleic acids are synthesized via different

mechanisms in ruminal digesta and bacteria. J Lipid Res

48:2247–2254

55. Banni S, Carta G, Contini MS, Angioni E, Deiana M, Dessi MA,

Melis MP, Corongiu FP (1996) Characterization of conjugated

diene fatty acids in milk, dairy products, and lamb tissues. J Nutr

Biochem 7:150–155

56. Michaud AL, Yurawecz MP, Delmonte P, Corl BA, Bauman DE,

Brenna T (2003) Identification and characterization of conjugated

fatty acid methyl esters of mixed double bond geometry by

acetonitrile chemical ionization tandem mass spectrometry. Anal

Chem 75:4925–4930
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Abstract Cholesteryl ester transfer protein (CETP) plays

an important role in reverse cholesterol transport (RCT).

To study on the structure and function of CETP in the tree

shrew, a kind of animal resistant to atherosclerosis, we

completed the cloning of the full-length tree-shrew CETP

cDNA sequence based on the reported partial sequence.

The full-length cDNA of tree shrew CETP was 1,704 bp

and the deduced protein of the cDNA showed a sequence

identity of 81, 80 and 74%, respectively, with the human,

monkey and rabbit CETP. The level of CETP mRNA in the

liver was much more abundant than that in the other tis-

sues. A mutant protein with a substitution of Asn at posi-

tion 110 by Gln was found to possess an impaired secretion

property compared with the wild-type tree shrew CETP.

The mutant proteins, respectively, with a substitution of

Pro at position 344 by Ser and a substitution of Gln at

position 452 by Arg displayed similar secretion ability, but

a decreased cholesteryl ester transfer capability compared

with the wild type (48 and 26% lower, respectively). These

findings demonstrate that liver is the main tissue synthe-

sizing CETP in the tree shrew. Asn at position 110 plays an

important role in the secretion of tree shrew CETP. The

residues at position 344 and 452 play essential roles in

cholesteryl ester transferring process.

Keywords Tree shrew � Cholesteryl ester transfer

protein � Structure � Function

Abbreviations

apoB Apolipoprotein B

AS Atherosclerosis

CE Cholesteryl ester

CETP Cholesteryl ester transfer protein

CHD Coronary heart disease

HDL High density lipoprotein

HDL-C High density lipoprotein cholesterol

LDL Low density lipoprotein

LDL-C Low density lipoprotein cholesterol

RCT Reverse cholesterol transport

VLDL Very low density lipoprotein

Introduction

Tree shrews are animals belonging to the Class Mammalia,

Order Scandentia, Family Tupaiidae, Genus Tupaia and

supposed to be more closely related to humans than the

rodents [1, 2]. It is documented that there is a very high

plasma level of high density lipoprotein (HDL) in the tree

shrew which accounts for about 70% of the total plasma

lipoprotein levels [3]. Moreover, when the tree shrews are

put on a high cholesterol diet, the plasma HDL still remains

a similar high level to that prior to the diet and no typical

atherosclerotic plaques are found in the artery wall though

the gallstones are observed in 70% of the tested tree

shrews. All of these data point out a high resistance of the

tree shrew to atherosclerosis (AS).
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Cholesteryl ester transfer protein (CETP) is a hydro-

phobic plasma glycoprotein, possessing the ability to pro-

mote the transfer of cholesteryl ester (CE) from HDL to

apolipoprotein B (apoB)-containing particles [i.e., very low

density lipoprotein (VLDL) and LDL] in exchange for

triacylglycerols in reverse cholesterol transport (RCT)

[4–6]. Thus, CETP is a key protein in RCT because of its

involvement in the regulation of plasma lipoprotein cho-

lesterol levels and the remodeling of lipoprotein particles.

Although the overall role of CETP in atherosclerosis is still

unclear, numerous studies show that deficiency and

decrease of CETP activity can lead to an increase in high

density lipoprotein cholesterol (HDL-C) as well as a

decrease in low density lipoprotein cholesterol (LDL-C)

and finally a lower incidence of stroke and coronary heart

disease (CHD) [7–9]. However, an increase in CETP

activity decreases HDL-C, increases LDL-C, and finally

increases atherosclerosis [10–12]. Recent comparative

studies show that plasma CETP activity is significantly

lower but the HDL-C/LDL-C ratio is higher in the tree

shrew than in human and in the two species the CETP

activities are negatively related with the HDL-C/LDL-C

ratios, suggesting that the low CETP activity could lead to

the high HDL-C level and resistance to AS in the tree

shrew [13].

In 2001, Zeng et al. [14, 15] cloned the partial sequence

of tree shrew CETP cDNA (AF334033). However, up until

now, the full-length cDNA of tree shrew CETP had still not

been discovered. In this study, we completed the molecular

cloning of the full-length CETP cDNA in the tree shrew

based on the reported partial sequence and revealed the

distribution of CETP mRNA in 12 tissues. We also

expressed tree shrew CETP in COS-7 cells and studied on

the structure and function of tree shrew CETP by site-

directed mutations.

Experimental Procedures

Materials and Reagents

TRIZOL reagent, SuperScriptTM First-Strand Synthesis Sys-

tem for RT-PCR, culture media and reagents, and pcDNA3.1/

myc-His(-)A were purchased from Invitrogen (Carlsbad,

CA, USA). The SMARTTM RACE cDNA Amplification Kit

and Advantage� 2 PCR Kit were purchased from BD Clon-

tech (Palo Alto, CA, USA). The fluorescein isothiocyanate

(FITC) conjugated goat anti-rabbit secondary antibody,

horseradish peroxidase-conjugated mouse anti-rabbit IgG,

and the Enhanced Chemiluminescence (ECL) Western Blot-

ting System were purchased from SantaCruz Biotechnology,

Inc. (Santa Cruz, CA, USA). The CETP activity assay kit was

purchased from BioVision, Inc. (Mountain View, CA, USA).

The high performed transfection kit was purchased from

Vigorous Instruments (Beijing) Co., Ltd. (Beijing, China).

The QuikChangeTM site-directed mutagenesis kit was

purchased from Stratagene (La Jolla, CA, USA). Pyrobest

DNA polymerase, Taq DNA polymerase, EcoRI, and

XbaI, were purchased from TaKaRa Biotechnology

(Dalian) Co., Ltd. (Dalian, China). The SYBR Green I was

purchased from Molecular Probes (Eugene, OR, USA).

The pGEM-T Easy Vector was purchased from Promega

Corporation (Madison, WI, USA). The COS-7 cell line

was purchased from the American Type Culture Collec-

tion (Manassas, VA, USA). All other reagents were from

Sigma-Aldrich Chemical Co (St. Louis, MO, USA) unless

stated otherwise.

Samples

All tissue samples were taken from 6-month-old male tree

shrews (provided by Kunming Institute of Zoology, Chi-

nese Academy of Science) and frozen in liquid nitrogen

until use. The study protocol was approved by the Animal

Research Ethical Committees at the Inner Mongolia Agri-

cultural University and Peking Union Medical College.

Cloning of the 50 Terminal Sequence of Tree Shrew

CETP cDNA

Total RNA from tree shrew liver was prepared using

TRIZOL reagent and checked by agarose gel electropho-

resis. The liver RNA was reverse transcribed to the first

strand cDNA using SMARTTM RACE cDNA Amplifica-

tion Kit. Based on the reported partial sequence of tree

shrew CETP cDNA [14], a specific primer (50-GGTAG-

CAGTTGGGGGCGTTGGTCCG-30) was synthesized for

50 RACE. The RACE procedure was carried out using

Advantage� 2 PCR Kit according to the manufacturer’s

instructions. The PCR products were cloned into pGEM-T

Easy Vector for sequencing.

mRNA Quantitation

The relative expression of CETP mRNA in 12 tissues from

tree shrews was measured by real-time RT PCR using

b-actin as an internal control. Total RNA samples from the

different tree shrew tissues were extracted by TRIZOL

reagent. The RNA was reverse transcribed to the first

strand cDNA using SuperScriptTM First-Strand Synthesis

System for RT-PCR. 1 lg of total RNA, 1 ll of 10 mM

dNTP mix, 1 ll of oligo(dT)12–18 (0.5 lg/ll), and some

diethylpyrocarbonate (DEPC)-treated water were added

into a tube to a final volume of 10 ll, mixed, and incubated

at 65 �C for 5 min, then cooled on ice for at least 1 min. In

a separate tube, 2 ll of 109 RT buffer, 4 ll of 25 mM
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MgCl2, 2 ll of 0.1 M DTT, and 1 ll of RNaseOUTTM

(40 U/ll) were added and mixed with the first mixture. The

mixture was incubated at 42 �C for 2 min. 1 ll of Super-

ScriptTM II RT was added, mixed, and incubated at 42 �C

for 50 min. The reaction was terminated at 70 �C for

15 min and chilled on ice. 1 ll of RNase H was added and

incubated for 20 min at 37 �C. The sample was stored at

-20 �C until use.

The primers for the amplification of tree shrew CETP

cDNA were TC1 (50-CAGTGGACGGTTACTTGGGC-30)
and TC2 (50-GCAGTGTGCGGACCAACG-30). The prim-

ers for the amplification of tree shrew b-actin cDNA

were TA1 (50-TCAGAAGGACTCCTATAGTGG-30) and

TA2 (50-TCTCTTTGATGTCACGCACG-30), which were

designed according to the conserved sequences of the

reported mouse, human, and other animal’s b-actin cDNA.

All Real-Time PCR reactions were performed in a 20 ll

mixture containing 25 ng of the cDNA template, 0.6 ll of

19 SYBR Green buffer, 2 ll of 109 PCR buffer, 0.25 lM

of each primers, 0.5 mM dNTPs mix and 1 Unit of Taq

DNA polymerase. The cycling conditions comprised one

cycle at 95 �C for 5 min, 35 cycles at 94 �C for 30 s, 56 �C

for 30 s and 72 �C for 1 min and 30 s, and one cycle at

72 �C for 10 min. The real-time PCR was performed on the

Opticon Continuous Fluorescence Detection System (MJ

Research Inc., Boston, USA) and the fluorescence thresh-

old value was calculated using the Opticon Continuous

Fluorescence Detection System software. The data was

analyzed by the comparative Ct method (2-DCt method)

[16]. Assay was triplicate.

Construction of the Eukaryotic Expression Vector

of the Wild-Type Tree Shrew CETP Gene

The coding region of the tree shrew CETP cDNA was

amplified by PCR using 50-Forward and 30-Reverse oligo-

nucleotides with desired restriction sites (50 XbaI, 30 EcoRI)

as primers and tree shrew liver cDNA as template. The

primers were TC5 (50-GCTCTAGAGCCATGCTTGCCAC

CACAC-30) and TC3 (50-CGGAATTCCTAACTCAAGCT

CTGGAGG-30). The PCR system was constructed as

shown below: 25 ng of the cDNA template, 2 ll of 109

PCR buffer, 0.25 lM of each primer, 0.5 mM dNTPs mix

and 1 Unit of Pyrobest DNA polymerase (TaKaRa).Ther-

mal cycling was done using the following program: 1 cycle

at 94 �C for 3 min, 30 cycles at 94 �C for 1 min, 63 �C for

1 min, 72 �C f or 3 min and 1 cycle at 72 �C for 10 min.

The PCR product was restriction-cleaved and ligated into

the mammalian expression vector pcDNA3.1/myc-His(-)A

and was checked for mutations by DNA sequencing.

Site-Directed Mutagenesis and Transfection

Starting with the wild-type tree shrew CETP cDNA cloned

into pcDNA3.1/myc-His(-)A, we conducted site-directed

mutagenesis using a QuikChangeTM site-directed muta-

genesis kit according to the manufacturer’s instructions.

The mutagenic primers were designed according to the

desired mutations (Table 1). 2.5 ll of 109 reaction buffer,

50 ng of dsDNA template, 2 ll of dNTP Mix (2.5 mM),

0.5 ll of each primer (10 lM), 0.5 U Pfu DNA polymer-

ase, some PCR-Grade Water were added to a final volume

of 25 ll and mixed. The cycling conditions were as fol-

lows: 1 cycle at 95 �C for 30 s, 14 cycles at 95 �C for 30 s,

55 �C for 1 min, and 68 �C for 14 min, 1 cycle at 68 �C for

14 min. The reaction was placed on ice for 2 min. Then,

1 ll of the Dpn I restriction enzyme (10 U/ll) was added

directly to each amplification reaction, mixed, and incu-

bated at 37 �C for 1 h. 1 ll of the Dpn I-treated DNA from

each sample reaction was transformed to the supercompe-

tent cells of E. coli DH5a. The mutants were verified by

DNA sequencing.

COS-7 cells seeded on the culture dishes 1 day before

transfection were transfected with the constructs using the

high performed transfection kit according to the manufac-

turer’s instructions. The cells were thereafter incubated in

serum-free Dulbecco’s modified Eagle’s medium (DMEM)

for expression.

Western Blot Analysis

After incubating for 72 h, the transfected cells and their

culture medium were harvested, respectively. The medium

was concentrated to 2009 by ultrafilter centrifugation. The

Table 1 The mutant tree shrew

CETP
Mutants Amino acid change Mutagenic primers

N110Q Asn110 to Gln110 50-GGGGATTGAGCATTCAGCAGTCTGTCGACTTCG-30

50-CGAAGTCGACAGACTGCTGAATGCTCAATCCCC-30

P344S Pro344 to Ser344 50-GTGTCGTGGTCAACTCTTCTGTGGTCGTGAAATTCC-30

50-GGAATTTCACGACCACAGAAGAGTTGACCACGACAC-30

Q452R Gln452 to Arg452 50-CCTGAGATTATCACTCGGGATGGCTTCCTGCTGC-30

50-GCAGCAGGAAGCCATCCCGAGTGATAATCTCAGG-30
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transfected cells were washed with 19 PBS buffer and then

were treated with 500 ll of 19 sample buffer (1% SDS,

10% glycerol, 25 mM Tris-HCl pH 6.8, 1 mM EDTA,

0.7 M mercaptoethanol). Aliquots of cell medium and

lysates were submitted to SDS-PAGE using 12% gels. The

resulting protein bands were transferred to a PVDF mem-

brane and incubated in rabbit anti-CETP serum (1:1,000)

raised in rabbit against the recombinant human CETP

produced in E. coli [17]. Finally, the membrane was

incubated with horseradish peroxidase-conjugated mouse

anti-rabbit IgG (1:5,000) and the immunoreactive bands

were visualized using the Enhanced Chemilumines-

cence (ECL) Western Blotting System according to the

manufacturer’s instructions. The cells transfected with

the plain vector pcDNA3.1/myc-His(-)A were used as

controls.

Immunofluorescence Microscopy

After incubating, respectively, for 24, 48, and 72 h, the

transfected COS-7 cells were fixed for 10 min in 4%

paraformaldehyde, 19 PBS, pH 7.4 and permeabilized

with 0.1% Triton X-100 for 30 min at 4 �C. After blocking

nonspecific binding of antibodies with 2% BSA/PBS,

incubation was continued for about 12 h at 4 �C in the

presence of the polyclonal rabbit anti-CETP serum diluted

in 2% BSA/PBS (1:500). The bound antibody was detected

with fluorescein isothiocyanate (FITC) conjugated goat

anti-rabbit secondary antibody (1:5,000), and the cells were

viewed with a Nikon fluorescence microscope (magnifi-

cation, 9400) (Nikon, Tokyo, Japan). The cells transfected

with the plain vector pcDNA3.1/myc-His(-)A were used

as controls.

Cholesteryl Ester Transfer Activity

The medium was concentrated 2009 by ultrafilter centri-

fugation. The cholesteryl ester transfer activity in the cul-

ture supernatants was determined by incubating aliquots of

the concentrated medium together with the reagents from a

CETP activity assay kit according to the manufacturer’s

instructions. Briefly, 3 ll of the supernatant sample (as the

source of CETP) was added to the reaction mixture con-

taining a fluorescent self-quenched neutral lipid as the

donor molecule and an acceptor molecule. A CETP-med-

iated transfer of the fluorescent neutral lipid to the acceptor

molecule resulted in an increase in fluorescence, which was

read in a fluorescence plate reader at excitation 465 nm and

emission 535 nm. CETP activity was expressed as pica-

mole of neutral lipid transferred per microlitre plasma

per hour. The cells transfected with the plain vector

pcDNA3.1/myc-His(-)A were used as controls. Assay was

triplicate. All CETP analyses were conducted in the same

day to decrease variability. The relative mass of CETP

mutants secreted in the culture supernatants was deter-

mined by Western blotting and quantitated with the UVI-

pro system (UVItec Ltd., Cambridge, UK). The specific

activity of the mutants was expressed relative to that of the

wild-type tree shrew CETP.

Statistical Analysis

Data were analyzed using SPSS for Windows XP. All

descriptive data collected were expressed as mean values

(±SEM) and the Student ‘t’ test was used for analysis.

Values of P \ 0.05 were regarded as statistically

significant.

Results

Sequence Analysis of the Full-Length Tree Shrew

CETP cDNA

In 2001, Zeng et al. [14, 15] cloned the partial sequence of

tree shrew CETP cDNA (AF334033). The sequence was

1,636 bp, including 178 bp at the 30 end of the untranslated

region and a 1,458 bp fragment in a coding region, which

comprises the complete coding sequence of mature tree

shrew CETP and partial coding sequence of signal peptide.

According to the partial cDNA sequence [14], we cloned

the 50 terminal sequence of the tree shrew CETP cDNA.

The 50 terminal sequence was 68 bp long, including the

putative initiation codon ATG (GenBank accession num-

ber: HQ589337). Combining the 50 terminal sequence with

the reported partial sequence, we obtained the full-length

cDNA sequence of tree shrew CETP. The full-length

cDNA was 1,704 bp, comprising of a 41 bp 50-noncoding

region, a 1,485 bp coding region, and a 178 bp 30-non-

coding region (excluding poly(A)-tail) (Fig. 1). The pre-

dicted protein comprised of 494 amino acids (including a

predicted 17 amino acid signal peptide) and the calculated

molecular mass of the protein was 54,888 Da (pI5.86). The

predicted protein showed a sequence identity of 81, 80 and

74%, respectively, with the human, monkey and rabbit

CETP (data not shown). The cysteine residues important

for synthesis, secretion, and specific activity of CETP [18,

19] were all conserved in human, monkey, rabbit and tree

shrew CETP. Moreover, more than half of the predicted

glycosylation sites in these proteins were also conservative

(PROSITE motif search, http://cubic.bioc.columbia.edu/

predictprotein/). Interestingly, tree shrew CETP showed a

characteristic proline insertion (amino acid 317 in the

mature protein) which was absent in human and monkey

CETP but corresponded to a threonine insertion in rabbit

CETP. Same as human and monkey CETP, tree shrew
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CETP also did not have 19 amino acids insertion compared

with rabbit CETP. However, due to the conservative

character of most amino acids, prediction of the secondary

structures (PROF predictions, http://cubic.bioc.columbia.edu/

predictprotein/) revealed no significant differences between

tree shrew CETP and the CETPs of other species.

Fig. 1 Nucleotide and amino

acid sequences of tree shrew

CETP. The 50 terminal sequence

cloned in this study is

underlined
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Tissue Distribution of Tree Shrew CETP mRNA

To gain some information regarding which tissues synthe-

sized CETP mRNA in tree shrews, total RNA was isolated

from 12 tissues of tree shrews, and the levels of CETP mRNA

were assessed by real-time RT PCR analysis. In 12 tissues

investigated (Fig. 2), the relative quantitation of tree shrew

CETP mRNA in the liver was much more abundant than that

in the other tissues. Adipose and thoracic aorta also synthe-

sized some CETP mRNA. Spleen, lung, and gallbladder had

low levels of CETP mRNA, whereas brain, testicle, intestine,

heart, kidney and muscle had almost undetectable levels. The

tissue distribution profile that tree shrew CETP exhibited here

was different from that of monkey [20], human [21], and

rabbit CETP [22]. In monkeys, the levels of CETP mRNA in

the liver and thoracic aorta were much higher than that in the

other tissues, while the mesenteric fat, adrenal gland, spleen,

and abdominal aorta had low but detectable levels of the

mRNA. In humans, CETP mRNA was synthesized pre-

dominantly in adipose tissue, liver, and spleen, with lower

levels of expression in the small intestine, adrenal gland,

kidney, skeletal muscle, and heart. In rabbits, CETP mRNA

was mainly synthesized in liver, adrenal gland and kidney.

These data indicate a species-specific transcription control of

CETP gene in tree shrews.

Expression and Secretion of Wild-Type and Mutant

Tree Shrew CETP in COS-7 Cells

The sequence identity between human [21] and tree shrew

CETP was analyzed in detail (data not shown). Three sites

of tree shrew CETP, N110, N342 and Q452, were

remarkable. N110 was a potential N-glycosylation sites in

tree shrew CETP (PROSITE motif search, http://cubic.

bioc.columbia.edu/predictprotein/), whereas the corres-

ponding amino acid in human CETP was glutamine, a non-

N-glycosylation site. It was reported that glycosylation was

the crucial step for the secretion of human CETP [23]. So,

N110 could be very important to the secretion of tree shrew

CETP. In order to study the function of N110, we mutated

it into Gln, a non-glycosylation site. N-glycosylation gen-

erally occurs at the b-amide of the asparagine of the Asn-

Xaa-Ser/Thr sequon [24–26]. N342 in tree shrew CETP

was a non-N-glycosylation site, corresponding to a variable

glycosylation site at position 341 in human CETP [23]. It

was suggested that the non-glycosylated form of human

CETP at Asn341-X-Ser was well secreted and displayed

moderately increased cholesteryl ester transfer activity

[23]. In order to study the function of N342 in tree shrew

CETP (Asn342-X-Pro, a non-glycosylation site), Pro344

was mutated into Ser, which made Asn342 become a

potential N-glycosylation site. In tree shrew CETP, the

amino acid Q452 corresponded to the R451Q polymor-

phism in human CETP. It was reported that the Q451 allele

was associated with higher CETP activity [27–29].

Therefore, Q452 could be crucial to the activity of tree

shrew CETP. To analyze the function of this site, we

mutated it into R452. The above mutants were, respec-

tively, named as N110Q, P344S and Q452R (Table 1).

The wild-type tree shrew CETP and the mutants were

transiently expressed in COS-7 cells for 72 h. The culture

medium and the cells were collected, respectively, for Wes-

tern blot analysis. The results showed that the wild type pro-

tein was detectable in the culture medium and the cell lysates

and had a molecular mass of approximately 68 kDa. The

molecular mass of N110Q (*66 kDa) was about 2,000 lower

than that of the wild type. Moreover, N110Q was only

detectable in the cell lysates, but undetectable in the culture

medium. These results indicated that the mutation at the amino

acid N110 could affect the modification and secretion of the

mutant protein. However, except N110Q, the other two

mutant proteins (P344S and Q452R) were all detected in the

culture medium and the cell lysates, and the mutant protein

bands had similar molecular mass (*68 kDa) and strength

compared with the wild type protein band either in the culture

medium or in the cell lysates, suggesting that the mutation at

the amino acid Q452 or P344 could not affected the modifi-

cation and secretion property of the mutant protein (Fig. 3).

The secretion properties of the mutants were also

showed in the immunofluorescence microscopic analysis

(Fig. 4). At 24 h, all of the expressed proteins were

localized around the cell nucleus. At 72 h, with the

exception of N110Q, which was still localized around the

cell nucleus, the other expressed proteins including the wild

Fig. 2 Relative quantity of CETP mRNA in 12 tissues from tree

shrews. The relative expression of CETP mRNA in 12 tissues from

tree shrews was measured by the real-time RT PCR using b-actin as

an internal control. Total RNA samples from the different tree shrew

tissues were extracted and reverse transcribed to the first strand

cDNA. The Real-Time PCR reactions were performed and the data

was analyzed by the comparative Ct method (2-DCt method). Assay

was triplicate
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type were situated on one side near the cell nucleus. It

appeared that the wild type, P344S, and Q452R were trans-

ferred gradually to one side near the cell nucleus from 24 to

72 h after expressed. The data suggested that the secretion

property of N110Q was different from that of the others.

Cholesteryl Ester Transfer Activity of Tree Shrew

CETP Mutants

The culture medium of the transfected cells was collected,

concentrated, and then used to measure the cholesteryl ester

transfer activity (Fig. 5). The results showed that the muta-

tions at P344 and Q452 in tree shrew CETP impaired the

activities of the mutant proteins, respectively, resulting in 48

and 26% reduction of cholesteryl ester transfer compared with

the wild type protein, indicating that P344 and Q452 played an

important role in tree shrew CETP-mediated cholesteryl ester

transfer. However, the culture medium from the cells

expressing N110Q did not show the cholesteryl ester transfer

activity, providing further evidence that this mutant protein

could not be secreted into the medium.

Discussion

In our study, tree shrew CETP showed a high sequence

identity to human (81% identical), monkey (80% identical)

and rabbit (74% identical) CETP, suggesting that tree

shrew CETP might have similar structure and function with

these proteins. However, there were also some significant

differences on the amino acid sequences between tree

shrew CETP and the other species’ CETPs, which might

cause some differences on the structure and function of the

proteins.

In 12 tissues investigated (Fig. 2), the relative quanti-

tation of tree shrew CETP mRNA in the liver was much

more abundant than that in the other tissues, suggesting

that the liver could be the main tissue synthesized CETP.

The liver is a key organ in controlling systemic lipid

metabolism. Its functions include lipoprotein clearance,

intracellular lipid metabolism, synthesis and secretion of

lipoproteins, and remodeling of circulating lipoproteins

[30]. Therefore, high level of CETP in the liver could not

only be the main source of the circulating CETP mass but

also play an important role in the local uptake or removal

of lipid in the liver [31]. In tree shrews, adipose tissue also

synthesized some CETP mRNA. Radeau et al. [32]

reported that adipocyte size was inversely correlated with

CETP mRNA abundance in fresh human adipose tissue. In

mice, adipose tissue-specific CETP expression led to

decreased cholesterol and triglyceride contents and reduced

adipocyte size [33]. CETP expressed in adipose could be

involved in the local lipid metabolism by promoting HDL

remodeling and then cholesterol efflux. The aorta also

synthesized some CETP mRNA in the tree shrew. CETP

synthesized in the aorta could participate in the removal of

excessive cholesteryl ester from the arterial wall.

Glycosylation was crucial for the secretion of human

CETP [23]. When the N-linked glycosylation was absent,

the mutant proteins were poorly secreted, and the Mr of the

mutants showed about 2,000 lower than that of the wild

type protein. In our study, after analyzed, four potential

glycosylation sits were found in the tree shrew CETP, of

which three sites were the same as that in human CETP,

but only one site, N110, corresponding to a non-N-glyco-

sylation site Q110 in human CETP. Therefore, we mutated

it into Gln, a non-glycosylation site, for studying its

function. The results showed that the mutant protein in the

cell lysates had about 2,000 lower molecular mass than the

wild-type tree shrew CETP and was not able to be detected

in the culture medium by the western blot analysis and the

activity test (Figs. 3, 5), indicating that the mutant protein

could not be secreted out of the cells because of the defi-

ciency of the glycosylation at the amino acid 110. The

immunofluorescence microscopic analysis also supported

this conclusion (Fig. 4). It’s well known that most of the

secreted proteins are synthesized and glycosylated in the

endoplasmic reticulum (ER) [34, 35]. The proteins are then

delivered into the Golgi apparatus for further modification

and finally secreted out of the cell. In our study, N110Q

Fig. 3 Western blot analysis of the wild-type and mutant tree shrew

CETP expressed in the COS-7 cells. COS-7 cells were transfected

with the wild-type and mutant tree shrew CETP expressing vectors.

After incubating for 72 h, the transfected cells and their culture

medium concentrated to 2009 were used to do the western blot

analysis. a Western blot analysis of the cell lysates. b Western blot

analysis of the cell culture medium. Lane 1, control (samples from the

COS-7 cells transfected with plain vector plasmid); lane 2, samples

from the COS-7 cells transfected with the expression vector of the

wild-type tree shrew CETP gene; lane 3, samples from the COS-7

cells transfected with the expression vector of the N110Q mutant tree

shrew CETP gene; lane 4, samples from the COS-7 cells transfected

with the expression vector of the P344S mutant tree shrew CETP

gene; lane 5, samples from the COS-7 cells transfected with the

expression vector of the Q452R mutant tree shrew CETP gene
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appeared to be always localized around the nucleus (pos-

sibly in the ER) from 24 to 72 h after expressed, whereas

the other proteins including the wild type were localized

around the cell nucleus (possibly in the ER) at 24 h and

situated on one side near the cell nucleus (possibly asso-

ciated with the Golgi apparatus) at 72 h, suggesting that

N110Q could be remained in the ER instead of being

delivered into the Golgi apparatus for the secretion because

of deficiency of the glycosylation at the amino acid 110.

Of cause, this hypothesis need to be proved further. In

brief, these results suggested that the Glutamine at position

110 in tree shrew CETP could be a N-glycosylation site

and the glycosylation of this site could be crucial for the

secretion of the protein.

N342 in tree shrew CETP, a non-N-glycosylation site

(Asn342-X-Pro), correspond to a variable glycosylation site

at position 341 in human CETP [23]. The non-glycosylated

form of human CETP at Asn341-X-Ser was well secreted

Fig. 4 Immunofluorescence

microscopy analysis of the

transfected COS-7 cells. COS-7

cells were transfected with the

wild-type and mutant tree shrew

CETP expressing vectors. After

incubating, respectively, for 24,

48, and 72 h, the transfected

COS-7 cells were used for

immunofluorescence

microscopy analysis. a–c the

cells transfected with the plain

vector plasmid; d–f the cells

transfected with the expression

vector of the wild-type tree

shrew CETP gene; g–i the cells

transfected with the expression

vector of the N110Q mutant tree

shrew CETP gene; j–l the cells

transfected with the expression

vector of the P344S mutant tree

shrew CETP gene; m–o the

cells transfected with the

expression vector of the Q452R

mutant tree shrew CETP gene.

Expression time: a–m, 24 h;

b–n, 48 h; c–o, 72 h
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and displayed moderately increased cholesteryl ester

transfer activity. To analyze the function of N342 in tree

shrew CETP, we carried out mutagenesis study on the site.

A Ser substitution for Pro at position 344 made N324

become a potential N-glycosylation site. From the western

blot and immunoflouresence analysis (Figs. 3, 4), the

secretion property of P344S was similar to that of the wild-

type tree shrew CETP. Furthermore, the molecular mass of

the mutant was also the same as that of the wild type,

implying that the mutant could not be glycosylated at

N342. In the case of NXS sequon, it was reported that the

hydrophobic residues at positions 9th to 17th upstream of

the sequons as well as the positively charged residues at

positions 5th and 7th downstream of the sequons are cru-

cial to the domains flanking glycosylated sequons [36]. The

amino acid Lysine at position 13th upstream of the

N-glycosylation site (Asn342) in P344S was positively

charged and significantly different from the amino acid

Methionine at the corresponding position in human CETP.

This could lead to the deficiency of N-glycosylation at

N342 in the mutant. However, the activity of P344S was

about 48% lower than that of the wild-type tree shrew

CETP (Fig. 5), indicating that P344 plays an important role

in the activity of tree shrew CETP. It has been observed

[37–39] that Pro restricts the conformation of the residue

preceding it in a protein sequence and can potentially

increase protein stability. Therefore, Pro is usually con-

served in proteins and often plays an important role in

protein structure and function [38, 40, 41]. In our study, a

Ser substitution for Pro could cause changes in the struc-

ture conformation of the mutant and lead to the decreased

activity eventually.

Q452 in tree shrew CETP corresponded to the R451Q

polymorphism in human CETP. The Q451 allele in human

CETP was associated with higher CETP activity [27–29]. To

analyze the function of this site in the tree shrew CETP, we

mutated Q452 into R452. The results showed that the

molecular mass and secretion of Q452R was similar to that of

the wild-type tree shrew CETP (Figs. 3, 4). However, the

activity of the mutant decreased by 26% (Fig. 5), indicating

that Q452 was very important to the activity of tree shrew

CETP. It is reported that human CETP has an elongated

‘boomerang’ shape with two similar domains connected by a

linker, residues 240–259 in CETP [42]. The structure of CETP

reveals four bound lipid molecules, which can be two neutral

lipids and two phospholipids. The four lipids occupy a con-

tinuous tunnel that traverses the core of the protein and has two

distinct openings. The two cholesteryl esters are buried in the

middle of the tunnel called ‘neck’ and two phospholipids plug

the tunnel, one at each end. Tunnel mutation experiments

suggested that in CETP, I443, L457, and M459 are located at

the neck. The neck of the tunnel makes marginal contacts with

the flexible parts of bound cholesteryl ester and lipid passage

through the neck is required for transfer activity. R451 is

between I443 and L457 and could be involved in the formation

of the neck of the tunnel. The Q451 allele in human CETP has

higher CETP activity because Q451 could be more suitable to

the formation of the neck of the tunnel and the binding of

neutral lipid to CETP. Tree shrew CETP shared a high

sequence identity with human CETP, about 81%, suggesting

that the proteins might also have similar structure. So, a Arg

substitution for Gln at position 452 in tree shrew CETP could

affect the formation of the neck of the tunnel and the binding

of neutral lipid to CETP and so the cholesteryl ester transfer

activity at last. Of course, this hypothesis need to be confirmed

in the future.

Taken together, our data demonstrate that tree threw

CETP shares a high sequence identity with human, monkey

and rabbit CETP. The liver is the major tissue synthesizing

CETP mRNA. In tree shrew CETP, residues 344 (Pro) and

452 (Gln) play an important role in maintenance of high

cholesteryl ester transfer activity and residue 110 (Asn) is

crucial to the secretion of the protein.
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Abstract We analyzed the effect of a 6-week aerobic

exercise training program on the in vivo macrophage

reverse cholesterol transport (RCT) in human cholesteryl

ester transfer protein (CETP) transgenic (CETP-tg) mice.

Male CETP-tg mice were randomly assigned to a sedentary

group or a carefully supervised exercise training group

(treadmill 15 m/min, 30 min sessions, five sessions per

week). The levels of plasma lipids were determined by

enzymatic methods, and the lipoprotein profile was deter-

mined by fast protein liquid chromatography (FPLC).

CETP activity was determined by measuring the transfer

rate of 14C-cholesterol from HDL to apo-B containing

lipoproteins, using plasma from CETP-tg mice as a source

of CETP. The reverse cholesterol transport was determined

in vivo by measuring the [3H]-cholesterol recovery in

plasma and feces (24 and 48 h) and in the liver (48 h)

following a peritoneal injection of [3H]-cholesterol labeled

J774-macrophages into both sedentary and exercise trained

mice. The protein levels of liver receptors were determined

by immunoblot, and the mRNA levels for liver enzymes

were measured using RT-PCR. Exercise training did not

significantly affect the levels of plasma lipids or CETP

activity. The HDL fraction assessed by FPLC was higher in

exercise-trained compared to sedentary mice. In compari-

son to the sedentary group, a greater recovery of [3H]-

cholesterol from the injected macrophages was found in the

plasma, liver and feces of exercise-trained animals. The

latter occurred even with a reduction in the liver CYP7A1

mRNA level in exercised trained animals. Exercise training

increased the liver LDL receptor and ABCA-1 protein

levels, although the SR-BI protein content was unchanged.

The RCT benefit in CETP-tg mice elicited by exercise

training helps to elucidate the role of exercise in the pre-

vention of atherosclerosis in humans.

Keywords Atherosclerosis � CETP � HDL �
Physical exercise � Cholesterol

Abbreviations

ABC Transporters ABCA-1 and ABCG-1

AcLDL Acetylated LDL

Apo AI Apolipoprotein AI

Apo E Apolipoprotein E

B-E Low density lipoprotein receptor

CETP Cholesteryl ester transfer protein

CYP7A1 7 alpha hydroxylase

CYP27A 27 alpha hydroxylase

EC Esterified cholesterol

EDTA-PBS Ethylene diamine tetra acetic phosphate-

buffered saline

FPLC Fast protein liquid chromatography

HDL High density lipoprotein

LCAT Lecithin cholesterol acyltransferase

LDL Low density lipoprotein

LRP LDL-receptor related protein

LXR Liver X receptor

LP Lipoprotein

RCT Reverse cholesterol transport
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SR-BI Scavenger receptor class B type I

VLDL Very low density lipoprotein

Introduction

Regular exercise is independently associated with a

reduced incidence of coronary heart disease and mortality

by improving the cardiovascular risk profile [1]. In fact, a

negative correlation between physical activity level and the

carotid intima media thickness has been shown in aerobi-

cally exercised individuals [2].

Ramachandran et al. [3] demonstrated that regular,

aerobic exercise reduces pre-existing atherosclerotic

lesions in low density lipoprotein (LDL) receptor knockout

mice, and more recently, Matsumoto et al. [4] showed that

in low-density lipoprotein-receptor-deficient mice, regular

exercise training prevents aortic valve sclerosis by

numerous mechanisms, including preservation of endo-

thelial integrity, reduced inflammation and oxidative stress,

and inhibition of the osteogenic pathway. It has also been

reported that a progressive aerobic exercise training pro-

tocol improves the apo E knockout mouse survival rate, an

effect that was ascribed to the stabilization of atheroscle-

rotic lesions and prevention of plaque rupture [5]. These

events are most likely related to the role of aerobic exercise

in improving high density lipoprotein (HDL) plasma levels,

as well as antioxidant and anti-inflammatory defenses in

the arterial wall [6].

Through the reverse cholesterol transport (RCT) pro-

cess, HDL mediates the cholesterol removal from macro-

phages and peripheral cells and its delivery to the liver,

where it is secreted into the bile and feces. The cholesteryl

ester transfer protein (CETP) transfers esterified cholesterol

from HDL to apo B-containing lipoproteins (LP) that are

ultimately removed by the hepatic LDL receptor (B-E),

LRP and E receptors. There are no consistent data in the

literature regarding the effect of aerobic exercise training

on the RCT, and most of the results were drawn from in

vitro analyses that may not reflect the whole animal system

in vivo. In this regard, an interplay of actions involving

CETP, lecithin cholesterol acyltransferase (LCAT), ABC

transporters (ABCA-1 and ABCG-1) and scavenger

receptor class B, type I (SR-BI) could dictate the flow of

cholesterol to the liver [7].

In the present study, we tested the hypothesis that aerobic

exercise training can improve the in vivo RCT by modu-

lating proteins and enzymes involved in the cholesterol flow

to the liver. For this purpose, we used CETP transgenic

C57BL/6 mice (CETP-tg), an animal model that simulates

the RCT in humans. We assessed the effect of a 6 week

aerobic training program on the redistribution of

radiolabeled cholesterol into the plasma, liver and feces

following the intraperitoneal injection of macrophages

enriched with [3H] cholesterol. We also investigated the

hepatic protein levels of receptors involved in lipid metab-

olism, such as SR-BI, ATP-binding cassette transporter A-1

(ABCA-1), liver X receptor (LXR) and LDL receptor, and

the mRNA of enzymes that convert cholesterol in bile acids

(CYP7A1 and CYP27A). We found that aerobic exercise

training improves the macrophage RCT. Exercise-trained

mice had higher levels of macrophage-derived 3H-choles-

terol in their plasma, liver and feces. The enhanced protein

levels of hepatic ABCA-1 and LDL receptor contributed to

greater HDL plasma concentration and cholesterol flow into

the liver, respectively. The RCT benefit seen in exercise-

trained CETP-tg mice helps to elucidate the role of exercise

in the prevention of atherosclerosis in humans.

Materials and Methods

Animals and Aerobic Exercise Protocol

Two-month-old male transgenic mice homozygous for

human CETP (human natural promoter-driven CETP

transgenic mice, CETP-tg; line 5203; back-crossed on a

C57BL/6 background for 10 generations) that originated in

Dr. AR Tall0s laboratory and were kindly provided by Dr.

HCF Oliveira (University of Campinas, São Paulo, Brazil)

were fed a pelleted commercial chow ad libitum (Nuvilab-

Nuvital, São Paulo, Brazil) with free access to water.

Animals were housed in conventional housing at

22 ± 2 �C with a 12 h light/dark cycle. Protocols were

approved by the Institutional Animal Care and Research

Advisory Committee (Hospital das Clinicas of the Faculty

of Medical Sciences, University of São Paulo-CAPPesq #

773/06) according to the US National Institutes of Health

Guidelines. Animal care was provided in accordance with

the procedures outlined in the Guide for the Care and Use

of Laboratory Animals [8], and experiments were per-

formed under adherence to the American College of Sports

Medicine (ACSM) animal care standards. CETP-tg animals

were subjected to a 6 week monitored aerobic exercise

training protocol performed on a treadmill (WEG CFW-08,

São Carlos, Brazil) at 15 m/min during 30 min sessions

five times a week. A control group was kept sedentary for

the same amount of time. Exercise sessions were carried

out in the late afternoon and were supervised by the same

investigator (DDFM Rocco).

LDL Isolation and Acetylation

Procedures with humans conformed to the Declaration of

Helsinki and all participants signed an informed written
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consent form previously approved by The Ethical Com-

mittee for Human Research Protocols of the Hospital of the

Faculty of Medical Sciences, University of São Paulo

(CAPPesq # 773/06). Low density lipoprotein (LDL) was

isolated from healthy plasma donors by sequential ultra-

centrifugation (d = 1.019-1.063 g/mL) and was further

purified by discontinuous gradient ultracentrifugation.

After dialysis against PBS, the protein content was deter-

mined using the Lowry procedure [9], and acetylation was

performed with acetic anhydride according to Basu et al.

[10]. After extensive dialysis against ethylene diamine tetra

acetic phosphate-buffered saline (EDTA–PBS), acetylated

LDL (AcLDL) was kept sterile at 4 �C under nitrogen

atmosphere and was used within a month.

Measurement of the In Vivo RCT

J-774 macrophages were grown in an RPMI 1640 culture

medium supplemented with 10% fetal bovine serum

(FBS), labeled with 5 l Ci/mL [3H]-cholesterol and

enriched with 50 lg/mL of AcLDL for 48 h, as previ-

ously described [11]. Cells were then removed from

plaques by trypsin treatment followed by inactivation of

the enzyme by adding RPMI plus FBS. The cells were

then spun down by centrifugation at 4 �C at 1,500 rpm

and rediluted in a small volume of PBS. Cell viability,

assessed by exclusion with Trypan blue, was greater than

98%, and an aliquot was placed in a beta counter

(Beckman model; Palo Alto, USA) to determine the

radioactivity. The intracellular distribution of cholesterol

fractions was determined by thin-layer chromatography

and consisted of 96 and 4% in the free and esterified

forms, respectively.

Forty-eight hours after the last bout of exercise, [3H]-

cholesterol-labeled J-774 foam cells (3.5 9 106 cells;

*80,000 dpm in 100 lL of PBS) were intraperitoneally

injected into the exercise-trained and sedentary mice,

which were individually housed in metabolic cages with

free access to food and water. Samples of blood from the

tail vein and feces were taken after 24 and 48 h. Plasma

radioactivity was immediately determined after spinning

the blood at 1,500 rpm for 20 min at 4 �C. The mice were

euthanized 48 h after the injection. Their organs (liver,

spleen, lung, heart, kidneys and adrenal glands) were

subsequently removed, carefully washed with cold 0.9%

NaCl solution, gently dried with filter paper and weighed.

The feces and organs were stored at -70 �C until further

analyses. Total feces and organs or liver aliquots were

homogenized with a 2:1 (v/v) mixture of chloroform/

methanol [12] and stored at 4 �C overnight for lipid

extraction. The lipid layer was drawn and evaporated under

nitrogen flow, and the radioactivity was determined.

Results are expressed as percentages of total dose (dpm)

injected per gram of sample (liver or feces) or plasma

volume (mL). The radioactivity recovery in heart, lung,

spleen, kidney and adrenal glands was too low and repre-

sented less than 1% of the total radioactivity injected (data

not shown).

Measurement of Hepatic Cholesterol Content

Lipids were extracted from the liver, and total cholesterol

was determined from a supernatant aliquot using the

enzymatic method (Roche Diagnóstica, SP, Brazil), and the

protein concentration by using the Lowry technique [9].

Plasma Lipid Analysis

Plasma (100 lL) from each mouse was analyzed by fast

protein liquid chromatography (FPLC) gel filtration on

two Superose-6 columns. The cholesterol concentration

in all LP fractions was measured with a Cobas Mira

using an enzymatic colorimetric kit (Roche Diagnostic,

Brazil).

CETP Activity Determination

CETP activity was measured as the transfer of [14C]-

cholesteryl oleate from HDL to VLDL and LDL using LP

isolated from pools of human normolipidemic individuals

and plasma from CETP-tg mice as a source of CETP as

previously described [13].

Western Blotting Analysis

Protein lysates were obtained from frozen hepatic tissue

from exercise-trained and sedentary CETP-tg mice. Tissue

was homogenized in a Polytron (MA099 Potter Unit,

Marcone Equip., Sao Paulo, Brazil) with a buffer con-

taining 20 mM Hepes, 150 mM NaCl, 10% glycerol, 1%

triton, 1 mM EDTA, 1.5 mM MgCl2 and protease inhibi-

tors. The supernatant was obtained after centrifugation, and

an aliquot was dissolved in SDS-glycerol. Equal amounts

of sample protein were applied to a polyacrylamide gel.

SR-BI, ABCA-1, LXR and the LDL receptor protein levels

were determined using anti-SR-BI (1:1,000), anti-ABCA-1

(1:1,000), anti-LXRa/b (1:1,000) (Novus Biologicals, Inc.,

Littleton, CO, USA), and anti-LDL receptor (M-20):sc-

11826, (1:1,000) (Santa Cruz Biotechnology Inc, USA)

followed by incubation with HRP-conjugated antibody and

ECL reaction (Super Signal West Pico Chemiluminescent

substrate, Pierce, Rockford, IL, EUA). Protein membrane

stripping was performed by rinsing with 0.8 mM NaOH.

The difference between the bands was analyzed in pixels

using the JX-330 Color Image Scanner (Sharp�) and

ImageMaster software (Pharmacia Biotech). The results are

Lipids (2011) 46:617–625 619

123



expressed as arbitrary units. b-actin protein levels (anti

b-actin 1:1,000, Fitzgerald Industries International, Inc.,

Concord, MA) were used as a control, and Ponceau

staining of nitrocellulose membranes was implemented to

assure equal protein loading.

CYP7A1 and CYP27A mRNA Expression in the Liver

At the final period of the study, the liver was removed and

immediately frozen in liquid nitrogen. mRNA from liver

samples (*50 mg) was extracted with 1 mL of Trizol

(Invitrogen Life Technologies, Carlsbad, CA, USA).

Reverse transcription reactions were performed with 2 lg

of RNA using TaqMan Reverse Transcription Reagents

(Applied Biosystems, Foster City, CA). Real time-PCR

was performed on an Mx3000P QPCR System (Stratagene,

La Jolla, CA) using the Brilliant SYBR Green QPCR

Master Mix (Stratagene, catalogue no. 600548). The fol-

lowing primers were used: b actin sense 50-TGG

AGAGCACCAAGACAGACA-30 and antisense 50-TGC

CGGAGTCGACAATGAT-30; CYP7A1 sense 50-AGCA

ACTAAACAACCTGCCAGTACTA-30 and antisense

50-GTCCGGATATTCAAGGATGCA-30; CYP27A sense

50-GGAGGGCAAGTACCCAATAAGA-30 and antisense

50-TGCGATGAAGATCCCATAGGT-30.

Determination of Apo A-I in the Peritoneal Fluid

Mouse peritoneal cavities were rinsed with PBS, and the

fluid was collected in order to measure the apo A-I content.

The sample volume was reduced using Amicon filters

(Millipore, USA), and the same amount of protein was

submitted to immunoblot analysis as described above using

anti apo A-I Ab 1:1,000 (Santa Cruz Diag, USA).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism

4.0 software (GraphPad Prism, Inc., San Diego, CA). A

non-paired Student’s t test was used to compare differences

between groups. Summary data are reported as mean val-

ues ± standard error or mean values ± standard deviation

as indicated. A p value \0.05 was considered statistically

significant.

Results

CETP-tg C57BL/6 male mice were submitted to a 6 week

period of supervised aerobic exercise training. Body

weight, total plasma cholesterol and triacylglycerols were

not modified by exercise training (Table 1). As shown in

Fig. 1, the VLDL-cholesterol and LDL-cholesterol plasma

profile was not modified by the aerobic exercise training,

although the HDL-cholesterol fraction área was higher in

the trained animals compared to the sedentary animals in

the final period of the protocol. Plasma CETP activity was

similar in sedentary and trained mice at the beginning of

the protocol and did not change after the exercise training

period. Moreover, CETP plasma activity was not different

between the sedentary and trained groups when the initial

and final periods were compared (Table 1).

The [3H]-cholesterol content was analyzed in plasma

and feces at 24 and 48 h and in the liver at 48 h fol-

lowing the intraperitoneal injection of J774 macrophages

enriched with AcLDL and radiolabeled cholesterol. A

higher percentage of [3H]-cholesterol was recovered from

the plasma (Fig. 2a), liver (Fig. 2b) and feces (Fig. 2c)

of the trained mice when compared to the sedentary

animals.

As compared to the sedentary group, the increase in

radiolabeled cholesterol in the liver of exercise-trained

mice was accompanied by a 50% increase in protein levels

of the hepatic LDL receptor (Fig. 3). In contrast, exercise

Table 1 Body weight, plasma lipid profile and CETP activity in

exercise trained and sedentary CETP-tg mice

Trained (n = 10) Sedentary (n = 11)

Basal Final Basal Final

Weight (g) 19.4 ± 1.2 20.3 ± 1.3 20.0 ± 1.0 19.2 ± 1.0

TC (mg/dL) 52 ± 6 48 ± 5 64 ± 15 58 ± 11

TAG (mg/dL) 56 ± 19 55 ± 19 41 ± 13 46 ± 14

CETP activity (%) 29 ± 5 32 ± 8 28 ± 5 34 ± 11

TC total cholesterol, TAG triacylglycerols

VLDL LDL HDL
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Fig. 1 Plasma lipoprotein profile of aerobically trained and sedentary

CETP-tg mice. Plasma lipoproteins were isolated by fast protein

liquid chromatography (FPLC), and total cholesterol was determined

in all fractions using an enzymatic colorimetric kit. Sedentary (dashed
line) and trained (filled line) CETP-tg mice
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training did not raise the SR-BI hepatic level (Fig. 3a). No

changes were observed in the protein levels of LXR in the

liver of exercise-trained animals (Fig. 3a). The hepatic

ABCA-1 protein level was increased 100% in exercise-

trained animals (Fig. 3a). CYP7A1 mRNA levels were

reduced in exercise-trained CETP-tg mice, whereas their

CYP27A mRNA levels were not influenced by exercise

training (Fig. 3b). Total cholesterol content in the liver (mg

of cholesterol/g of organ; mean ± SE) was not different

between trained (43.3 ± 9.9; n = 6) and sedentary

(40.4 ± 1.38; n = 6) animals.

The apo A-I content in peritoneal fluid as assessed by

immunoblot was similar before and after exercise training

(Fig. 4). Thus, the increase in the RCT after exercise

training could not be ascribed to changes in apo A-I

content.

Discussion

The importance of regular exercise for the prevention and

treatment of chronic diseases is widely acknowledged [1].

Aerobic exercise improves LP metabolism and prevents the

development of cardiovascular disease. Apart from the

well-documented favorable effects of regular exercise on

cardiovascular risk factors, it has been suggested that

physical training may involve additional mechanisms that

ameliorate atherosclerosis.

HDL is known for its anti-atherogenic properties that

rely on its ability to support the cholesterol efflux from

cholesterol-loaded arterial macrophages. Previous investi-

gations focused on the benefits of exercise on lipoprotein

lipase activity, including the mediation of triacylglycerol-

rich LP metabolism and the increased levels of plasma

HDL cholesterol [14, 15]. Nonetheless, it is unclear whe-

ther exercise plays a role in the RCT system in vivo. In this

study, we used an experimental model designed to evaluate

in vivo RCT and found that a 6 week carefully controlled

aerobic exercise training program accelerates the RCT in

CETP-tg mice.

CETP-tg mice are a useful tool for investigating the

contribution of CETP to RCT. CETP is known to play a

major role in RCT in humans. In huCETP-tg mice, the

uptake of apo B-containing LP by the LDL receptor

offers an additional route for the delivery of plasma

esterified cholesterol to the liver. Accordingly, the

increased RCT observed in the exercise-trained mice in

this study may be ascribed to the enhanced protein levels

of the LDL receptor in the liver. Elevated levels of

hepatic LDL receptor mRNA have previously been shown

in aerobic trained mice [16, 17], although the protein

content has never been reported. In our investigation,

exercise in the presence of CETP increased the uptake of

LDL cholesterol by the liver and ABCA-1 protein levels,

which may have prevented to liver cholesterol content

from increasing by enhancing the export of cholesterol. In

addition, by increasing the HDLc fraction as assessed by

FPLC, exercise training may have contributed to a greater

removal of cell cholesterol, despite a slight reduction in

CYP7A1 mRNA levels.
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Fig. 2 Macrophage-derived [3H]-cholesterol recovery in a plasma,

b liver and c feces from aerobically trained and sedentary CETP-tg

mice. J774 macrophages enriched with acetylated LDL and [3H]-

cholesterol were injected into the peritoneal cavities of sedentary and

trained CETP-tg mice. a Plasma and c feces were collected after 24

and 48 h of the injection, and b the liver was removed after 48 h.

After lipid extraction, the radioactivity was determined, and the

recovery of [3H]-cholesterol is expressed as the percentage of injected

dose/mL of plasma or percentage of injected dose/mg of tissue or

feces. Data are expressed as mean values ± standard error
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SR-BI plays a major role in the final step of the RCT

system. Although macrophage SR-BI could not be related

to an improvement in RCT efficiency [18], SR-BI protein

levels in the liver are a positive regulator of macrophage

RCT [19]. In fact, hepatic SR-BI is directly related to the

secretion of cholesterol into the bile and to the reduction of

atherosclerosis in animal models with low levels of HDL in

plasma [20, 21]. Wei et al. [16] have described an

enhancement of the hepatic SR-BI mRNA levels in wild-

type C57BL/6 mice submitted to a 2 week aerobic training

program. Surprisingly, the liver SR-BI protein levels did

not change after aerobic exercise training in our study. This

is likely due to a greater cholesterol influx mediated by the

LDL receptor.

In huCETP-tg mice, a direct role of CETP in acceler-

ating the tissue uptake of esterified cholesterol (EC) was

demonstrated [22, 23]. Although improved HDL-EC

removal and increased cholesterol content in the liver have

been seen in CETP-tg mice, the excretion of biliary lipids

and fecal bile acid have not been consistently found in

these animals when compared to wild-type mice [24]. In

CETP-tg mice, the in vivo RCT from macrophage to feces

was not modified [25]. Nonetheless, the hypothesis that

CETP facilitates RCT is strengthened by evidences related

to mice expressing CETP alone [26] or combined with
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Fig. 3 LDL receptor, scavenger

receptor class B type 1 (SR-BI),

liver X receptor (LXR) and ATP

binding cassette transporter

(ABCA-1) protein levels and

CYP7A1 and CYP27A mRNA

in the livers of aerobically

trained and sedentary CETP-tg

mice. a liver samples from

aerobically trained and

sedentary CETP-tg mice were

homogenized and dissolved in

SDS-buffer. Equal amounts of

protein lysates were applied to a

10% polyacrylamide gel and

submitted to electrophoresis and

immunoblotting with anti-LDL

receptor Ab (1:1,000), anti-SR-

BI Ab (1:1,000), anti-LXR Ab

(1:1,000) and anti-ABCA-1 Ab

(1:1,000). Following incubation

with secondary Ab conjugated

with HRP, bands were

visualized after ECL reaction.

Each lane represents one animal

sample. Data are expressed as

mean values ± standard

deviation. b CYP7A1 and

CYP27A mRNA was

determined by RT-PCR as

described in Material and

Methods
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knock-outs of LDL or SR-BI receptors. In these animals,

CETP elicited macrophage RCT despite a reduction in

HDL [27], and SR-BI-deficient mice were protected

against diet-induced atherosclerosis [28]. On the other

hand, the treatment of hamsters with torcetrapib, a drug

that suppresses the CETP activity, increased the appear-

ance of cholesterol originating from peritoneally injected

macrophages in plasma and feces [26].

Increased levels of CYP27A mRNA have been

described by Wilund et al. [17] in mice submitted to a

12 week aerobic exercise training program. In addition,

voluntary wheel running increased fecal bile acid and

cholesterol output and reduced intestinal cholesterol

absorption in mice [29]. In our study, the CYP7A1 mRNA

levels were reduced but CYP27A mRNA was not modi-

fied by exercise training, suggesting that the greater

amount of radiolabeled cholesterol found in feces could be

attributed to the increased excretion of cholesterol instead

of bile acids. A recent paper from Yasuda et al. [30]

showed that the activation of RCT resulted in a higher

excretion of cholesterol, but not bile acids, in the feces of

LXR agonist-treated mice. A limitation of our study was

the fact that we did not measure the intestinal cholesterol

absorption that could affect RCT in vivo as occurred in

mice treated with ezetimibe [31]. Also, Temel et al. [32]

used genetic and surgical models of biliary cholesterol

insufficiency to demonstrate that a non-classical hepatob-

iliary pathway can contribute to RCT independently of

biliary sterol secretion.

While this manuscript was under preparation, Meissner

et al. [33] published a paper showing that the in vivo RCT,

assessed by the same methodology used here, was not

modified by voluntary wheel running in wild-type C57BL-

6 mice compared to sedentary animals. Differences

between their report and our results are likely ascribed to:

(1) the presence of CETP in our model and its role in the

alternative pathway of cholesterol disposal via the LDL

receptor; (2) their results were obtained in free running

wheel mice, which cannot assure equal training intensities

along the protocol period, as opposed to the regular and

carefully supervised exercise training protocol that was

utilized in our study.

Although CETP activity was not changed after exercise

training in our study, we should bear in mind that the

CETP-mediated HDL-EC uptake by the liver is indepen-

dent of the plasma activity responsible for the exchange of

EC and TAG between LP [22]. Nonetheless, divergent data

have been published regarding the role of CETP inhibitors

like torcetrapib on this process [26]. Zhou et al. [34]

suggested that the hepatic acquisition of EC from HDL

mediated by CETP occurs independently of SR-BI,

LDL-receptor related protein (LRP) and possibly the LDL

receptor.

Controversial results have been published regarding the

effect of exercise on the CETP mass and activity, which

could be ascribed to the different methodologies used to

measure CETP, as well as to variations in exercise intensity

and frequency and the measurement of acute or chronic

effects of exercise [14, 15]. Moreover, the efficiency of

aerobic exercise in modulating the lipid profile is related to

gender, age, insulin resistance, weight loss and genetic

polymorphisms of CETP, apo E and apo A-I [36–38].

Exercise training did not modify the protein levels of

LXR in CETP-tg mice. On the other hand, ABCA-1 was

greatly enhanced following training, and this could have

contributed to the higher levels of HDLc observed in

exercise-trained CETP-tg mice in the final period of the

study. ABCA-1 in the liver is known to contribute to HDL

formation and plasma HDL cholesterol levels. Adenovirus-

targeted protein levels of ABCA-1 in the liver increased

HDL plasma levels in mice [39, 40]. On the other hand, an

80% reduction in plasma HDL cholesterol levels was

observed in mice with a targeted inactivation of hepatic

ABCA-1 [41], and ABCA-1 has been shown to play a

critical role in HDL catabolism by the liver [42].

Systemic and macrophage ABCA-1 are positive regu-

lators of macrophage RCT in vivo [18, 35]. This is con-

sistent with our findings. An enhancement in ABCA-1

mRNA levels in the livers isolated from exercise-trained

rats has also been described [43]. Furthermore, Butcher

et al. [44] reported an increased expression of ABCA-1 and

ABCG-1 mRNA in leukocytes isolated from trained sub-

jects compared to sedentary ones.

In conclusion, aerobic exercise training improves RCT

from macrophages in CETP-tg mice by increasing the

concentration of HDL in plasma and by distinctly modu-

lating the protein levels of liver receptors involved in the

uptake of EC, which may contribute to the prevention and

regression of atherosclerosis as previously reported by

others [3, 5, 45]. With regards to the role of CETP in lipid

metabolism in humans, the findings of our study shed light

on an important effect of exercise on the RCT system.

Taking into account that exercise has many effects on lipid

and LP metabolism, the exact mechanisms by which

exercise favorably modulates the lipid transport should be

further investigated.
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M, Portolés O (2006) The effect of the APOE polymorphism on

HDL-C concentrations depends on the cholesterol ester transfer

protein gene variation in a Southern European population. Clin

Chim Acta 366:196–203

39. Basso F, Freeman L, Knapper CL, Remaley A, Stonik J, Neufeld

EB, Tansey T, Amar MJ, Fruchart-Najib J, Duverger N, San-

tamarina-Fojo S, Brewer HB Jr (2003) J Role of the hepatic

ABCA1 transporter in modulating intrahepatic cholesterol and

plasma HDL cholesterol concentrations. J Lipid Res

44(2):296–302

40. Wellington CL, Brunham LR, Zhou S, Singaraja RR, Visscher H,

Gelfer A, Ross C, James E, Liu G, Huber MT, Yang YZ, Parks

RJ, Groen A, Fruchart-Najib J, Hayden MR (2003) Alterations of

plasma lipids in mice via adenoviral-mediated hepatic overex-

pression of human ABCA1. J Lipid Res 44(2):1470–1480

41. Timmins JM, Lee JY, Boudyguina E, Kluckman KD, Brunham

LR, Mulya A, Gebre AK, Coutinho JM, Colvin PL, Smith TL,

Hayden MR, Maeda N, Parks JS (2005) Targeted inactivation of

hepatic Abca1 causes profound hypoalphalipoproteinemia and

kidney hypercatabolism of apoA-I. J Clin Invest 115(5):

1333–1342

42. Singaraja RR, Stahmer B, Brundert M, Merkel M, Heeren J,

Bissada N, Kang M, Timmins JM, Ramakrishnan R, Parks JS,

Hayden MR, Rinninger F (2006) Hepatic ATP-binding cassette

transporter A1 is a key molecule in high-density proprotein

cholesteryl ester metabolism in mice. Arterioscler Thromb Vasc

Biol 26(8):1821–1827

43. Ghanbari-Niaki A, Khabazian BM, Hossaini-Kakhak SA,

Rahbarizadeh F, Hedayati M (2007) Treadmill exercise enhances

ABCA1 expression in rat liver. Biochem Biophys Res Commun

361:841–846

44. Butcher LR, Thomas A, Backx K, Roberts A, Webb R, Morris K

(2008) Low-intensity exercise exerts beneficial effects on plasma

lipids via PPARgamma. Med Sci Sports Exerc 40:1263–1270

45. Okabe TA, Shimada K, Hattori M, Murayama T, Yokode M, Kita

T, Kishimoto C (2007) Swimming reduces the severity of ath-

erosclerosis in apolipoprotein E deficient mice by antioxidant

effects. Cardiovasc Res 74:537–545

Lipids (2011) 46:617–625 625

123



ORIGINAL ARTICLE

EPA or DHA Supplementation Increases Triacylglycerol,
but not Phospholipid, Levels in Isolated Rat Cardiomyocytes

Valeria Righi • Mattia Di Nunzio • Francesca Danesi •

Luisa Schenetti • Adele Mucci • Elisa Boschetti • Pierluigi Biagi •

Sergio Bonora • Vitaliano Tugnoli • Alessandra Bordoni

Received: 11 November 2010 / Accepted: 16 February 2011 / Published online: 5 May 2011

� AOCS 2011

Abstract It is well recognized that a high dietary intake

of long-chain polyunsaturated fatty acids (LC-PUFA) has

profound benefits on health and prevention of chronic

diseases. In particular, in recent years there has been

a dramatic surge of interest in the health effects of n-3

LC-PUFA derived from fish, eicosapentaenoic (EPA) and

docosahexaenoic (DHA) acids. Notwithstanding, the met-

abolic fate and the effects of these fatty acids once inside

the cell has seldom been comprehensively investigated.

Using cultured neonatal rat cardiomyocytes as model sys-

tem we have investigated for the first time, by means of

high-resolution magic-angle spinning nuclear magnetic

resonance (HR-MAS NMR) spectroscopy in combination

with gas chromatography (GC), the modification occurring

in the cell lipid environment after EPA and DHA supple-

mentation. The most important difference between control

and n-3 LC-PUFA-supplemented cardiomyocytes high-

lighted by HR-MAS NMR spectroscopy is the increase of

signals from mobile lipids, identified as triacylglycerols

(TAG). The observed increase of mobile TAG is a meta-

bolic response to n-3 LC-PUFA supplementation, which

leads to an increased lipid storage. The sequestration of

mobile lipids in lipid bodies provides a deposit of stored

energy that can be accessed in a regulated fashion

according to metabolic need. Interestingly, while n-3

LC-PUFA supplementation to neonatal rat cardiomyocytes

causes a huge variation in the cell lipid environment, it

does not induce detectable modifications in water-soluble

metabolites, suggesting negligible interference with normal

metabolic processes.

Keywords HR-MAS NMR � GC � Rat cardiomyocytes �
Docosahexaenoic acid � Eicosapentaenoic acid � Lipids
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FCS Fetal calf serum

FFA Unesterified fatty acids

GC Gas chromatography

Gln Glutamine

Glu Glutamate

Gly Glycine

GPC Glycerophosphocholine

HR-MAS High-resolution magic-angle spinning

HS Horse serum

Lac Lactate

LB Lipid body(ies)

LC-PUFA Long chain polyunsaturated fatty acid(s)

Lys Lysine

MUFA Monounsaturated fatty acid(s)

Myo Myo-inositol

NMR Nuclear magnetic resonance

PCho Phosphocholine

PEtn Phosphoethanolamine

PL Phospholipid(s)

PtdCho Phosphatidylcholine

PUFA Polyunsaturated fatty acid(s)

Scy Scyllo-inositol

TAG Triacylglycerol(s)

Tau Taurine

TLC Thin-layer chromatography

TOCSY Total correlation spectroscopy

UDP Uridine diphosphate

Introduction

Cardiovascular diseases are responsible for significant

morbidity and mortality throughout the world. It is well

recognized that a significant dietary intake of polyunsatu-

rated fatty acids (PUFA) has profound benefits on health

and on prevention of chronic disease states, although the

overall responsible mechanism remains partially unclear

[1, 2].

Supplementation with the main n-3 long-chain polyun-

saturated fatty acids (LC-PUFA), eicosapentaenoic acid

(20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA),

has been widely reported as protective for cardiovascular

health, and fish oil feeding has been associated with

reduced mortality in several studies [3–5]. Notwithstand-

ing, the effects of these fatty acids (FA) on the cardiac cell

lipid environment are almost unknown.

In this study we have coupled gas chromatographic

(GC) analysis and high-resolution magic-angle spinning

(HR-MAS) nuclear magnetic resonance (NMR) spectros-

copy to obtain evidence of modifications occurring in the

lipid environment and in the metabolic profile of cultured

cardiomyocytes supplemented with n-3 PUFA. Chromato-

graphic methods have become the standard for analyzing

FA composition [6]. In particular, GC is sensitive and

specific for FA analysis, and HR-MAS NMR spectroscopy

takes a picture of the whole metabolic profile detecting

lipids, macromolecules, and small metabolites. Using MAS

NMR the sample can be analyzed directly with minimal

manipulation, and many different compounds, for example

macromolecules, lipids, and small metabolites, can be

detected simultaneously [7–10]. Study of cellular metabo-

lism in cell extracts solution, either hydrophilic or lipo-

philic, has been successfully carried out for years by use of

NMR spectroscopy. More recently, the development of

HR-MAS techniques has made the direct analysis of cells

increasingly preferred for metabolomic studies [11]. HR-

MAS NMR spectroscopy is currently used for analysis of

the biochemical profile of complex systems such as biofl-

uids, biological tissues, or cells. In fact, it can detect many

different metabolites, and furnish information about the

metabolic changes occurring in response to external stim-

uli, e.g. drug exposure, or disease [10]. As far as we are

aware, HR-MAS NMR investigations, alone or combined

with GC analysis, involving cardiomyocytes are still vir-

tually non-existent. In our opinion, they could furnish

baseline data for future investigation of the effects on

mammalian cells of FA supplementation.

Materials and Methods

Materials

FA, Ham F10 media, fetal calf serum (FCS), horse serum

(HS), gentamicin, amphotericin B, and 20,70-dichlorofluo-

rescein were from Sigma (St Louis, MO, USA). Hexane,

diethyl ether, and formic acid were purchased from Carlo

Erba (Milan, Italy). All other chemicals and solvents were

of the highest analytical grade.

Cardiomyocytes Cell Cultures

Primary cultures of neonatal rat cardiomyocytes were

obtained from the ventricles of two to four-day old Wistar

rats according to Yagev et al. [12]. Cells were seeded at a

density of 1.5 9 106 cells/ml in 100-mm i.d. Petri dishes in

Ham F10 nutrient mixture supplemented with 10% (v/v)

FCS, 10% (v/v) HS, gentamicin (1%), amphotericin B

(1%), and grown at 37 �C, 5% CO2, and 95% humidity.

The study protocol was approved by the Animal Care

Committee of the University of Bologna (Italy) (prot. n.

58897-X/10). Forty-eight hours after seeding, cardiomyo-

cytes were randomly divided into control and FA supple-

mented groups. EPA and DHA were dissolved in ethanol,
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added to FCS to enable binding to albumin, and supple-

mented at 60 lM concentration. Control medium was

added with the same volume of ethanol (B0.1% v/v) to

avoid interference from vehicle. Media were changed every

48 h, and cardiomyocytes were grown till complete con-

fluence in a monolayer (day 8 from seeding).

Cardiomyocytes FA Composition

At confluence cardiomyocytes were washed three times

with ice-cold phosphate-buffered saline, scraped off, and

cell total lipids were extracted according to Folch et al.

[13]. Washings were analyzed by GC to ensure that sup-

plemented FA had been completely removed and did not

interfere with subsequent analyses. Total cell lipids were

separated by thin-layer chromatography (TLC) using plates

coated with silica gel G. Plates were developed in hexane–

diethyl ether–formic acid (8:2:0.1 v/v). Spots were made

visible under ultraviolet light by spraying with 20,70-
dichlorofluorescein (0.2% w/v in ethanol), and identified by

comparison with authentic co-chromatographed standards.

Spots corresponding to the phospholipid (PL) and triacyl-

glycerol (TAG) fractions were scraped off, extracted with

methanol or diethyl ether, respectively, and methylated

according to Stoffel et al. [14]. Before methylation, pen-

tadecanoic acid was added as internal standard. FA com-

position (as methyl esters) was determined by GC (GC

8000; Fisons, Milan, Italy) using a capillary column (SP

2340, 0.2 lm film thickness) with a programmed temper-

ature gradient (160–210 �C, 8 �C/min), as previously

reported [15]. The gas chromatographic peaks were iden-

tified on the basis of their retention time ratios relative to

methyl stearate and predetermined by use of authentic

samples. Gas chromatographic traces and quantitative

evaluations were obtained using a Chrom Card Software

computing integrator (Thermo Electron Scientific, Milan,

Italy).

Nuclear Magnetic Resonance Spectroscopy

At confluence, after washing with ice-cold phosphate-buf-

fered saline, cells were scraped off in deuterated water.

Cell suspension (50 ll) was placed in a 50-ll MAS zir-

conia rotor (4 mm OD), closed with a cylindrical insert to

increase sample homogeneity, then transferred to the probe

cooled to 4 �C. 1H and 13C HR-MAS NMR spectra were

recorded with a BrukerAvance 400 spectrometer operating

at 400.13 and 100.61 MHz, respectively. The instrument

was equipped with a 1H,13C HR-MAS probe, the temper-

ature of which was controlled by a Bruker Cooling

Unit. All experiments were performed at 4 �C to prevent

cell degradation processes [16]. Samples were spun at

4,000 Hz. After set up for approximately 20 min, three

different types of monodimensional (1D) proton spectra

were acquired by using:

1. a composite pulse sequence (zgcppr) [17], with 1.5 s

water-presaturation during relaxation delay, 8 kHz

spectral width, 32 k data points, 32-64 scans;

2. a water-suppressed spin–echo Carr–Purcell–Meiboom–

Gill (CPMG) sequence (cpmgpr) [18], with 1.5 s water

presaturation during relaxation delay, 1 ms echo time

(s), and 360 ms total spin–spin relaxation delay (2ns),

8 kHz spectral width, 32 k data points, 128 scans; and

3. a sequence for diffusion measurements based on stimu-

lated echo and bipolar-gradient pulses (ledbpgp2s1d)

[19] with big delta 200 ms, eddy current delay Te 5 ms,

little delta 2 9 2 ms, sine-shaped gradient with 32 G/cm

followed by a 200 ls delay for gradient recovery, 8 kHz

spectral width, 8 k data points, 256 scans.

Two-dimensional (2D) 1H,1H-correlation spectroscopy

(COSY) spectra [20, 21] were acquired using a standard

pulse sequence (cosygpprqf) and 0.5 s water presaturation

during relaxation delay, 8 kHz spectral width, 4 k data

points, 32 scans per increment, 256 increments. 2D 1H,1H-

total correlation spectroscopy (TOCSY) spectra [22, 23]

were acquired using a standard pulse sequence (mlevphpr)

and 0.5 s water-presaturation during relaxation delay,

100 ms mixing (spin-lock) time, 4 kHz spectral width, 4 k

data points, 32 scans per increment, 128 increments. NMR

spectra of specimens were analyzed using MestReC soft-

ware (Mestrelab Research, Santiago de Compostela,

Spain). A line-broadening apodization function of 5 Hz

was applied to lead diffusion-edited HR-MAS 1H FIDs

before Fourier transformation. NMR spectra were ref-

erenced to the FA terminal –CH3 signal at d 0.89 ppm,

manually phased, and a Whittaker baseline estimator

was applied to subtract the broad components of the

baseline.

Statistical Analysis

Three batches for each type of sample (control, EPA-sup-

plemented, and DHA-supplemented cardiomyocytes)

derived from three independent cell cultures were ana-

lyzed. Statistical analysis was performed by one-way

ANOVA with Tukey as post test.

Results

HR-MAS NMR

The metabolic pattern of unsupplemented, control cardio-

myocytes can be derived by analysis of the spectra shown

in Fig. 1. The first spectrum (Fig. 1a) is a conventional
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presaturated 1D spectrum detecting lipids, macromole-

cules, and small metabolite contribution. Figure 1b shows

the spectrum obtained using a CPMG spin–echo sequence.

This enables separation of signals according to their dif-

ferent T2, and enhancement of the resonance of small

metabolites relative to that of macromolecules. The small

metabolites are labeled in Fig. 1b: alanine (Ala), choline-

containing compounds (ChoCC), creatine (Cr), glutamate

(Glu), glycine (Gly), myo-inositol (Myo), phosphoetha-

nolamine (PEtn), scyllo-inositol (Scy), taurine (Tau), a-CH

of aminoacids (a-CH). The diffusion-edited spectrum

(Fig. 1c) displays broad resonances arising from macro-

molecules. In particular, mobile FA chains (signals at

0.89 ppm (–CH3), 1.33 ppm (CH2)n, and 2.03 ppm

CH2C=C) and phosphatidylcholine (PtdCho) (signal at

3.26 ppm N(CH3)3
?) are clearly detectable. Membrane PL

do not contribute significantly to the NMR signals because

of their low mobility and short relaxation times. Control

cardiomyocytes 1H HR-MAS NMR spectra were used for

the comparison with spectra obtained from cells supple-

mented with EPA and DHA.

In Fig. 2 the conventional water-presaturated 1H spectra

obtained from control (Fig. 2a), EPA-supplemented

(Fig. 2b), and DHA-supplemented (Fig. 2c) cardiomyo-

cytes are reported. In the spectra of n-3 LC-PUFA-sup-

plemented cardiomyocytes it is possible to recognize the

characteristic signals from unsaturated FA. The resonances

of FA chains are identified as: 1, methyls (–CH3) at

0.89 ppm (saturated FA chains), and 2, –CH3 at 0.96 ppm

(n-3 EPA, and DHA); 3, acyl chain methylenes (CH2)n

(1.33 ppm); 4, CH2–C–CO (1.58 ppm); 5, CH2C=C

(2.02 ppm); 6, CH2CO other than DHA (2.25 ppm) and 7,

CH2CO of DHA, (2.33 ppm); 8, =C–CH2-C= (2.78 ppm);

9, –CH=CH-(5.33 ppm) [24–26]. Signals at 2.02 ppm are

assigned to methylene protons of the CH2–CH=CH moiety

of both monounsaturated FA (MUFA) and PUFA, and the

signal at 2.78 ppm is characteristic of PUFA [24, 25]. Both

MUFA and PUFA are also identified by the signals at

5.33 ppm, because of the protons of the –CH=CH– moiety.

Comparison of 1H NMR spectra of supplemented and

control samples shows that the PUFA signals are dominant

in EPA and DHA-supplemented cardiomyocyte spectra,

whereas they are almost absent in those of control cells.

Moreover, the signal at 2.33 ppm, characteristic of DHA

Fig. 1 Representative ex-vivo HR-MAS 1H NMR spectra of neonatal

rat cardiomyocytes: water-presaturated pulse sequence with compos-

ite pulse (a), CPMG spectrum (b), and diffusion-edited spectrum (c).

The major metabolites are labeled: Ala alanine, ChoCC choline-

containing compounds, Cr creatine, Glu glutamate, Gly glycine, PEtn
phosphoethanolamine, Scy scyllo-inositol, Myo myo-inositol, Tau
taurine, a-CH a-CH of aminoacids. Lipid components are labeled: 1,

–CH3; 3, acyl chain methylene (CH2)n; 5, CH2C=C; N(CH3)3
?, signal

for PL components

Fig. 2 Water-presaturated ex-vivo HR-MAS 1H NMR spectra of

control (a), EPA-supplemented (b), and DHA-supplemented

(c) cardiomyocytes. Lipid components are labeled as in the previous

figure and: 2, DHA and EPA –CH3; 4, CH2–C–CO; 6, CH2CO other

than DHA; 7, CH2CO and CH2–C–CO of DHA; 8, =C–CH2–C=; 9,

CH=CH
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CH2–CO and CH2–C–CO protons, enables distinction

between DHA and EPA-supplemented samples.

In Fig. 3 the 1H HR-MAS NMR diffusion-edited spectra

of control (Fig. 3a), EPA-supplemented (Fig. 3b), and

DHA-supplemented (Fig. 3c) cardiomyocytes are reported.

In accordance with the literature, lipid components are

identified as above. Signals 10 and 11, from bonded

glycerol (4.10 and 4.30 ppm) are clearly detected, espe-

cially for the DHA-supplemented cells.

These spectra show an increase of signals from mobile

lipids in PUFA-supplemented cells compared with the

unsupplemented cells. Low PL signals (in particular that of

N(CH3)3
? at 3.26 ppm) are present, together with broad

peaks from the macromolecules, in the control cell spec-

trum (Fig. 3a). In supplemented cells, these signals are

obscured by the high intensity of signals from PUFA,

mainly bonded to glycerol in TAG. Signals from CH2 of

bonded glycerol in TAG are clearly seen at 4.30 and

4.10 ppm (Fig. 3, signals 10, 11), whereas the CH reso-

nance at 5.26 ppm is overlapped by the CH=CH protons of

FA chains. Signals attributable to cholesterol (C) or cho-

lesteryl esters (CE), the most characteristic of which is that

of 18-CH3, at approximately 0.7 ppm, are not detected.

Variation of the mobile lipid components can be eval-

uated by integration of the resonances present in HR-MAS

led diffusion-edited spectra (Fig. 4). Supplemented cardio-

myocytes furnish a general increase of lipid signals, par-

ticularly unsaturated FA, which are almost absent in

control cells (lack of signals at 2.78 ppm and 5.33 ppm).

Instead, the PL fraction (N(CH3)3
? signal at 3.26 ppm) does

not seem significantly affected by supplementation

(Fig. 3). In EPA and DHA-supplemented cardiomyocytes

glycerol bonded signals (at 4.10 and 4.30 ppm), absent in

control cells, are detected, indicating that NMR-visible FA

are involved in TAG. Comparison of the theoretical (6:4)

and experimental (7.4:4) TAG integral ratio between the

CH2CO (2.25 ppm) and glycerol (4.30 and 4.10 ppm)

signals in EPA-supplemented cell spectra points to the

presence of almost completely glycerol-esterified FA

chains, and a slight excess of unesterified FA (FFA). The

same approach, if applied to DHA samples, is less

straightforward. In this case two signals, at 2.33 and

2.25 ppm, are derived from CH2CO protons (DHA and

other FA, respectively), and the former also receives a

contribution from CH2–C–CO protons of DHA. Moreover,

the signal at 2.25 ppm accounts for approximately 25–30%

of the total integral (2.25 ? 2.33). The theoretical ratio

between the integrals of the signals at 2.25 ? 2.33 ppm

and that of glycerol (4.30 and 4.10 ppm) is 12:4 for glyc-

erol-triesterified with DHA (signal at 2.25 ppm absent) and

6:4 for glycerol-triesterified with FA other than DHA

(signal at 2.33 ppm absent). On this basis, for DHA-sup-

plemented cells we calculate a [DHA/(FA other than

DHA)] ratio of approximately 3:2 and a theoretical ratio of

(12 9 0.6 ? 6 9 0.4) = 9.6:4 for FA involved in TAG.

This compares well with the experimental value of 10.1:4,

and indicates that the NMR-visible lipid signals arise from

almost completely glycerol-esterified FA chains in DHA-

supplemented cells also.

Figure 5 reports the CPMG HR-MAS 1H NMR spectra

of control (Fig. 5a), EPA-supplemented (Fig. 5b), and

DHA-supplemented (Fig. 5c) cardiomyocytes. In the

spectra some residual signals from EPA and DHA are

present, indicating that some protons in PUFA chains are

characterized by long transverse relaxation times T2. Hence

the chains are not only slowly diffusing (as is apparent

from diffusion edited spectra) but also free to rotate. This

situation is usually indicative of the presence of lipid

bodies (LB) in the cell [24, 25, 27]. As reported above, the

NMR data show that these lipids are essentially constituted

by mobile TAG.

Analysis of the CPMG spectra shows that supplemen-

tation has no relevant effects on the profile of the small

Fig. 3 1H HR-MAS NMR diffusion-edited spectra from control (a),

EPA-supplemented (b), and DHA-supplemented (c) cardiomyocytes.

Lipid components are labeled as in previous figures and: 10 and 11,

bonded glycerol
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metabolites (polyols, osmolytes, and aminoacids). They

were assigned by direct inspection of 1D and 2D spectra

(COSY and TOCSY spectra, here not reported), and by

comparison with literature data [28, 29]. The main

metabolites detected by HR-MAS NMR in cardiomyocytes

are ethanol, lactate (Lac), Ala, acetate (Ac), Glu, Cr, Tau,

Gly, choline (Cho), ethanolamine (Etn), phosphocholine

(PCho), glycerophosphocholine (GPC), Scy and Myo,

PEtn, uridine-diphosphate (UDP), adenine, a trace of glu-

tamine (Gln), and lysine (Lys).

GC

In the PL fraction (Fig. 6a), EPA supplementation of

cardiomyocytes leads to enhancement of the relative molar

content of both EPA itself and its metabolic elongation

derivative docosapentaenoic acid (22:5n-3, DPA) [30]. No

further conversion of n-3 DPA to DHA is detected. After

DHA supplementation, the relative molar content of this

FA increases, without any appreciable retroconversion to

DPA or EPA. The increased incorporation of n-3 PUFA is

accompanied by a decrease in the relative molar contents

of palmitoleic (16:1n-7), oleic (18:1n-9), and arachidonic

(20:4n-6, ARA) acids.

In the TAG fraction (Fig. 6b), EPA is not incorporated

as itself but after conversion to its derivative DPA [30],

whereas DHA is incorporated without any further metab-

olism. In both cases, a concomitant decrease in the relative

molar content of saturated FA and ARA is detected.

The total amount of FA esterified in the PL fraction is

lower in DHA-supplemented cells than in controls

(Fig. 7a). In contrast, the small amount of FA esterified in

the TAG fraction of control cells increases substantially

after EPA and DHA supplementation, as shown in Fig. 7b.

Discussion

Cells contain a substantial amount of polar lipids, PL and

C, and neutral lipids, for example TAG and CE. Taken

together, these account for approximately 4–16% of total

cell mass and approximately 20–50% of dry cell mass [31].

Although NMR is regarded as a universal detector, lipid 1H

NMR resonances are not always observed in tissues that

Fig. 4 Relative amount of lipid components from control, EPA and

DHA-supplemented cardiomyocytes, as derived from integration of

HR-MAS diffusion-edited spectra. The data are scaled relative to

–CH3, and reported as means ± SEM. Lipid components are labeled:

1, –CH3 (0.89 ? 0.96 ppm); 2, –CH3 from EPA and DHA

(0.96 ppm); 3, acyl chain methylene- (CH2)n; 4, CH2–C–CO; 5,

CH2C=C; 6, CH2CO (2.25 ppm); 7, CH2CO and CH2–C–CO from

DHA (2.33 ppm); 8, =C–CH2–C=; 9, CH=CH; 10 and 11, bonded

glycerol (4.10 and 4.30 ppm)

Fig. 5 CPMG ex-vivo HR-MAS 1H NMR spectra of control (a),

EPA-supplemented (b), and DHA-supplemented (c) cardiomyocytes.

The major metabolites are labeled as in previous figures and: Cho
choline, Etn ethanolamine, GPC glycerophosphocholine, Lac lactate,

PCho phosphocholine
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are rich in C and PL. This directly implies that 1H NMR-

visible lipids must have unique structural and biochemical

properties that set them apart from the bulk of tissue lipids.

This apparent paradox is resolved by considering the

physical basis of NMR, which emphasizes the importance

of sufficient molecular mobility in the immediate chemical

environment for a given molecule to become detectable by

NMR [27]. The first explanation of the contributions of

mobile and non-mobile components to the NMR spectra of

biological samples was reported in the key work on C-13

NMR by William et al. [32]. Much later, the important

applications of MAS NMR to biological systems by the

Oldfield [33] and Hamilton groups [34, 35] meticulously

discriminated phase and molecules with different mobili-

ties. Lipid resonances must arise from molecules with high

molecular mobility. Because it is known that LC-PUFA is

mainly incorporated into membrane PL, which do not

significantly contribute to the NMR signal because of their

rigid environment, we coupled GC analysis to NMR. As

expected, the signal from PL is very weak in NMR anal-

ysis, irrespective of the experimental conditions, whereas

GC analysis, besides detecting PL, shows that EPA and

DHA supplementation causes substantial modification of

PL FA composition. In several studies, the biological

effects of n-3 LC-PUFA have been ascribed to the incor-

poration of these FA into PL into cellular membranes,

where they may alter membrane fluidity and functionality,

Fig. 6 Fatty acids composition

of PL (a) and TAG (b) derived

from control, EPA, and DHA-

supplemented cardiomyocytes.

Data are expressed as mol %

and are means ± SD from at

least three independent cell

cultures. Statistical analysis was

performed by one-way ANOVA

(p values are shown above bars)

with Tukey as post test

comparing control and n-3

LC-PUFA-supplemented cells

(#p \ 0.05; �p \ 0.01;

*p \ 0.001)

Fig. 7 Acyl content of PL (a) and TAG (b) derived from control,

EPA, and DHA-supplemented cells. Data are expressed as lg/plate

and are means ± SD from at least three independent cell cultures.

Statistical analysis was performed by one way ANOVA (p values are

shown above bars) with Tukey as post test comparing control and n-3

LC-PUFA-supplemented cells (#p \ 0.05; �p \ 0.01; *p \ 0.001)
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and may affect cellular eicosanoid synthesis [36–39].

According to GC data, EPA and DHA are actively incor-

porated in the PL fraction, displacing ARA, the relative

molar content of which is reduced by more than 50%. It is

conceivable that the modifications occurring in PL after

EPA and DHA supplementation could cause important

changes not only in membrane structure, but also in

membrane and cell functionality. The total amount of FA

esterified in PL is reduced in DHA-supplemented cardio-

myocytes (Fig. 7a). The larger packing free volume asso-

ciated with LC-PUFA-rich membranes could explain in

part the reduction of the acyl content in the PL fraction. In

fact, in saturated or monounsaturated membranes the acyl

chains pack quite uniformly whereas in membranes con-

taining DHA the packing is distorted by the steric restric-

tions associated with a higher surface area of the FA [40].

As an alternative, DHA could have triggered a remodeling

mechanism causing an increase in lyso-PL. Actually, DHA

has been shown to alter cell membranes increasing the

activation of phospholipase A2 [41].

The most important difference between control and n-3

LC-PUFA-supplemented cardiomyocytes highlighted by

HR-MAS NMR spectroscopy is the increase of signals

from mobile lipids, identified as TAG. Regarding TAG,

two alternative sources of 1H NMR-visible mobile lipid

resonances have been proposed, i.e. membrane-associated

globular microdomains [42, 43] and intracellular LB [44,

45]. Many in-vitro cell studies and in-vivo diffusion mea-

surements have suggested the importance of LB as

contributors to 1H NMR-detectable lipid resonances [27,

44–46]. It is therefore conceivable that the observed

increase of NMR-visible TAG in supplemented cells is

associated with an enhanced presence of LB, as already

reported for human cardiomyocytes [47]. The observed

increase of mobile TAG could be a metabolic response to

n-3 LC-PUFA supplementation, which leads to increased

lipid storage. The increase in the total amount of FA

incorporated in TAG, and the higher relative molar content

of n-3 LC-PUFA in this fraction after supplementation, is

confirmed by GC. Our results are in agreement with those

of Finstad et al. [48], who observed an increase in the TAG

content of monocytic U937-1 cells after treatment with

60 lM EPA. This TAG increase was accompanied by

accumulation of LB.

The second hypothesis has been considered the more

probable in recent years [49, 50]. The sequestration of

mobile lipids in LB provides a deposit of stored energy that

can be accessed in a regulated fashion according to meta-

bolic need [51]. In particular, the myocardium stores FA,

the major energy substrate for normal heart function, as

TAG in LB [52].

Incorporation of n-3 LC-PUFA into TAG-rich LB could

also be the basis for a yet unknown mechanism important

for cell regulation. First, storage of FA in LB may function

to protect the cells from exposure to high concentrations of

FFA. Second, a TAG pool rich in LC-PUFA may be an

important reservoir for signal molecules. Finstad et al. [48]

suggested that EPA, DPA, and DHA, when liberated from

an intracellular storage pool, affect intracellular signal

transduction systems differently from when released from

cellular PL. Furthermore, LC-PUFA stored as TAG in LB

could be used for membrane PL synthesis. In the heart, the

synthesis of PL to ensure membrane homeostasis is a pri-

ority that warrants the membrane depolarization that trig-

gers cardiac contraction [52]. It is also possible that n-3

LC-PUFA stored in TAG may affect cardiomyocytes gene

expression via PPAR-dependent signal pathways. We have

already demonstrated that incubation of with 60 lM EPA

and DHA alters the expression of different genes [53].

The accumulation of LB has been correlated with the

reduction in cell number, inhibition of proliferation, and

induction of apoptosis in monocytic U937-1 cells [48]. In a

previous study in which neonatal rat cardiomyocytes were

supplemented with the same EPA and DHA concentra-

tions, we observed a modest increase in cell growth and no

significant alteration in cell cycle distribution. Further-

more, n-3 LC-PUFA supplementation significantly pro-

tected cardiomyocytes from apoptosis [53]. The different

cell type used in these studies might explain the different

results, emphasizing that cell response to LC-PUFA sup-

plementation can be very different.

The signals from C and, even more so, from CE are not

detected in cardiomyocyte NMR spectra, probably because

of their low mobility [54, 55]. Similarly, the TLC spot

corresponding to CE was hardly detectable, irrespective of

the supplementation. This is in agreement with Finstad

et al. [56] who, supplementing different cell lines with

labeled EPA, found only 1% of the FA was recovered in

the CE fraction.

Regarding the small molecules, HR-MAS NMR meta-

bolic characterization of cardiomyocytes reveals only

negligible variations of the metabolic profile among dif-

ferently treated cells. Indeed, the metabolome of unsup-

plemented and supplemented cells is characterized by the

same small metabolites (mainly Ala, Lac, Ac, Glu, Cr,

Tau, Gly, Cho, PCho, GPC, Scy, Myo, PEtn, Gln, UDP,

adenine, and Lys) in almost the same relative ratios. N-3

LC-PUFA supplementation of neonatal rat cardiomyocytes

causes a huge variation in the cell lipid environment, but

negligible variation of the metabolome.

In conclusion, simultaneous use of 1H HR-MAS NMR

spectroscopy and GC furnishes information on the cell

lipidome and metabolome. This work shows the comple-

mentary potential of these techniques. Furthermore, as far

as we are aware this is the first report on changes in the

lipid components of cardiomyocytes after n-3 LC-PUFA
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supplementation. Understanding of the modification of the

lipid environment is a further step toward clarification of

the involvement of n-3 LC-PUFA in the prevention of

cardiovascular disease.
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49. Quintero M, Cabañas ME, Arús C (2007) A possible cellular

explanation for the NMR-visible mobile lipid (ML) changes in

cultured C6 glioma cells with growth. Biochim Biophys Acta

1771:31–44. doi:10.1016/j.bbalip.2006.10.003

50. Luciani AM, Grande S, Palma A, Rosi A, Giovannini C, Sapora

O, Viti V, Guidoni L (2009) Characterization of 1H NMR

detectable mobile lipids in cells from human adenocarcinomas.

FEBS J 276:1333–1346. doi:10.1111/j.1742-4658.2009.06869.x

51. Martin S, Parton RG (2006) Lipid droplets: a unified view of a

dynamic organelle. Nat Rev Mol Cell Biol 7:373–378. doi:

10.1038/nrm1912

52. Gambert S, Helies-Toussaint C, Grynberg A (2005) Regulation of

intermediary metabolism in rat cardiac myocyte by extracellular

glycerol. Biochim Biophys Acta 1736:152–162. doi:10.1016/

j.bbalip.2005.08.004

53. Bordoni A, Astolfi A, Morandi L, Pession A, Danesi F, Di Nunzio

M, Franzoni M, Biagi P (2007) N-3 PUFAs modulate global gene

expression profile in cultured rat cardiomyocytes. Implications in

cardiac hypertrophy and heart failure. FEBS Lett 581:923–929.

doi:10.1016/j.febslet.2007.01.070

54. Guo W, Kurze V, Huber T, Afdhal NH, Beyer K, Hamilton JA

(2002) A solid-state NMR study of phospholipid-cholesterol

interactions: sphingomyelin-cholesterol binary systems. Biophys

J 83:1465–1478. doi:10.1016/S0006-3495(02)73917-9

55. Husted C, Montez B, Le C, Moscarello MA, Oldfield E (1993)

Carbon-13 ‘‘magic-angle’’ sample-spinning nuclear magnetic

resonance studies of human myelin, and model membrane

systems. Magn Reson Med 29:168–178. doi:10.1002/mrm.1910

290204

56. Finstad HS, Dyrendal H, Myhrstad MC, Heimli H, Drevon CA

(2000) Uptake and activation of eicosapentaenoic acid are related

to accumulation of triacylglycerol in Ramos cells dying from

apoptosis. J Lipid Res 41:554–563

636 Lipids (2011) 46:627–636

123

http://dx.doi.org/10.1016/0005-2736(93)90263-Y
http://dx.doi.org/10.1194/jlr.M500431-JLR200
http://dx.doi.org/10.1073/pnas.0701015104
http://dx.doi.org/10.1016/j.plipres.2007.12.004
http://dx.doi.org/10.1016/j.plipres.2007.12.004
http://dx.doi.org/10.1016/j.chemphyslip.2008.09.004
http://dx.doi.org/10.1038/ejcn.2009.151
http://dx.doi.org/10.1016/S0009-3084(03)00101-4
http://dx.doi.org/10.1016/j.neuropharm.2008.02.003
http://dx.doi.org/10.1016/j.neuropharm.2008.02.003
http://dx.doi.org/10.1016/0968-0004(88)90145-4
http://dx.doi.org/10.1016/0968-0004(88)90145-4
http://dx.doi.org/10.1111/j.1432-1033.1992.tb16847.x
http://dx.doi.org/10.1016/j.bbalip.2003.07.001
http://dx.doi.org/10.1016/S1388-1981(99)00071-2
http://dx.doi.org/10.1007/s11906-008-0086-y
http://dx.doi.org/10.1016/j.bbalip.2006.10.003
http://dx.doi.org/10.1111/j.1742-4658.2009.06869.x
http://dx.doi.org/10.1038/nrm1912
http://dx.doi.org/10.1016/j.bbalip.2005.08.004
http://dx.doi.org/10.1016/j.bbalip.2005.08.004
http://dx.doi.org/10.1016/j.febslet.2007.01.070
http://dx.doi.org/10.1016/S0006-3495(02)73917-9
http://dx.doi.org/10.1002/mrm.1910290204
http://dx.doi.org/10.1002/mrm.1910290204


ORIGINAL ARTICLE

Fish Oil Supplementation During Lactation: Effects on Cognition
and Behavior at 7 Years of Age

Carol L. Cheatham • Anne Sofie Nerhammer •

Marie Asserhøj • Kim F. Michaelsen •

Lotte Lauritzen

Received: 4 March 2011 / Accepted: 23 March 2011 / Published online: 22 April 2011

� AOCS 2011

Abstract Early accumulation of n-3 long-chain PUFA

(LCPUFA) in the brain may contribute to differences in

later cognitive abilities. In this study, our objective was to

examine whether fish oil (FO) supplementation during

lactation affects processing speed, working memory,

inhibitory control, and socioemotional development at

7 years. Danish mothers (n = 122) were randomized to FO

[1.5 g/d n-3 LCPUFA] or olive oil (OO) supplementation

during the first 4 months of lactation. The trial also

included a high-fish intake (HFI) reference group (n = 53).

Ninety-eight children were followed-up with an assessment

of processing speed, an age-appropriate Stroop task, and

the Strength and Difficulties Questionnaire at 7 year. A

group effect of the intervention (FO vs. OO) was found in

prosocial behavior scores; this negative effect was carried

by the boys. Exploratory analyses including all participants

revealed the speed of processing scores were predicted by

maternal n-3 LCPUFA intake during the intervention per-

iod (negative relation) and maternal education (positive

relation). Stroop scores indicative of working memory and

inhibitory control were predicted by infant erythrocyte

DHA status at 4 months of age (negative relation). Early

fish oil supplementation may have a negative effect on later

cognitive abilities. Speed of processing and inhibitory

control/working memory are differentially affected, with

speed of processing showing effects of fish oil intake as a

whole, whereas inhibitory control/working memory was

related more specifically to DHA status.

Keywords n-3 Polyunsaturated fatty acids �
Intervention � Cognition � Executive function �
Programming

Abbreviations

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid

LCPUFA Long-chain polyunsaturated fatty acids

RBC Red blood cell

RCT Randomized control trial

SDQ Strength and Difficulties Questionnaire

Introduction

Long-chain n-3 polyunsaturated fatty acids (n-3 LCPUFA)

are accumulated in the central nervous system during early

life and are thought to play an important role in the proper

function and development of the brain and retina [1, 2].

Early intake of n-3 LCPUFA has been shown to affect the

development of visual acuity in both preterm and term

infants [3, 4], but its effect on mental function is less well

established [5]. Recent reviews of randomized controlled

trials (RCT) conclude that further studies are needed to

determine if early intake of n-3 LCPUFA is associated with

changes in cognitive or behavioral performance [6, 7].

Moreover, the optimal intake of n-3 LCPUFA during early

life is not yet known [2].

Breastfeeding has been shown to confer a long-term

advantage in cognitive performance in meta-analyses [8],
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and studies has shown that the advantage is dependent on

both maternal and infant genotypes at certain single

nucleotide polymorphisms on the fatty acid desaturase

gene complex (FADS1/FADS2) indicating that this is at

least partly due to LCPUFA [9, 10]. Maternal supple-

mentation studies have been performed to examine if

variations in maternal n-3 LCPUFA intake can affect

functional outcomes in the infants. Researchers observed

improved mental processing scores at 4 years of age in

children of mothers who were supplemented with fish oil

during pregnancy and lactation [11]. Sequential processing

at 7 years of age was related to alpha-linolenic acid (18:3n-

3) and docosahexaenoic acid (DHA, 22:6n-3) levels in

maternal plasma during pregnancy [12]. Perinatal plasma

DHA status as measured in cord blood has also been found

to be significantly negatively correlated with internalizing

problem behavior at 7 years of age [13]. Moreover, sci-

entists who conducted a large cohort study found positive

associations between maternal intake of marine foods and

verbal IQ measured at 8 years of age [14]. Thus, maternal

fatty acid status may have long-lasting effects on the

cognitive abilities of the offspring.

Conceptually, fish oil supplementation during pregnancy

and lactation, which are critical periods for brain devel-

opment, should affect subsequent cognitive development as

DHA is implicated in many neural processes. DHA is

involved in synaptogenesis and maturation of the synapses

[15] and neuronal membrane structure and function [16].

Importantly, there is direct evidence that the presence of

DHA increases processing speed at the membrane [17].

Speed of processing, a basic cognitive process which

underlies all cognitive functioning, can be defined as the

time required to move information from one neuron to the

next, and it is reasonable to hypothesize that DHA will

have an effect on speed of processing.

Higher, more complex, cognitive processes are sub-

served by the frontal lobes, which have a high concentra-

tion of DHA [18]. The frontal lobes and the cognitive

functions that they support show a protracted development

reaching functional maturity at 12–15 months of age and

continuing to develop into adolescence [19]. Moreover,

dopamine, an important modulator of higher-order cogni-

tive functions [20], has been shown to be low in the frontal

lobes when DHA is low [21]. Thus, it is reasonable to posit

that DHA status will be related to the higher-order func-

tions subserved by the frontal lobes. Cognitive abilities

thought to be early precursors of the higher-order func-

tions, such as means-end problem solving, begin to emerge

at the end of the first year of life and have been shown to be

related to DHA levels [22]. However, higher-order cogni-

tive functions such as working memory and inhibitory

control cannot be reliably tested until children reach

3–5 years of age.

Socioemotional behaviors related to higher-order cog-

nition such as hyperactivity and inattention have been

studied in relation to differences in LCPUFA status [23].

Treatment with n-3 LCPUFA has been found to ameliorate

the symptoms of attention deficit hyperactivity disorder

[24]. It is not known whether improved LCPUFA status

early on is related to the differences in socioemotional

behavior in typically developing children. In one study,

scientists reported that higher n-3 LCPUFA status in

children was related positively to prosocial behavior

and negatively to inattention, emotional difficulties, and

hyperactivity [25]. However, it is not known whether

maternal n-3 LCPUFA status is similarly related.

Here we report the results of a follow-up of an RCT in

which lactating mothers were supplemented with either fish

oil or olive oil for the first 4 months of their infants’ lives

[26, 27]. The aim was to investigate whether maternal n-3

LCPUFA intake during lactation had an effect on socio-

emotional functioning, as assessed by the Strength and

Difficulties Questionnaire (SDQ), and cognition, specifi-

cally speed of processing, working memory, and inhibitory

control, when the children were 7 years of age. The results

indicated no group effects of the early intervention on

cognitive scores at 7 years of age, but exploratory model

building using continuous biochemical markers revealed

that maternal n-3 LCPUFA intake was negatively related to

speed of processing, and the DHA content of infant

erythrocytes was negatively related to working memory/

inhibitory control scores. Regarding the socioemotional

scores, there was a group effect of the intervention on the

prosocial score. Post hoc analyses revealed this negative

relation was carried by the boys.

Methods

Participants and Intervention

The trial and its follow-up studies at 2.5 and 7 years were

approved by the Scientific-Ethical Committees for

Copenhagen and Frederiksberg (KF 01-300/98, KF 01-183/

01 and KF 11321572, respectively). The RCT was by

design double-blinded throughout the intervention period

and the researches were blinded at both the 2.5 and 7 year

follow-ups, but the participants and their parents were not.

Both parents of the child gave written consent to participate

in the 7 year follow-up after the study had been explained

to at least one of them orally, as well as in writing.

The participating mothers were recruited during preg-

nancy from the Danish National Birth Cohort during

December 1998–November 1999. The dietary intake of the

mothers in the Danish National Birth Cohort was deter-

mined in the 25th week of pregnancy using a food
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frequency questionnaire as described by Olsen and col-

leagues [28]. Women in the 36th week of pregnancy living

in the greater Copenhagen area and having a fish intake

below population median (fish intake of 12.3 ± 8.2 g/d

and less than 0.40 g/d of n-3 LCPUFA) were asked to

participate in the trial as a low fish group. Women with a

fish intake in the highest quartile of the population (fish

intake of 55.2 ± 26.7 g/d or 0.82 g/d of n-3 LCPUFA)

were also asked to participate in the trial as a high fish

intake reference group (HFI group). One hundred and

twenty-two women with a low fish intake and 53 with a

high fish intake were accepted to participate in the trial.

The trial is described in detail elsewhere [26].

After the birth of their children, the women in the low

fish intake group were randomly assigned to one of two

supplementation groups with stratification according to

mean parental education: an experimental group receiving

fish oil (FO) supplement and a control group receiving an

equal amount of olive oil (OO) supplement as described

previously [26]. Both supplements were given as micro-

encapsulated oils (from BASF Health and Nutrition A/S,

Ballerup, Denmark) incorporated and concealed in müsli

bars (produced by Halo Foods Ltd., Tywyn Gwynedd,

Wales, United Kingdom) or home baked cakes (ordinary

capsules were given as an alternative if the women disliked

the dishes). The supplement levels in the FO group were

intended to match the intake of the HFI reference group.

The FO supplement supplied the women with 4.5 g/d fish

oil containing 1.5 g/d of n-3 LCPUFA, of which 0.62 g

was eicosapentaenoic acid (EPA, 20:5n-3) and 0.79 g was

DHA. Throughout the 4 month intervention, the mean self-

reported compliance, expressed as the percentage of oil

consumed relative to the intended dose was in both groups

88% (SD = 9%, n = 99). Of the 150 women who com-

pleted the supplementation period, 107 mothers fulfilled

the criterion of exclusive breastfeeding during the

4 months. The children who were partially breastfed were

not excluded from the study, but the degree of breast-

feeding was taken into account in the analysis of the results

[26].

The n-3 LCPUFA intakes of the mothers were deter-

mined at recruitment and at the 2, 4, and 9 month visit by

food frequency questionnaires of fish intake [26] and the

diet of the children was determined at 2.5 [29] and 7 years

of age [30]. Breastmilk was collected at 9 days and 2, 4,

and 9 months of age. Additionally, a blood sample was

collected from the mother at recruitment and at the end of

the intervention and from the infant at 4 months of age in

order to measure the biochemical effect of the intervention

by analyzing the fatty acid composition of the red blood

cells [26].

All the children who participated in the 9 month follow-

up visit (n = 149) were invited to participate in the 7 year

follow-up study. Nine of the children were lost to follow-

up due to lack of contact. Ten participants were excluded

because they were living outside Zealand, one child was

excluded due to a broken leg, and 31 did not wish to par-

ticipate. Thus, 98 children participated in the 7 year fol-

low-up study. The characteristics of these children are

given in Table 1.

Cognitive and Socioemotional Assessments

Means-End Problem Solving at 9 Months

The effects of the intervention on the mental development

of the infants were tested with a means-end problem

solving task at 9 months of age (36.6–40.6 weeks) as

previously reported [27]. In short, the means-end problem

solving ability was assessed with The Infant Planning Test

Table 1 Characteristics of the participants

High fish Olive oil Fish oil

Children included (n) 34 28 36

Sex ratio in group (M:F)b 18:16 12:16 24:12

Age at follow-up (years)c 7.3, 6.9–7.6 (34) 7.3, 6.8–7.7 (28) 7.4, 6.9–7.8 (36)

Birth weight (kg)a 3.7 ± 0.5 (34) 3.6 ± 0.4 (28) 3.7 ± 0.4 (36)

Birth length (cm)c 52.5, 50.0–55.5 (34) 52.0, 49.9–55.1 (28) 52.0, 50.0–55.3 (36)

Head circumference at birth (cm)a 36.1 ± 1.6 (33) 35.7 ± 1.3 (25) 36.0 ± 1.2 (33)

Degree of breastfeeding during the 4-month intervention (%)c 100, 86–100 (34) 100, 97–100 (28) 100, 35–100 (26)

a Values are given as means ± SD (n). Differences between groups are tested with a Student t test when comparing the two randomized groups

and with an ANOVA when comparing all three groups
b Values are given as a ratio. Differences between groups are tested with a v2 test
c Data are not normally distributed. Values are given as median, 10th–90th percentile (n). Differences between the two randomized groups were

tested with the Mann–Whitney U test and differences between all three groups were tested with a Kruskall–Wallis test
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designed by Willatts [31] by one trained tester (72.5%) or

in her absence, by one of two trained tester stand-ins (17.2

and 10.3%). The infant was presented with the same two-

step problem multiple times (3.7 ± 1.8 presentations;

equal in the three groups). All trials were recorded on

videotape, and two trained observers scored the behavior

independently. Two outcome measures were coded: scores

on individual problems (0–6 points) and percent of inten-

tional solutions (defined as problems solved with a score of

at least one in all single score parameters or a minimum

score of 6). Successful results on the problem-solving test

were obtained for 89% of the tested children (n = 122 of

138; 14 refused, 2 video malfunctions).

Speed of Information Processing Test at 7 Years

Speed of processing was assessed using a subtest of the

Woodcock Johnson Tests of Cognitive Abilities III� [32].

Participants were presented with a page of pictures of

puppies, balls, and cups in random order. They were

instructed to work as quickly as possible and to circle all

instances where the picture of the ball was followed

immediately by a picture of a puppy. They were given

3 min to complete the task: there were 69 possible pairs.

Scoring was a simple count of correct pairs divided by the

expected number of correct pairs for the specific age of the

participant.

Higher-Order Cognitive Functioning Test at 7 Years

of Age

Working memory and inhibitory control were tested using

an age-appropriate day/night Stroop task as described in

Archibald and Kerns [33]. The Stroop task requires the

participant to inhibit a prepotent response and respond

according to a rule held in working memory. Participants

were presented with a booklet of pages populated with

pictures of suns and moons. For the first phase, they were

instructed to quickly say ‘‘sun’’ when they saw a picture of

a sun and ‘‘moon’’ when they saw a picture of a moon.

After 45 s, the administrator said to stop. For the second

phase, they were instructed to say ‘‘moon’’ when they saw

a picture of a sun and ‘‘sun’’ when they saw a picture of a

moon. The Stroop score was computed as an interference

score (difference between # correct in Phase 2 and # correct

in Phase 1 divided by the # correct in Phase 1).

Strengths and Difficulties Questionnaire (SDQ) at 7 Years

of Age

Caregivers completed the SDQ revised for Danish speakers

[34]. The SDQ elicits ratings of 25 behaviors on a 3-point

scale (not true, somewhat true, or certainly true). Behaviors

include things such as ‘‘Considerate of other people’s

feelings’’ and ‘‘Often loses temper’’. Items were combined

to yield sub-scale scores for Emotional Symptoms, Con-

duct Problems, Hyperactivity, Peer Problems, and Proso-

cial Behavior. All sub-scale scores except Prosocial

Behavior were added together to yield the Total Difficulties

Score.

Statistics

All cognitive data were normally distributed and met all

assumptions for analyses. To assess the validity of the

measures (i.e. continuity in cognitive abilities), 7 year

speed of processing scores, 7 year Stroop scores, 9 month

means-end problem solving, and 9 month means-end

intentional solutions were entered into a bivariate correla-

tion analysis. In addition, correlations between cognitive

measures and socioemotional behavior (SDQ scores) were

evaluated.

To test the efficacy of the intervention on cognitive

abilities at 7 years of age, speed of processing scores and

Stroop scores were entered in a multivariate analysis of

variance (MANOVA) by RCT groups (FO and OO). The

SDQ data were analyzed by non-parametric tests (Mann–

Whitney U test) as these variables tended to be limited to a

few distinct values. The HFI group was not included in

these analyses in accordance with the trial design.

To explore individual differences in the cognitive out-

comes as they related to the continuous biochemical data,

we undertook model-building analyses subsequent to the

trial analyses that included all the participants (HFI, FO,

and OO). First, each independent variable was regressed

onto the set of remaining independent variables to test for

multicollinearity issues as described by Lewis-Beck [35].

Using the criterion of r2 \ 0.80, it was determined that

maternal RBC–DHA and breastmilk DHA accounted for

significant variance in the other independent variables.

Thus, maternal RBC–DHA and breastmilk DHA were not

considered in further analyses. Variables determined to be

independent variables and thus, utilized in the model-

building analyses were infant RBC–DHA (FA%) at

4 months, weighted infant DHA intake (breastmilk DHA

content x% of total nutrition that was from breastmilk), and

mean maternal intake of DHA during intervention period

(g/d; includes intake from intervention supplement plus

daily intake related to lifestyle). Maternal education was

used as a proxy for socio-economic factors. Data were

entered into regression analyses using backward elimina-

tion. Using the same independent variables (infant RBC–

DHA at 4 months, weighted infant DHA intake, and mean

maternal intake of n-3 LCPUFA), backward elimination

was used to predict the individual sub-scale and total scores

from the SDQ.
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Results

Randomized Controlled Trial Analyses

(Only FO and OO Groups)

The cognitive scores at 7 years of age in the two ran-

domized groups (OO and FO) and the HFI-reference group

are shown in Table 2. There were no group differences

between the randomized groups with respect to the speed

of processing score [F(1, 62) = 0.777, ns] or the Stroop

score [F(1, 61) = 0.302, ns]. Given that degree of breast-

feeding was not controlled, we repeated the analyses con-

trolling for the weighted infant intake. The results did not

change. There were also no significant group differences

(between FO and OO) in the socioemotional behavior data

from the SDQ (see Table 3) although the Prosocial score

tended to be higher in the control group [Z(62) = -1.796,

p \ 0.10]. Post hoc analyses revealed this effect was car-

ried by the boys and in fact, was significant when analyses

included only the boys [Z(35) = -2.264, p \ 0.05].

Correlations Between Cognitive and Behavioral Scores

Across and Within Ages (FO and OO Groups)

Across ages, the 9 month means-end intentional solution

scores were correlated with the 7 year speed of processing

scores [r(56) = 0.281, p = 0.03]. No relation was found

between means-end intentional solutions at 9 months and

working memory/inhibitory control, as measured by the

Stroop score at 7 years of age [r(55) = -0.02, ns]. How-

ever, intentional solution scores were related to the aspect

of the Stroop task that relies directly on speed of processing

(number of correct responses when asked to say sun when

the picture was a sun) [r(56) = 0.335, p = 0.01]. Because

degree and length of breastfeeding were not controlled in

the intervention, analyses were repeated partialling out

the weighted infant intake variable. The same pattern

of significance was found. Means-end scores were also

positively related to the Prosocial score [r(54) = 0.261,

p \ 0.05], but not to any other SDQ scores.

Within ages, speed of processing scores were not related

to the Stroop interference score, but as one would expect,

were related to the individual aspects of the Stroop task

(i.e. sun = sun and sun = moon) [r(63) = 0.285, p = 0.02

and r(62) = 0.309, p = 0.01, respectively]. Also as

expected, processing speed was negatively related to the

Emotional score [r(61) = -0.247, p = 0.05] and Total

Difficulties score [r(61) = -0.272, p = 0.03], whereas the

Stroop scores were negatively related to the Hyperactivity

score [r(61) = -0.343, p = 0.007], Conduct score

[r(61) = -0.392, p = 0.002], and Total Difficulties score

[r(61) = -0.357, p = 0.005]. When analyses were repe-

ated partialling out weighted infant DHA intake, the rela-

tions remained.

Exploratory Analyses of Prediction by the Continuous

Biomarkers (FO, OO, and HFI groups)

Bivariate correlations between the variables used in the

exploratory analyses are provided in Table 4. When pre-

dicting the speed of processing scores, one multiple

regression model was significant: predictors were total

maternal n-3 LCPUFA intake [t(72) = -1.98, p = 0.05],

and maternal education [t(72) = 2.13, p = 0.04]. This

model accounted for 9% of the variance in the speed of

processing scores. For the Stroop interference scores, the

best model included only infant RBC–DHA [t(72) =

-2.23, p = 0.05]. This model accounted for 7% of the

variance in the Stroop interference scores. In the model-

building undertaken to explore the effects of the biological

markers on socioemotional behavior as measured by the

SDQ, no variable predicted the Prosocial, Emotional,

Hyperactivity, or Conduct sub-scores. However, maternal

education predicted the Peer Problems sub-score [t(72) =

-2.04, p = 0.04], and Total Difficulties [t(72) = -2.32,

p = 0.02], accounting for 6% and 7% of the variance,

respectively.

Table 2 Description of the cognitive test scores at 7� years and biological markers in the two randomized groups (OO and FO) and the

reference group (HFI)

Mean ± SD (n) High fish Olive oil Fish oil

Standardized speed of processing 1.08 ± 0.27 (32) 1.02 ± 0.26 (27) 0.96 ± 0.26 (36)

Stroop scores -0.19 ± 0.13 (32) -0.21 ± 0.10 (28) -0.23 ± 0.14 (35)

Maternal educationa 5.34 ± 1.26 (32) 5.43 ± 1.17 (28) 5.39 ± 1.10 (36)

Maternal n-3 LCPUFA intake (g/dg) 0.93 ± 0.48 (32) 0.26 ± 0.19 (28) 1.59 ± 0.32 (35)

Infant DHA intake (FA%) 0.74 ± 0.34 (32) 0.42 ± 0.23 (28) 1.22 ± 0.52 (33)

Infant RBC–DHA at 4 months (FA%) 7.30 ± 1.60 (29) 6.49 ± 1.52 (25) 9.04 ± 1.79 (23)

a Official Danish Classification of Educations from 1994 (1 = primary school and 8 = Ph.D. from university). The rank of 5 is equivalent to a

category of parental education C14 years, the rank of 4 to 12–13 years, the rank of 3 to 11 years, the rank of 2 to 9–10 years and the rank of 1 to

B8 years of education
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Discussion

To our knowledge, this is the first report of a direct

assessment of executive functions in 7-year-olds from an

early intervention RCT. No group effect of the intervention

was evident in the speed of processing, inhibitory control,

and working memory abilities of 7-year-olds whose

mothers were supplemented with DHA during the first

4 months of breastfeeding. However, there was a trend in

the behavioral data for the group whose mothers consumed

fish oil to have lower prosocial scores relative to the OO

group; this effect was carried by the boys. These results are

consistent with the reported results at 9 months and at

1–2 years in this sample. No differences were found

between groups on the means-end task at 9 months of age

[27]. Importantly, lower language comprehension scores

found in the FO group relative to the OO group at one year

of age were also found to be specific to the boys. This

decrement in language comprehension at 1 year by the

boys in the FO group may account for the lower Prosocial

scores in the same boys: perceived pro-sociality is related

to language abilities [36]. It is not clear from these data

why early maternal fish oil intake would have a negative

effect on prosocial development in boys.

Exploratory analyses revealed a negative relation

between total maternal n-3 LCPUFA intake (intervention

supplement plus background diet) during the intervention

period and speed of processing scores: the higher the early

intake, the lower the speed of processing scores. Level of

maternal education was a positive predictor of speed

of processing scores. Stroop scores, which are indicative of

working memory and inhibitory control, were negatively

related to infant RBC–DHA levels. The differential pre-

diction of cognitive abilities by maternal and infant bio-

markers may be attributed to the differences between the

predictors themselves: maternal intake is a measure of

whole food fatty acid intake (fish and fish oil), whereas the

infant status reflects only DHA. Therefore, it is possible

that speed of processing relies on more than just DHA for

optimal functioning. Conceptually, it is feasible as speed of

processing is a ubiquitous function occurring in whole

brain; working memory and inhibitory control may be

more specific to frontal lobe function where DHA levels

are reported the highest in the brain. Moreover, a study of

the effect of fish consumption on breastmilk revealed that

maternal intake results in significant differences in EPA

and docosapentaenoic acid (22:5n-3) as well as DHA [37].

Further research is needed to explore the potential effects

of these n-3 LCPUFA on speed of processing.

Our data indicate continuity in some of the tested cog-

nitive abilities, as the scores of the means-end task

administered at 9 months of age in this sample were cor-

related with the speed of processing scores obtained atT
a

b
le

3
D

es
cr

ip
ti

o
n

o
f

th
e

S
D

Q
sc

o
re

s
at

7
�

y
ea

rs
in

th
e

tw
o

ra
n

d
o

m
iz

ed
g

ro
u

p
s

(O
O

an
d

F
O

)
an

d
th

e
re

fe
re

n
ce

g
ro

u
p

(H
F

I)
(P

an
el

A
)

an
d

sc
o

re
s

b
y

g
en

d
er

(P
an

el
B

)

P
an

el
A

m
ea

n
±

S
D

(m
in

–
m

ax
)

H
ig

h
fi

sh
O

li
v

e
o

il
F

is
h

o
il

F
is

h
o

il
v

er
su

s
o

li
v

e
o

il
a

n
=

3
0

n
=

2
8

n
=

3
4

p

P
ro

so
ci

al
sc

o
re

8
.7

±
1

.2
(6

.0
–

1
0

.0
)

8
.3

±
1

.7
(4

.0
–

1
0

.0
)

7
.6

±
1

.7
(3

.0
–

1
0

.0
)

0
.0

7
2

H
y

p
er

ac
ti

v
it

y
sc

o
re

2
.3

±
2

.0
(0

.0
–

8
.0

)
1

.9
±

2
.1

(0
.0

–
8
.0

)
2

.6
±

2
.0

(0
.0

–
8
.0

)
0

.1
2
6

E
m

o
ti

o
n
al

sc
o

re
1

.7
±

1
.6

(0
.0

–
6

.0
)

1
.0

±
1

.2
(0

.0
–

5
.0

)
1

.4
±

1
.3

(0
.0

–
5
.0

)
0

.2
0
2

C
o

n
d

u
ct

sc
o

re
0

.8
±

1
.0

(0
.0

–
4

.0
)

1
.0

±
1

.0
(0

.0
–

3
.0

)
1

.1
±

1
.0

(0
.0

–
4
.0

)
0

.6
0
8

P
ee

r
p

ro
b

le
m

s
sc

o
re

0
.4

±
0

.9
(0

.0
–

4
.0

)
0

.8
±

1
.1

(0
.0

–
3
.0

)
0

.0
±

1
.3

(0
.0

–
5
.0

)
0

.9
2
2

T
o

ta
l

d
if

fi
cu

lt
ie

s
5

.1
±

3
.7

(1
.0

–
1

7
.0

)
4

.6
±

3
.7

(0
.0

–
1
5

.0
)

5
.9

±
3

.3
(0

.0
–

1
3

.0
)

0
.1

1
1

P
an

el
B

m
ed

ia
n

(1
0

th
–

9
0
th

%
il

e)
H

ig
h

fi
sh

O
li

v
e

o
il

F
is

h
o

il
F

is
h

o
il

v
er

su
s

O
li

v
e

o
il

a
G

ir
ls

v
er

su
s

b
o

y
sa

G
ir

ls
B

o
y

s
G

ir
ls

B
o
y

s
G

ir
ls

B
o

y
s

p
g
ir

ls
p

b
o
y
s

p

P
ro

so
ci

al
sc

o
re

9
.0

(7
.0

–
1
0

.0
)

9
.0

(6
.6

–
1

0
.0

)
8

.5
(4

.7
–

1
0

.0
)

9
.0

(4
.9

–
1

0
.0

)
9

.0
(6

.0
–

1
0

.0
)

7
.0

(5
.0

–
9

.0
)

0
.7

6
1

0
.0

2
4

0
.1

0
8

H
y

p
er

ac
ti

v
it

y
sc

o
re

1
.0

(0
.0

–
3
.4

)
2

.0
(0

.0
–

7
.4

)
1

.5
(0

.0
–

4
.3

)
1

.5
(0

.0
–

7
.4

)
1

.0
(0

.0
–

4
.8

)
2

.0
(0

.4
–

6
.0

)
0

.9
6
0

0
.1

3
3

0
.0

1
1

E
m

o
ti

o
n
al

sc
o

re
1

.0
(0

.0
–

3
.0

)
2

.0
(0

.0
–

5
.4

)
1

.0
(0

.0
–

3
.0

)
1

.0
(0

.0
–

4
.1

)
2

.0
(0

.0
–

4
.6

)
1

.0
(0

.0
–

3
.0

)
0

.1
0
4

0
.7

4
2

0
.9

1
0

C
o

n
d

u
ct

sc
o

re
0

.0
(0

.0
–

2
.0

)
1

.0
(0

.0
–

2
.8

)
1

.0
(0

.0
–

2
.3

)
1

.0
(0

.0
–

3
.0

)
1

.0
(0

.0
–

2
.0

)
1

.0
(0

.0
–

2
.6

)
0

.2
3
6

0
.6

3
7

0
.1

1
9

P
ee

r
p

ro
b

le
m

s
sc

o
re

0
.0

(0
.0

–
2
.8

)
0

.0
(0

.0
–

1
.0

)
0

.5
(0

.0
–

3
.0

)
0

.0
(0

.0
–

2
.7

)
0

.0
(0

.0
–

2
.8

)
0

.0
(0

.0
–

3
.0

)
0

.7
0
6

0
.5

5
3

0
.2

2
2

T
o

ta
l

d
if

fi
cu

lt
ie

s
4

.0
(1

.0
–

7
.4

)
5

.0
(2

.0
–

1
5

.8
)

4
.0

(0
.0

–
1
0

.0
)

4
.0

(1
.0

–
1

3
.5

)
5

.0
(0

.6
–

9
.8

)
5

.0
(2

.0
–

1
1

.8
)

0
.4

2
7

0
.2

5
6

0
.1

5
0

a
C

o
m

p
ar

is
o

n
s

b
y

M
an

n
–

W
h

it
n
ey

U
te

st

642 Lipids (2011) 46:637–645

123



7 years of age. The means-end task is a problem-solving

assessment that has been considered by some to be an early

indication of executive function abilities [38]. However,

we found that the 9 month scores were not related to the

7 year executive functions working memory and inhibitory

control, but rather were related only to 7 year speed of

processing. Working memory and inhibitory control are

late-emerging abilities. It is possible that the precursor

abilities related to working memory and inhibitory control

that are present at 9 months of age are not necessary in the

successful completion of a means-end problem. Nonethe-

less, the relation between means-end problem solving at

9 months of age and speed of processing at 7 years of age

is evidence that the children’s general underlying cognitive

abilities were continuous throughout the follow-up years.

Thus, our outcome measures are valid.

Importantly, the 9 month cognitive scores were not

significantly related to the continuous n-3 LCPUFA inter-

vention variables. Thus, the negative relation between the

early RBC–DHA levels and cognitive abilities was not

evident in this sample previous to the 7 year assessment.

One could speculate that early intervention with DHA

presents an environmental ‘‘mismatch’’ between prenatal

and postnatal life that may be detrimental to the organism

[39, 40] over time. However, given the small effect size

(0.06–0.09), it is premature to speculate from these data.

Conclusions regarding these negative relations between

early intake/status and later cognitive functions (specifi-

cally speed of processing, working memory, and inhibitory

control) cannot be confidently drawn from these data alone

and certainly, replication will be necessary.

The intervention in the first 4 months of life did not

have an effect on cognitive abilities at 7 years of age.

There is much discussion in the literature as to the optimal

timing of n-3 LCPUFA supplementation. Importantly,

DHA should be present during critical periods of brain

development to exact a measurable effect [41]. Thus, it is

possible that an intervention during the first 4 months of

life was not appropriate timing given the outcomes asses-

sed. Indeed, the period of most rapid frontal lobe devel-

opment is toward the end of the first year of life [42]. An

n-3 LCPUFA intervention during this period might have a

more measurable effect on executive functions.

The reported study has many strengths including ran-

domization and the inclusion of a high fish intake reference

group. However, there are a few potential weaknesses.

First, the sample size may not have been sufficient. When

all three groups were included in a MANOVA controlling

for infant intake, a group difference began to emerge [F(2,

82) = 2.74, p = 0.07]. This could be taken as evidence

that the sample size was too small to detect the small effect

size. Second, the generalizability of these results may be

limited. The Danish people have a high intake of n-3

LCPUFA compared to samples from other studies explor-

ing the relationship between n-3 LCPUFA intake/status and

cognitive functions. Third, the study was not designed to

evaluate whether the results suggest an inverted-U effect of

fish oil supplementation. The negative relations detected

Table 4 Bivariate correlations between variables used in exploratory analyses

Speed of processing Stroop Peer problems Conduct Emotional Hyper-activity Prosocial Total difficulties

Maternal education

ra 0.210b -0.059 -0.196c -0.074 -0.059 -0.199c -0.056 -0.200c

p 0.041 ns 0.058 ns ns 0.055 ns 0.054

n 95 95 94 94 94 94 94 94

Infant RBC–DHA at 4 months (FA%)

r -0.099 -0.226b -0.029 -0.001 0.077 -0.69 -0.123 0.057

p ns 0.050 ns ns ns ns ns ns

n 76 76 76 76 76 76 76 76

Maternal n-3 LCPUFA intake 0–4 months (g/d)

r -0.127 -0.074 -0.044 -0.088 0.195 -0.001 -0.112 0.068

p ns ns ns ns ns ns ns ns

n 94 94 91 91 91 91 91 94

Weighted infant DHA intake

r -0.077 -0.013 0.092 -0.181c 0.032 -0.093 -0.055 -0.017

p ns ns ns 0.086 ns ns ns ns

n 92 92 91 91 91 91 91 91

a Pearson for the Gauss distributed variables and Spearman for the SDQ-data
b Significant at the 0.05 level (2-tailed)
c Significant at the 0.10 level (2-tailed)
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may indicate that DHA has an optimum level below and

above which may be detrimental to the developing brain.

In summary, the results of this intervention were not as

hypothesized. Boys whose mothers consumed fish oil had

lower prosocial scores relative to the OO group. Moreover,

speed of processing scores and inhibitory control/working

memory scores were differentially negatively predicted by

maternal n-3 LCPUFA intake and infant RBC–DHA status.

Continuity in outcome measures lends confidence, but the

study was not without limitations. However, this study is

the first of its kind. The results presented here provide

important information for the design of future studies to

elucidate these long-term effects from which we will be

able to draw more firm conclusions.
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Abstract Elaidic acid (trans-9-C18:1 or trans-9) is

assumed to exert atherogenic effects due to its double bond

configuration. The possibility that trans-9 and vaccenic acid

(trans-11-C18:1 or trans-11), its positional isomer, were

biochemically equivalent and interchangeable compounds,

was investigated by reference to their cis-isomers through

esterification-related activities using rat liver cells and sub-

cellular fractions. In hepatocytes, both trans-C18:1 were

incorporated to the same extent in triacylglycerols, but trans-

9 was more esterified than trans-11 into phospholipids

(P \ 0.05). Glycerol-3-phosphate acyltransferase activity in

microsomes was lower with trans-11 than with trans-9,

while this activity in mitochondria was *40% greater with

trans-11 than with trans-9 (P \ 0.05). Activity of 2-lyso-

phosphatidic acid acyltransferase in microsomes was of

comparable extent with both trans isomers, but activity of

2-lysophosphatidylcholine acyltransferase was significantly

greater with trans-9 than with trans-11 at P \ 0.01. Lipo-

proteins secreted by hepatocytes reached equivalent levels in

the presence of any isomers, but triacylglycerol production

was more elevated with trans-11 than with trans-9 at

P \ 0.05. Cholesterol efflux from previously labelled

hepatocytes was lower with trans-11 than with trans-9.

When these cells were exposed to either trans-C18:1, the gene

expression of proteins involved in fatty acid esterification

and lipoprotein synthesis was unaffected, which indicates

that the biochemical differences essentially depended on

enzyme/substrate affinities. On the whole, vaccenic and

elaidic acid were shown to incorporate cell phospholipids

unequally, at least in vitro, which suggests they can differ-

ently affect lipid metabolic pathways in normal cells.

Keywords Vaccenic and elaidic acid � Esterification �
Phospholipid � Cholesterol efflux � Gene expression

Abbreviations

ACC Acetyl-CoA carboxylase

cis-9 cis-9-C18:1, oleic acid

cis-11 cis-11-C18:1

CLA Conjugated linoleic acid

DGAT Diacylglycerol acyltransferase

FA Fatty acid

GPAT Glycerol-3-phosphate acyltransferase

HMG-Red Hydroxymethylglutaryl-CoA reductase

LDL-R Low-density lipoprotein-receptor

mtGPAT Mitochondrial GPAT

trans-9 trans-9-C18:1, elaidic acid

trans-11 trans-11-C18:1, vaccenic acid

Introduction

The consumption of fats containing trans-fatty acids (FA)

has been correlated with an increased risk of coronary

Z.-Y. Du � P. Degrace � J. Gresti � P. Clouet

Faculté des Sciences Gabriel, UMR 866, INSERM-UB,

21000 Dijon, France

Z.-Y. Du

National Institute of Nutrition and Seafood Research,

5817 Bergen, Norway

O. Loreau

iBiTecS, Service Chimie Bioorganique et Marquage,

CEA, 91191 Gif sur Yvette, France

P. Clouet (&)

Pierre Clouet, UMR 866, INSERM-UB,

Equipe Physiopathologie des dyslipidémies,
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heart disease, principally through elevated levels of

plasma total cholesterol, LDL cholesterol, apolipoprotein

B and increased LDL/HDL ratios [1, 2]. The partial

hydrogenation of vegetable oils for margarine production

[3, 4] gave rise to by-products as trans-FA whose levels

may reach 60% of total FA [5]. Among these, elaidic acid

(trans-9) could represent 30–40% and vaccenic acid

(trans-11) 10% [6, 7]. trans-9 was assumed to exert ath-

erogenic effects because its concentration in margarines

was associated with abnormal plasma lipid concentrations

[2, 8]. Some trans-C18:1 are also produced in the digestive

system of ruminants through the microbial hydrogenation

of vegetable oils and are consequently recovered in rela-

ted products as milk and meat. In dairy fats, trans-11 was

found to represent more than 80% of all the identified

trans-C18:1 isomers [9, 10]. Epidemiological surveys

suggested that trans-9 increases more the cardiovascular

risk than trans-11 [11–13]. However with hamsters,

plasma LDL/HDL-cholesterol ratios were more elevated

with diets enriched in trans-11 than in trans-9 [14]. Yet

with the same animal model, the hypercholesterolemic

effects of partially hydrogenated vegetable oils was

demonstrated not to directly depend on the presence of

trans-9 or trans-11 [15]. In the whole, the use of versatile

experimental models, atherosclerosis markers and dietary

fat blends provide inconsistent results, which suggests that

trans-9 and trans-11 exert similar effects, but whose

amplitude would depend in humans on particular param-

eters as specific dietary lipid levels [16] or hormonal

status [6].

Geometrical isomers exhibit comparable fates as regards

their hydrolysis from triacylglycerols and their absorption

in the intestinal tract [17], as well as their distribution

among lymph lipids [18]. Thus the specific effects of trans

isomers would occur beyond the intestinal step and then

affect most organs with possible interrelations. This

prompted us to limit the whole issue to the comparison of

actions of pure trans-C18:1 isomers by using only one tissue

model. Liver was chosen because of its pivotal role in the

re-distribution of ingested lipids to other organs via lipo-

protein secretion. trans-9 and trans-11 were all the more

recovered in lipoproteins because they were shown to be

weakly oxidised in liver mitochondria [19, 20] and were

then available for the esterification reactions. Besides, the

incorporation of FA into membrane lipids is associated

with cholesterol efflux, which should increase plasma

cholesterol levels [1, 2]. The present study was designed to

compare first the esterification capacities of trans-9 and

trans-11, relative to their respective cis-isomers, in rat liver

extracts, second the effects of the four C18:1 isomers on

membrane cholesterol efflux and esterification-related gene

expression in isolated hepatocytes. Rats were fed a stan-

dard diet, instead of diets enriched in the tested isomers, to

prevent alterations of enzyme activities induced by these

isomers within membranes [21].

Experimental Procedure

Chemicals

Oleic (cis-9-C18:1), elaidic (trans-9-C18:1), cis-11-octadec-

enoic (cis-11-C18:1) and vaccenic (trans-11-C18:1) acids,

abbreviated cis-9, trans-9, cis-11 and trans-11, respectively,

were purchased from Sigma Chemical Co. (St. Louis, MO).

[1-14C] oleic acid and [4-14C] cholesterol were obtained

from Amersham Biosciences Europe (Saclay, France). The

other [1-14C] isomers were specifically prepared by CEA

(Gif sur Yvette, France) from commercial unlabelled FA

and 14CO2 using procedures described in [22]. Radio-

chemical purity ([98%) of [1-14C] labelled compounds was

determined by RP-HPLC (Zorbax SB C18; acetone/(meth-

anol/water/acetic acid, 50:50:1, by vol), 60:40, by vol) and

TLC (Silicagel Merck 60F254, pentane/diethylether/acetic

acid, 80:20:0.1, by vol). They were all stored in chloroform/

ethyl alcohol (50:50, by vol) at -30 �C. Evaporation of

solvents under nitrogen was followed by the saponification

of FA with NaOH or KOH for assays with whole cells or

intracellular organelles, respectively, and their binding to

essentially FA-free bovine serum albumin (BSA). These

preparations were added to the other components of media

immediately prior to incubations. [U-14C]Glycerol-3-

phosphate was obtained from NEN Life Science Products

(NEN, Paris, France). BSA, cholesterol, collagenase (type

I) and other biochemicals were from Sigma. Methylene

chloride, 2,4,6-collidine, ethyl chloroformate and tetrahy-

drofuran, supplied by Aldrich Chemical Co. (Milwaukee,

WI), were used for acyl-CoA synthesis [23]. Concentrations

of synthesised acyl-CoAs were determined through their

respective molar extinction coefficients at 260 nm and

corrections based on their 232/260 nm ratios, relative to

those with pure products [24–26].

Animals

Official French regulations (No. 87848) for the use and

care of laboratory animals were followed throughout and

the experimental protocol was approved by the local ethics

committee for animal experimentation (No. BL0612). Male

Wistar rats were purchased from Janvier (Le Genest St Isle,

France). They were kept at 23 �C in a light-controlled

room (light period fixed between 08:00 a.m. and 08:00

p.m.). They had free access to tap water and were fed a

standard laboratory chow (ref AO4 from UAR, Epinay-sur-

Orge, France) containing 58.7% carbohydrate, 17% pro-

tein, and 3% fat (palmitic, stearic, oleic and linoleic acids
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representing 8.7, 1.7, 26.7 and 48.3%, respectively, of the

total FA mass). When rats were 7–8 weeks old

(250–300 g), they were anaesthetised with isoflurane and

killed by exsanguination at 08:00 a.m.

Activity Rate Measurements

All the biochemical activity measurements were performed

with increasing substrate concentrations, but the concen-

tration retained for each experimental presentation was

selected among those giving rise to the increasing part of

activity curves.

FA Esterification by Isolated Hepatocytes and Liver

Slices (Intact Cells)

Hepatocytes were isolated through a two-step collagenase

perfusion as in [27]. Cell viability was assessed by trypan

blue exclusion and suspensions with viability lower than

85% were discarded. Immediately after isolation, cells

were preincubated in William’s Medium E (WME) from

PAN-Biotech GmbH (Aidenbach, Germany) containing

10% (v/v) fetal bovine serum and 1% (v/v) antibiotic

antimycotic solution (Sigma Chemical, Co.) in water-sat-

urated atmosphere (5% CO2, 95% air) for *3 h at 37 �C,

in dishes of 60-mm diameter (*3 9 106 cells per dish).

The attached cell monolayer was gently washed with 3 mL

of fresh WME that was replaced by 2.5 mL of Krebs-

Henseleit buffer (KHB) containing 118 mM NaCl, 4.7 mM

KCl, 1 mM KH2PO4, 1.2 mM MgSO4, 0.5 mM CaCl2, and

25 mM NaHCO3, pH 7.4. The reaction was started by

addition of 1 mL of [1-14C] FA (2.25 Ci/mol) with BSA

(0.4 and 0.1 mM of final concentration, respectively) under

95% O2 and 5% CO2 atmosphere. Liver slices were also

prepared using the procedure detailed in [19] and were

incubated (0.2 g per assay) in 2.5 mL of KHB. The reac-

tion was initiated by addition of 1 mL of labelled FA with

BSA, as above for the cell monolayers. After 2 h of

incubation at 37 �C, the supernatants were decanted, and

the cell monolayers or tissue stripes were washed two times

with KHB containing 2% FA-free BSA at 37 �C. Total

lipids of both liver extracts were obtained using the Folch

procedure [28] and were separated by TLC in hexane/ethyl

ether/acetic acid/methanol (90:20:2:3, by vol). The radio-

activity of triacylglycerol (TAG) and phospholipid (PL)

spots was measured by AR-2000 TLC Imaging Scanner

(Bioscan, Inc., Washington DC).

FA Esterification by Liver Homogenates

(Disrupted or Disorganised Cells)

Liver pieces were homogenised by manual rotation of a

Teflon pestle in an ice-cooled Potter–Elvehjem apparatus

and diluted (1:40, w/v) in a chilled mixture of 0.25 M

sucrose, 2 mM EGTA and 10 mM Tris/HCl, pH 7.4 [29].

The reaction was initiated by the injection of 0.1 mL

homogenate into 1.5 mL of a mixture containing 2 mM

ATP, 50 lM CoA, 4 mM MgCl2, 1% glucose and 120 lM

[1-14C] FA (3.7 Ci/mol). Incubations were performed at

37 �C for 30 min and total lipids were extracted and sep-

arated as above for whole cells.

Microsomal and Mitochondrial Esterification

onto the sn-1 Position of Glycerol-3-phosphate

The isolation of mitochondrial fractions was performed as

in [29], using a medium containing 1% FA-free BSA to

bind free FA released during and after the cell disruption.

Microsomal fractions were isolated after mitochondria

pelleting as in [30]. The protein content of these fractions

cleared from BSA was measured using the bicinchoninic

acid procedure [31] and their purity was checked through

activity of enzymes specific to mitochondria, peroxisomes

and microsomes, as detailed in [30]. Glycerol-3-phosphate

acyltransferase (GPAT) activity was measured in 1 mL of

medium buffered at pH 7.4 and containing 75 mM KCl,

0.2 mM EGTA, 4 mM MgCl2, 80 mM mannitol, 25 mM

HEPES, 2 mM KCN, 2 mM ATP, 50 lM CoA, 0.5 mM

L-[H3] glycerol-3-phosphate (0.72 mCi/mol), 0.1 mM of

each C18:1 isomer and 50 lM BSA, at 37 �C. The reaction

was initiated by addition of 0.3 mg of microsomal or

mitochondrial protein, or of 0.1 mL of liver homogenate

(2.5 mg liver). After 7 min, 3 mL of 0.1 M HCl containing

10 mM DL-glycerol-3-phosphate (Prolabo, Paris, France)

was added and the radioactivity of 1-monoacyl-[H3] glyc-

erol phosphate extracted with butan-1-ol [32] was deter-

mined after mixing with Ultima Gold XR (Packard,

Meriden, CT).

Microsomal Esterification onto the sn-2 Position

of Monoacylglycerolipids

2-lysophosphatidic acid acyltransferase and 2-lysophos-

phatidylcholine acyltransferase activities were measured

according to the method described in [33]. Briefly, a pre-

incubation time of 2 min was performed at 25 �C by

addition of 0.2 mg of microsomal protein to 2 mL of a

medium containing 10 mM 5,50-dithiobis-(2-nitrobenzoic

acid) (DTNB), 5 mM Tris–boric acid and 5 lM of C18:1-

CoA, at pH 7.4. The specific reactions of esterification were

recorded over 4 min after addition of 50 mM 1-palmitoyl-

2-hydroxy-sn-glycero-3-phosphate or 150 mM 1-palmi-

toyl-2-hydroxy-sn-glycero-3-phosphocholine (Avanti Polar

Lipids, Alabaster, AL). The change in absorption at 413 nm

results from the binding to DTNB of thiol groups released

by acyl-CoA hydrolysis during the esterification reactions.
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Results were corrected from control values obtained in the

absence of C18:1-CoA.

Components of Lipoprotein Secreted by Hepatocytes

Exposed to C18:1 Isomers

Hepatocytes prepared as already described were incubated

in 4 mL of WME containing 100 lM of each C18:1 isomer

bound to 50 lM BSA, 100 nM insulin and 1% antibiotic

antimycotic solution, under a water-saturated atmosphere

(5% CO2, 95% air) at 37 �C. Control assays were per-

formed in the same way, but in the absence of exogenous

C18:1 isomer. After 24 h, the media were centrifuged at

2,0009g for 5 min and the supernatants containing the cell

lipid secretions were assayed with commercial kits from

Orion Diagnostica (Espoo, Finland) for apolipoproteins A1

and B100, and from BioMérieux (Marcy l’Etoile, France)

for triacylglycerols (TG PAP 150) and cholesterol (Cho-

lesterol RTU). The efflux of cholesterol originating from

all the cell structures was measured as follows: Hepato-

cytes prepared as above were cultured until the attachment

step (*4 h), then were added with 4 mL of WME con-

taining 10% BSA, 4 lCi [4-14C] cholesterol and 75 lL of

fresh rat plasma. In this medium, the final amounts of

cholesterol and LDL, expressed per mL, were 65 nmol and

50 lg, respectively. After 24 h of incubation at 37 �C in

water-saturated atmosphere (5% CO2, 95% air), radioactive

and unlabelled forms of cholesterol in cells were assumed

to balance each other. The supernatants were decanted and

cells were washed once with KHB containing 1% BSA.

Hepatocytes were then incubated in 4 mL of WME in the

presence of 0.2 mM C18:1 isomer and 70 lM BSA, with

control assays performed in the absence of isomer. After

5 h, the supernatants were centrifuged to discard cells

detached from the ground monolayer and the radioactivity

of clarified samples, mixed with Ultima Gold XR, was

measured in a scintillation spectrometer.

Gene Expression in Hepatocytes Exposed

to C18:1 Isomers

Hepatocytes prepared as above were incubated in 4 mL of

WME containing 100 lM of C18:1 isomer, 50 lM BSA,

100 nM insulin and 1% antibiotic antimycotic solution, in

water-saturated atmosphere (5% CO2, 95% air) at 37 �C.

After 24 h, total mRNA of hepatocyte monolayers was

extracted using Tri-Reagent (Euromedex, Souffelweyers-

heim, France) as described in [34]. Total mRNA was

reverse-transcripted using Iscript cDNA kit (Bio-Rad,

Marnes-La-Coquette, France). Real-time quantitative PCR

was performed in 96-well plate using an iCycler iQ (Bio-

Rad). Each well contains: 12.5 lL of iQ Sybr Green

Supermix (Bio-Rad), 2.5 lL of forward primer (0.3 lM),

2.5 lL of reverse primer (0.3 lM), 5 lL of cDNA (25, 2.5,

0.25 and 0.025 ng for standards and 2.5 ng for samples)

and 2.5 lL of water. Primer pairs were designed using

‘Primers!’ software and were synthesised by MWG-Bio-

tech AG (Ebersberg, Germany). The sequences of the

forward and reverse primers used were, respectively, as

follows: 50-caccggctgaaggacatac-30 and 50-gctcaaaggggtct

caaaaga-30 for acetyl-CoA carboxylase 2 (ACC 2); 50-tt
caaccccagtatcccatct-30 and 50-ggtgccttgtgtgagtttca-30 for

mitochondrial glycerol-3-phosphate acyltransferase (mtG-

PAT); 50-tcctaccgggatgtcaatct-30 and 50-ctcggtaggtcagg

ttgtcc-30 for diacylglycerol acyltransferase (DGAT);

50-tgagcttagcgttgcttttg-30 and 50-agctttctttggggtcacg-30 for

HMG-CoA reductase; 50-tgggttccatagggtttctg-30 and 50-ttg
gggatcaggctggtat-30 for LDL-receptor (LDL-R); and 50-aat

cgtgcgtgacatcaaag-30 and 50-gaaaagagcctcagggcat-30 for

b-actin. The relative expression of each gene was calcu-

lated with cDNA standard curves and normalised with

actin cDNA.

Statistics

Differences between groups were determined performing

repeated measures of ANOVA followed by the Tukey–

Kramer multiple comparison post-hoc test using GraphPad

Instat 3.1 software. Difference were considered significant

at P \ 0.05.

Results

Esterification of C18:1 Isomers in Intact Cells

In hepatocytes (Fig. 1a) and liver slices (data not pre-

sented), the results were qualitatively comparable and

showed that all the isomers were *2 times as much

esterified into TAG as into PL. In TAG, trans-C18:1 were

*2-fold less incorporated than the cis-ones, while in

PL, the amount of trans-9 was 25% greater than that of

trans-11, and 3 times as elevated as that of cis-9 at P \ 0.05.

In liver homogenates, i.e. in disrupted cells, all the isomers

were *2 times more incorporated into PL than into TAG

(Fig. 1b). In TAG, the trans-C18:1 were 40% less abundant

than the cis-forms, while in PL, both trans-C18:1 and cis-11

amounted to *50% more than cis-9 at P \ 0.05.

Esterification onto the sn-1 Position

of Glycerophosphate in Microsomes and Mitochondria

GPAT, through the esterification of acyl groups in sn-1

position of glycero-3-phosphate, initiates the synthesis of

glycerolipids. In liver homogenates (Fig. 2a), GPAT activ-

ity was maximum with cis-9 and minimum with trans-11,
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this latter exhibiting activity values lower than those of

trans-9 at P \ 0.05. The same pattern was observed in

microsomes (Fig. 2b) except that the enzyme activity was

comparable with cis-9 and cis-11. In mitochondria (Fig. 2c),

GPAT (mtGPAT) was shown to exert activities of different

extents as the considered C18:1 isomer, in the following

order: cis-11 [ cis-9 [ trans-11 [ trans-9 (P \ 0.05).

Esterification onto the sn-2 Position

of Monoacylglycerolipids in Microsomes

The acylation in sn-2 position of 1-palmitoyl-2-hydroxyl-

sn-glycero-3-phosphate is catalysed by 2-lysophosphatidic

acid acyltransferase and regards as a step of the synthesis

of glycerolipids as TAG and PL. Fig. 3a indicates that both

trans-isomers were 40% less esterified in the sn-2 position

than their cis-isomers (P \ 0.05). The acylation at the

same position of 1-palmitoyl-2-hydroxy-sn-3-phospho-

choline is carried out by 2-lysophosphatidylcholine acyl-

transferase and reflects the renewing of cellular PL. This

reaction was shown to be highly sensitive to the position of

the double bond in the acyl chain, both D-11 isomers being

*4.5 times less esterified than both D-9-C18:1 (Fig. 3b).

Lipid Secretion by Hepatocytes Exposed

to C18:1 Isomers

Total apolipoprotein A1 secretion was, compared to the

control assay performed in the absence of FA, unaffected

after 24 h-exposure of hepatocytes to any C18:1 isomers,

except that this production was decreased with cis-11 by

reference to the control and trans-9 assays (Fig. 4a).

Secretion of apolipoprotein B100 and total cholesterol was

also unchanged after the same time of exposure to C18:1

isomers (Fig. 4b, d). The TAG secretion was greater with

cis-9 and trans-11 than with the control and trans-9 assays

(Fig. 4c). When the efflux of cholesterol was studied with

hepatocytes in which labelled cholesterol was previously

balanced with the unlabelled cholesterol of cell structures

(Fig. 5), values obtained after 5 h of incubation with the

Fig. 1 Incorporation of C18:1

isomers into TAG and PL of

intact (a) and disrupted (b) liver

cells. Concentrations of [1-14C]

isomer substrates in the final

media were 0.4 and 0.12 mM

with hepatocytes and liver

homogenates, respectively. All

results are expressed as nmol of

C18:1 isomers esterified per hour

per mg hepatocyte protein or g

wet liver. T-bars show SEM

(n = 3). For each series and

lipid class, values with different

letters on columns statistically

differ at P \ 0.05

Fig. 2 Activity of glycerol-3-

phosphate acyltransferase in the

presence of 0.1 mM C18:1

isomers with liver homogenates

(2.5 mg wet liver) and 0.3 mg

of microsomal or mitochondrial

protein. All results are

expressed as nmol of C18:1

bound to glycerol-3-phosphate

per min per g wet liver or mg

microsomal protein. T-bars
show SEM (n = 3). For each

series, values with different

letters on columns statistically

differ at P \ 0.05
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isomers were all greater than in their absence, but were

*30% lower with cis-11 and trans-11 than with cis-9 and

trans-9 at P \ 0.05.

Esterification-Related Gene Expression

In hepatocytes cultured over 24 h with each C18:1 isomer,

the levels of gene expression for mtGPAT, DGAT and

LDL-R were comparable to those obtained in the absence

of FA (Fig. 6). A decrease in expression levels was

observed only for ACC-2 with the cis-11 isomer and for

HMG-CoA reductase with trans-11 at P \ 0.05.

Discussion

The aim of the study was to determine whether the small

difference in the double bond position of trans-11 versus

trans-9 gave rise to comparable effects on FA esterifica-

tion-related parameters. In this goal, rats were used in the

fed state because this nutritional condition was shown to

depress FA oxidation in liver and most other organs [35],

which made all unbound FA available for TAG and PL

synthesis. This ex vivo study shows that trans-11 and

trans-9 were not interchangeable substrates for the esteri-

fication reactions in intact or disrupted liver cells, as well

Fig. 3 Activity of

2-lysophosphatidic acid or

2-lysophosphatidylcholine

acyltransferase in the presence

of 5 lM C18:1 isomers as CoA-

esters with 1-palmitoyl-2-

hydroxy-sn-glycero-3-

phosphate (a) or 1-palmitoyl-2-

hydroxy-sn-glycero-3-

phosphocholine (b),

respectively, in liver

microsomes. Enzyme activities

were measured by following the

absorbance at 413 nm of the

binding of CoA (released from

CoA-esters) to DTNB. Results

are expressed as lmol of C18:1

esterified per min per mg

microsomal protein. T-bars
show SEM (n = 3). For each

activity, values with different

letters on columns statistically

differ at P \ 0.05

Fig. 4 Components of lipoproteins secreted by hepatocytes cultured

for 24 h in the absence (control assay) or presence of 0.1 mM C18:1

isomers. Results are expressed as lg of each component per mL of

incubation medium per million hepatocytes. T-bars show SEM

(n = 3). For each measurement, values with different letters on

columns statistically differ at P \ 0.05
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as in isolated microsomes and mitochondria. Yet the trans

configuration of the single double bond gives both trans-11

and trans-9 a common linear aspect as for saturated FA

[36–38]. Enzyme activities mainly depend on specific

protein synthesis regulated by genes and on affinity of

enzymes for their substrates. The genic expression of

enzymes related to lipogenesis (FA and cholesterol syn-

thesis) and FA esterification was about of the same range in

the assays performed in the presence or not of isomers.

These data may indicate that the expression levels of genes

were increased with insulin, but without additional effects

of isomers. Indeed, after various treatments, weakly higher

or lower expression levels of the involved genes were

found in fed animals [39–42]. Consequently, under this

nutritional condition, the study of biochemical reactions

related to TAG and PL synthesis appeared to be convenient

to test the possible similarity of both trans-isomers

through activity levels only depending on enzyme/substrate

affinities.

Esterification of Isomers into TAG

and PL of Liver Cells

In liver slices and isolated hepatocytes, i.e. in intact cells,

the esterification of isomers into TAG and PL implied that

some of their OH groups were available from pre-existent

TAG and PL after specific hydrolysis [43–45]. In each of

our assays, the labelled isomers, once within cells, were

expected to compete for the esterification reactions with the

endogenous FA present in the surroundings of partially

hydrolysed TAG and PL. This competition also depended

on the position of available OH groups in these lipids and

the amounts of compatible FA. For instance, as regards a

convenient position of esterification, the labelled isomers

were recovered on TAG and PL to a greater extent when

these lipids were previously weakly hydrolysed.

In perfused liver, trans-9 and trans-11, as well as stearic

acid (C18:0), were principally recovered on the 1- and

3-positions of TAG, while cis-9 and -11 isomers were

mainly present on the 2-position [36]. With this specific

information, our results show that, in intact and disrupted

cells, the affinities of either trans-C18:1 for the external

2 positions of TAG were equivalent and always at a

Fig. 5 Efflux of cholesterol from cholesterol-prelabelled hepatocytes

in the presence of 0.2 mM C18:1 isomers. After 5 h of incubation, the

media were centrifuged and the radioactivity of their supernatants was

determined as indicated in the ‘‘Experimental procedure’’ section.

Results are expressed as nmol labelled cholesterol released per hour

per million hepatocytes. T-bars show SEM (n = 3). Efflux values

with different letters on columns statistically differ at P \ 0.05

Fig. 6 mRNA levels of FA

synthesis- and esterification-

related proteins after incubation

of fed rat hepatocytes with

0.1 mM of each C18:1 isomer for

24 h. Arbitrary units ± SEM

with n = 3 (different

hepatocyte culture dishes) are

percentages expressed by

reference to control assays

(dotted line) performed in the

absence of any C18:1 isomer

(=100 for each gene). Different

letters on columns denote

statistically different results at

P \ 0.05
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significantly less extent than those of either cis-C18:1 for the

internal position alone. The inversion of the rough distri-

bution of the labelling between TAG and PL in intact and

disrupted cells (Fig. 1a vs. b) could originate, as mentioned

above, from a weak rate of TAG hydrolysis in intact cells

and, after cell disruption, from increased hydrolysis of

both TAG [44, 46] and PL through phospholipase activa-

tion [46, 47].

In PL, as the sn-2 position was preferentially occupied

by cis-unsaturated FA [36–38], the low level of esterifi-

cation of labelled cis-9 (see Fig. 1a) could result from the

dilution of this exogenous isomer with endogenous cis-9

and other unsaturated FA, as linoleic acid representing

*50% of total FA of dietary lipids (see ‘‘Experimental

procedure’’ section). The incorporation of cis-11 also

occurred onto the sn-2 position, but was significantly

greater than that of cis-9 both in intact and disrupted cells.

This may be due to the fact that, contrary to oleic acid, cis-

11 is not present in the natural lipids and its labelled form,

once within cells, had not to compete with any endogenous

equivalent, allowing it to be better incorporated than cis-9

into PL. In spite of the presence of endogenous cis-unsat-

urated FA, the notable incorporation of both trans-C18:1

into PL suggests that these isomers, like saturated FA, were

more convenient substrates for the sn-1 position, as has

already been shown [36–38]. In this context, trans-9 was

esterified significantly more than trans-11 in hepatocytes

and marginally more in disrupted cells, which could result

from greater or lower cell concentrations of unesterified

trans-9 or trans-11, respectively. In this line, trans-9 that is

less oxidised than trans-11 in liver mitochondria from

fasted rats [19], should be present in concentration greater

than that of trans-11 within cells. However in fed rat livers,

the FA-oxidation pathway is strongly inhibited [48], which

should normally maintain labelled trans-9 and trans-11

concentrations to equivalent levels in cells. A possibility

was that either trans-isomer was transformed into another

compound exhibiting distinct affinities for the available

OH groups of PL. Indeed, trans-11 was found to give rise

to cis-9, trans-11-C18:2 (as a conjugated linoleic acid,

CLA) through D-9 desaturation in liver microsomes, while

under the same experimental conditions trans-9 stayed

unchanged [49]. In whole rats, dietary trans-11 was also

transformed into cis-9, trans-11-C18:2 in most organs [50].

This CLA added to the diet of pigs was abundantly

recovered in liver PL [51]. The gain of a cis-9 double bond

could be thought to confer to the resulting CLA a high

affinity for the sn-2 position of PL, but being then in

competition, as labelled cis-9, with endogenous FA for this

position, which would decrease its incorporation into PL

via the initial labelling of its precursor. This hypothesis

however was not relevant under our experimental condi-

tions because the D-9 desaturation of trans-11 into CLA

has been shown to be very weak in liver and to take place

exclusively in peripheral tissues [52]. Further, contrary to

what could be expected, cis-9, trans-11-CLA preferentially

esterified as trans-11 onto the sn-1 position of PL [53].

Esterification-Related Enzyme Activities

As previously mentioned, the esterification of isomers in

intact and disrupted cells could be distorted because of the

competition with endogenous FA and the fact that this

reaction was connected or not to lipoprotein formation and

membrane remodeling. By contrast, the measurement of

biochemical activities with isolated subcellular particles in

appropriate medium strongly limited the mentioned inter-

ferences and allowed exogenous trans-11 and trans-9 to be

strictly compared as substrates in the chosen activities.

GPAT activity represents an early step common to TAG

and PL synthesis with the esterification of acyl groups onto

the sn-1 position of glycerol-3-phosphate. The about same

decreasing order of activities with all the isomers in liver

homogenates and microsomal fractions suggests that the

whole cell GPAT activity was mainly supported by endo-

plasmic reticulum. The differences of activities found

between both trans-C18:1 could result from a preferential

channeling of trans-9 towards the PL synthesis pathway in

hepatocytes (Fig. 1a). Unexpectedly, these differences did

not concomitantly give rise to comparable effects on the

incorporation of both trans-C18:1 into TAG. GPAT activi-

ties in mitochondria (mtGPAT) were qualitatively inversed

with these isomers, compared to those in microsomes, but

were likely of too low amplitude to affect the distribution

of these labelled isomers in TAG and PL of intact or

disrupted cells (Fig. 1a, b). This effect could however

influence the FA esterification/oxidation balance in mito-

chondria, since mtGPAT and carnitine palmitoyltransferase

I activities have been shown to interfere negatively each

other in fasted rats [54].

With glycerol-derived compounds whose sn-1 and sn-3

positions are already occupied, the esterification activity in

microsomes was comparable with both trans-isomers when

the sn-3 position was bound to phosphate, but totally dif-

ferent when this position was bound to phosphocholine. The

latter activity was much more greater with cis-9 and trans-9

isomers than with their cis-11 and trans-11 counterparts,

which indicates that the position of the double bond in the

acyl chain was then more important than its geometric

configuration. This reaction, catalysed by 2-lysophosphati-

dylcholine acyltransferase, was shown to possess lyso-

phospholipase and transacylase activities [55], and was

believed to take part in the permanent remodeling of

membrane PL [56]. Further the purified enzyme exhibited

much affinity for arachidonoyl-CoA and to a lesser extent

for linoleoyl- and oleoyl-CoA [57, 58]. The comparable
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enzyme activity in our assays with oleoyl- and elaidoyl-

CoA suggests that trans-9 could participate much more

actively than trans-11 in the PL remodeling. The higher

GPAT and 2-lysophosphatidylcholine acyltransferase

activities exhibited by isolated microsomes could explain,

at least partly, that trans-9 was incorporated to a greater

extent than trans-11 into PL of hepatocytes (Fig. 1a). This

point was supported by other studies carried out in hamsters

fed diets containing both trans-isomers and showing that

trans-9 was recovered more abundantly than trans-11 in

sn-2 position of platelet PL [14].

Lipoprotein Secretion by Hepatocytes

Measurements of apolipoproteins, TAG and total choles-

terol did not reveal any manifest effect of the exposure of

hepatocytes to isomers, relative to control assays. Indeed

similar experiments performed in the presence of insulin

demonstrated that TAG synthesis and secretion were

stimulated [59, 60], but that apolipoprotein secretions were

equivalent [59] or decreased [60, 61], depending on the

time of incubation. When oleic acid was added to incu-

bation medium [59], TAG synthesis and secretion were

increased, which meets our results (Fig. 4c). The same

effect was observed with trans-11, but not with trans-9 that

could be used preferentially for PL synthesis/remodeling as

already suggested. The same amounts of cholesterol

secreted by hepatocytes exposed to trans-11 versus trans-9

(Fig. 4d) appeared to disagree with the different levels of

labelled cholesterol released from cells previously incu-

bated with [14C] cholesterol after exposure to both trans-

C18:1 (Fig. 5). In fact during the preincubation time of this

latter experiment, exogenous cholesterol was expected to

settle down between membrane PL. The collected data

suggest that the greater incorporation of trans-9 versus

trans-11 into whole PL of hepatocytes (Fig. 1a) allowed

more cholesterol molecules to be shifted from their

unsteady positions into the surrounding medium for lipo-

protein formation. This would not be the case for trans-11

that, contrary to trans-9, was associated with lower blood

total and LDL-cholesterol in rats [62].

This study carried out with intact cells and cell sub-

fractions demonstrates that vaccenic and elaidic acids, in

spite of their chemical resemblance, differ as substrates in

esterification-related activities, particularly for PL synthe-

sis and remodeling. It could be assumed that the differ-

ences observed would be modified by the fasting period,

known to be associated with increased FA oxidation [48],

reduced mitochondrial GPAT activity [54] and greater

oxidability of vaccenic versus elaidic acid [19]. All these

differences found in ex vivo and in vitro assays with liver

extracts could be modulated in whole animals, for instance

because cis-9, trans-11-CLA mainly synthesised from

trans-11 in extrahepatic organs might interfere in the liver

lipid metabolism. In the same way, hormonal specificities

could differently affect FA oxidation and esterification

pathways in humans ingesting both trans-C18:1 [6]. These

data support the fact that vaccenic and elaidic acids are

dissimilar substrates for crucial steps of the PL synthesis

pathway in liver.
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Abstract In the last 20 years increasing interest has been

devoted to the investigation of white adipose tissue (WAT)

because hypo- or hyperfunction of WAT is involved in the

pathogenesis of obesity and other pathologies. The inves-

tigation and discrimination of different characteristics in

adipose tissues by means of spectroscopic techniques

appears as a topic of current interest, also in view of pos-

sible medical–technological applications. The aim of this

work was to establish micro-Raman spectroscopy as a tool

for the characterization of mammals fat tissue. After pre-

liminary tests aimed at defining a suitable sample prepa-

ration protocol, Raman spectra of WAT specimens excised

from mice of different ages were recorded in the energy

range 750–3,350 cm-1. Quantitative values of the unsatu-

ration index were obtained through the calibration with

HR-NMR spectra of lipid extracts. Raman spectroscopy

detected a sharp increase in the unsaturation index between

22 and 30 days of age in close correspondence with the

weaning of mice (21 days). The present results show that

Raman spectroscopy is an inexpensive, fast and robust

technique to analyze the unsaturation index of mammals fat

tissues that could be routinely used in bioptic samples.

Keywords White adipose tissue � Unsaturation index �
Micro-Raman spectroscopy � High-resolution nuclear

magnetic resonance

Abbreviations

BAT Brown adipose tissue

CCD Charge coupled device

EEC European Community Council

FA Fatty acid(s)

FAME Fatty acids methyl ester(s)

FVB/NHsd Friend virus B/derived from breeding nucleus

obtained from National Institutes of Health,

Bethesda in 1988

HR-NMR High-resolution nuclear magnetic resonance

LCModel Linear combination of model

MCL Mean chain length

ll Micro-liters

mRNA Messenger ribonucleic acid

MRS Magnetic resonance spectroscopy

NA Normalized area

NEX Number of excitations

NIH National Institute of Health

NMR Nuclear magnetic resonance

PI Polyunsaturation index

ppm Part per million

PRESS Point resolved spectroscopy

TE Time echo

TG Triglyceride(s)

TR Time repetition

TXI Triple-resonance inverse

UI Unsaturation index

VOI Volume-of-interest

WAT White adipose tissue

Introduction

The adipose tissue exists in two morphologically and

functionally distinct forms, i.e. white adipose tissue
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(WAT) and brown adipose tissue (BAT). These two

forms of adipose tissue have, in fact, different cell

structure, location, vascularization, morphology and bio-

logical functions [1, 2]. The characterization of WAT is

very important due to its role in well defined metabolic

dysfunctions leading to several diseases, like obesity [3],

heart disease, diabetes, hypertension and atherosclerosis

[4]. Three main functions of this adipose tissue in

mammals are nowadays well recognized. The first one is

the storage of triglycerides, i.e. the uppermost energy

reserve. The second one is the catabolization of tri-

glycerides which results in the release of glycerol and

fatty acids participating in glucose metabolism in liver

and in other organs and tissues. Finally, its adipocytes

secrete the adipokines, which include hormones and

other proteins with specific biological functions [5]. In

addition, recent studies have shown a strong correlation

between age of the living organisms and specific changes

of the fat characteristics in obese individuals [6, 7].

Some results indicate that during the first three months

of rat life there are distinct phases of the metabolic

evolution in WAT related to leptin mRNA and serum

leptin concentration changes regulating the amount of

body fat [6, 7].

In the past years, several studies, mainly based on

invasive approaches, have investigated the release process

of fatty acids [8–15] but only few of them have considered

their mobilization [8, 9, 14, 15]. On the other hand, this last

property is related to their degree of unsaturation [9, 14,

15], a very important feature because differential mobili-

zation could greatly influence the storage and the sub-

sequent utilization of the individual fatty acids. The

mobilization also determines the type of fatty acids sup-

plied by adipose tissue to other tissues and organs, notably

in conditions of negative energy balance.

In more recent years there has been an increasing

interest in spectroscopic techniques for fast, non destruc-

tive and minimally invasive characterization of adipose

tissue [16, 17]. To this aim vibrational spectroscopy,

dealing with Raman scattering, has been extensively used

for the analysis of fats with specific concern for its clas-

sification, in terms of its composition and constituents

[18–26]. Part of these Raman investigations were focused

on fatty acids [18, 20, 22–24, 26] while some of them were

specifically addressed to the assessment of their molar

unsaturation [20, 23, 24, 26].

Fat composition assessment by high resolution proton

NMR spectra (HR-NMR) of tissue extracts is a relatively

simple matter since signals from protons adjacent to

double bonds are easily resolved [27]. Nevertheless,

NMR analysis of fat requires an extraction procedure that

is time consuming and destructive for the sample.

Recently, we have demonstrated that micro Raman

spectroscopy performed in freshly excised and unpro-

cessed fat tissues allows the determination of the unsat-

uration index (UI), with results in good agreement with

the literature [28].

In the present work we further validate the usefulness

of Raman spectroscopy by a quantitative comparison with

proton HR-NMR and demonstrate that both techniques

are able to detect the substantial increase in the unsatu-

ration index occurring in mice WAT after weaning. Since

HR-NMR spectra are acquired in lipid extracts while

Raman spectra are recorded in unprocessed tissue, local-

ized Magnetic Resonance Spectroscopy (MRS) of in vivo

WAT tissue was also exploited in order to detect the

possible effect of the extraction procedure. Hereafter, the

experimental results will be presented and discussed in

terms of lipid mobilization and of the related physiolog-

ical aspects.

Materials and Methods

Animals and Tissue Extraction

Male young (10, 15, 22 days), adult (1, 3, 6 months) and

old (12 months) mice of FVB/NHsd strain (Harlan, Italy)

were used for the study. They were maintained in a colony

at 25 �C with an alternating 12 h dark and light schedule

and had free access to standard mice feed and drinking

water. Experimental protocols were approved by the ani-

mal ethical committee of the University of Verona and

followed the NIH Guide for the Use Care of Laboratory

Animals and the European Community Council (86/609/

EEC) directive. For each age, n = 4 mice were used,

except for the 12 months group (n = 3). After in vivo

MRS experiments, animals were killed by cervical dislo-

cation and inguinal adipose tissue was removed for ex vivo

Raman and HR-NMR measurement.

Raman measurements were run on the tissue immedi-

ately after its removal. For HR-NMR, the lipidic fraction of

adipose WAT was extracted in a chloroform–ethanol

mixtures (2:1 v/v) according to Folch et al. [29]. The

procedure yielded an aqueous fraction containing water-

soluble molecules and an organic fraction containing lipids.

The latter phase was dried under a stream of anhydrous

nitrogen gas, lyophilized in a freeze-drying apparatus

(Freeze-Dryer Modulyo) and dissolved in 600 ll deuter-

ated chloroform for HR-NMR measurements. A similar

extraction procedure was applied to standard mice feed.

After a short period of suckling, two pups were killed by

cervical dislocation and a few drops of milk samples

obtained by manual squeezing of the stomach. Raman

spectra were recorded on mother milk without any

treatment.

660 Lipids (2011) 46:659–667

123



Raman Measurements

Micro-Raman spectra were carried out in backscattering

geometry at room temperature using a triple-monochro-

mator (Horiba-Jobin Yvon, model T64000), set in double-

subtractive/single configuration, and equipped with holo-

graphic gratings having 1,800 lines mm-1. The scattered

radiation was detected at the spectrograph output by a

charge coupled device (CCD) detector, with

1,024 9 256 pixels, cooled by liquid nitrogen. The spectra

were excited by the 514.5 nm line of a mixed Ar–Kr ion

gas laser and laser power on the sample surface was kept

below 5 ± 0.1 mW, and was focused with a spot of 2 lm

in diameter through the lens of an objective 809 (numer-

ical aperture 0.75). The spectral resolution was better than

0.6 cm-1 pixel while the spectral linearity of the system

was calibrated using a 50:50 (v/v) acetonitrile/toluene

mixture and comparing to frequency standards from the

American Standard Testing Method ASTM E 1840 (1996).

Repeated micro-Raman measurements were carried out

under the same experimental conditions from several

regions of the same sample, obtaining very reproducible

spectra for WAT tissue. The spectra collected from mor-

phologically similar regions showed good reproducibility

(the mean error of peak intensity was of the order of 3%).

The recorded spectra were processed to remove artifacts

due to cosmic rays, while the luminescence background,

consisting of a flat and structureless background of very

weak intensity spread over the whole Raman spectrum, was

removed by comparing replicate spectra of each sample

over the whole sampled spectral range.

MRS and HR-NMR Measurements

In vivo MRS experiments were carried out using a Biospec

System (Bruker Biospin, Germany) equipped with a 4.7 T

horizontal Oxford Magnet, 33-cm bore size. A 72-mm

internal diameter bird-cage coil and a flat surface receiver

coil were used. Animals were pre-anesthetized with 5% of

isofluorane, and maintained during acquisitions with

1–1.5% of isofluorane in a mixture of O2 and air. The

surface coil was carefully positioned in the inguinal part of

the mice. After acquisition of reference images for locali-

zation of inguinal fat deposits, localized proton spectra

were acquired from a volume-of-interest (VOI) of 1 mm3.

The dimensions of the inguinal fat deposits in young ani-

mals were too small to reliably position the 1 mm3 Voxel.

In vivo spectra were consequently acquired only in adult

and old mice. Spectra were acquired using a Point

Resolved Spectroscopy (PRESS) sequence with

TR = 4,000 ms, TE = 22 ms, 256 number of excitations

(NEX), 1,024 points, without water suppression. PRESS

sequence uses a combination of magnetic fields gradients

and r.f. pulses (90�–180�–180�) to select a three dimen-

sional voxels of a well defined size. In vivo spectra were

then analyzed with LCModel [30].

HR-NMR was performed using a Bruker DRX-500

spectrometer operating at 500.13 MHz proton Larmor

frequency, and equipped with a 5 mm TXI probe head. The

sample temperature in the probe was 25 �C. Pulse pro-

grams from the standard Bruker library (Topspin 1.3) were

used. Proton NMR spectra were acquired with an acquisi-

tion time of 1.6 s, flip angle of 45�, 2 s of relaxation delays,

spectral width of 5 kHz, 16 K acquired points, and total

number of scans equal to 128. Data were processed with

32 K points, baseline corrections and phase adjustments.

No line broadening was applied in data processing. The

chloroform proton signal at 7.27 ppm was used as chemical

shift reference. Resonances were identified based on

available chemical shift data. Mean lipid acyl chain un-

saturation and polyunsaturation indexes were calculated

from proton spectra according to the methods reported in

literature [31], exploiting the areas of the peaks of the

different chemical groups in the lipid chains.

Peak assignment and the procedures followed for

extraction of triglyceride (TG) parameters, both for HR-

NMR and MRS spectra, are reported hereafter.

Peak Assignment and Calculation of TG Parameters

White adipose tissue is mainly constituted by TG mole-

cules and NMR spectra reflect its composition. Figure 1a, b

shows representative ex vivo and in vivo spectra of

inguinal adipose tissue, respectively. The proton resonance

peaks are labelled according to the different chemical

groups constituting TG molecules (see Fig. 1c). The two

spectra show the same number of peaks at the same

chemical shifts, with the exception of a small water

(W) signal that is present in the in vivo experiments

(Fig. 1b).

The chemical properties of TG molecules namely un-

saturation (UI) and polyunsaturation (PI) indexes and mean

chain length (MCL) were determined by applying the fol-

lowing formulas according to Zancanaro et al. [31].

UI ¼ LþMð Þ= 2=3Að Þ
PI ¼ G= 2=3Að Þ

MCL ¼ 2=3Aþ Bþ C þ Dþ E þ F þ Gð
þ2 LþMð ÞÞ= 2=3Að Þ

where, each letter represents the area under the

corresponding peak. The index UI is equivalent to the

number of vinilyc protons ratioed to the terminal methyl

group and is a molar measurement of unsaturation. The

index PI is equivalent to the number of protons attached to

the diallylic methylene of conjugated double bonds ratioed
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to the methyl group and provides a measurement of molar

poly-unsaturation. In agreement with Zancanaro et al. [31],

relevant presence of mono- and diglycerides in WAT

samples was excluded by verifying that the two following

relationships were in good agreement with experimental

data:

A= I þ Hð Þ ¼ 9=4

F= I þ Hð Þ ¼ 6=4

The two relationships represent, respectively, the ratio

between the number of protons bound to the methyl (A) or

acetalyc (F) groups and the glyceril esterified methylene

ones (I ? H).

Thanks to high resolution and good separation of the

signals, the areas under the peaks could be calculated by

simple integration in HR-NMR spectra. This procedure

could not be applied to in vivo MRS experiments, because

of the low resolution and partial overlapping of the peaks

[27] as clearly apparent in Fig. 1b. MRS spectra were

consequently analyzed by using the LCModel software

[30]. Since LCModel does not distinguish peak K from

(L ? M), the integral of the peak K was obtained from the

peak A according to the theoretical value K = A/9 which

holds for TG molecules, i.e. the number of methynic

esterified glycerol protons (K) is assumed to be 1/9 of that

of methyl group (A). In agreement with the fact that WAT

consists mainly of TG molecules, ex vivo HR-NMR

spectra confirmed that the ratio between A and K is in

agreement with the above mentioned theoretical value.

Then the (L ? M) peak was obtained using the following

formula:

LþMð Þ ¼ LþM þ Kð Þ � A=9

Results and Discussion

A typical micro-Raman spectrum of WAT, after subtrac-

tion of the luminescence background, in the extended wave

number range 750–3,350 cm-1 is reported in Fig. 2 (full

panel). It consists of several bands and some sharp peaks of

different intensity occurring in the spectral region between

800 and 1,800 cm-1, but is dominated by some very strong

bands in the region 2,800–3,100 cm-1.

In order to identify the origin of the different spectral

features of adipose tissue we can refer to some reference

database of Raman spectra of bio-molecules, either in form

of text-book [32] or full-length paper [17]. Table 1 lists

both the position, in terms of wave numbers, and the

assignment of main bands observed in the 800–3,050 cm-1

spectral region of Raman spectrum of WAT, according the

some available literature reports [17, 25, 33–43].

According to the assignments of this Table we can

claims that the overall structure of the observed spectrum is

that of TG molecules, which indeed constitute the main

component of WAT [30]. Therefore, a finer spectral ana-

lysis of the Raman features of TG component of WAT will

allow us to gain further insights into the white adipose

tissue, especially into its unsaturation index, which is

related to the number of double C=C bonds present in each

Fig. 1 The representative ex vivo (a) and in vivo (b) spectra of

inguinal adipose tissue. The areas under a peaks (A, B, C…) are

proportional to the number of protons in a given chemical environ-

ment within a TG molecular structure (c)
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TG chain. To this aim, the key spectral feature is the peak

at 1,655 cm-1, which is attributed to the symmetric

stretching mode of the double C=C bonds of the TG

component [17, 39]. Obviously, the spectral intensity of

this peak is expected to depend on the number of C=C

bands in TG, and therefore, the intensity of Raman peak at

1,655 cm-1 can be straightforwardly related to unsatura-

tion index of lipid component in WAT. Therefore, white

adipose tissues characterized by different unsaturation

index will show different spectral intensity of the

1,655 cm-1 peak.

Representative, partial Raman spectra, acquired in the

spectral region between 1,600 and 1,800 cm-1, from two

WAT specimens, excised from 15-day (spectrum a) old and

90-day (spectrum b) old mice, respectively, are also shown

in Fig. 2 (internal panel). Before the plot, the spectra were

normalized to the area of the peak centred at about

1,745 cm-1, which is attributed to the stretching vibration

of the C=O group [17, 38]. The Raman peak due to the

vibrational of C=O groups is assumed to be an internal

reference because the number of carbonyl groups for each

TG is constant independent of the unsaturation index of

their hydrocarbon chains. This assumption is justified

because the presence of mono- and diglycerides in WAT is

negligible [31].

We have taken the intensity of the peak at 1,745 cm-1

as the reference, instead of that of the band at 1,440 cm-1,

because this one constitutes, in our opinion, a much less

reliable standard, since it clearly consists of some over-

lapping spectral components (see, for instance, the spec-

trum of Fig. 2, full panel, or ref. [17]), the position of

which turns out to depend on the length of the fatty acid

(FA) chains. In fact, it has been proved that the intensity of

this 1,440 cm-1 band turns out to depend on the number of

carbons within the FA chain [20, 44], which, on the other

hand, is not constant in TGs chains forming WAT. In

alternative, in the case of adipose tissue, the peak at

1,745 cm-1 seem to provides a much more reliable stan-

dard for evaluating the UI of WAT, being specifically

related to number of carbonyl groups in TGs, i.e. the par-

amount component of WAT, as revealed by the NMR

measurements, which also were not able to detect any
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Fig. 2 Typical Raman spectrum of WAT recorded at room temper-

ature in the wave number range 750–3,350 cm-1 (full panel); partial

Raman spectra of WAT in the region of C=C and C=O symmetric

stretching modes (internal panel). Representative spectra acquired at

15 (a) and 90 days (b) are compared. The inset of the internal panel
shows the dependence of the normalized intensity of the 1,655 cm-1

peak as a function of the mice age is reported. Points labelled by ‘‘a’’

and ‘‘b’’ refer to the UI obtained from spectra plotted in the figure

Table 1 Assignment of bands

observed in the Raman spectra

of white adipose tissue

The band regions are defined in

Fig. 2 (full panel)

m stretching modes, d
deformation modes, qw wagging

mode

Band regions Band position (cm-1) Band assignment [refs.]

1 800–920 m (C–C), CH3 rk mixture of stretch and rock modes at acyl and

methyl terminals in solid state [33]

2 1,060–1,065 mop (C–C) out-of-phase aliphatic C–C stretch all trans [34]

3 1,080–1,090 mg (C–C) liquid: aliphatic C–C stretch in gauche [35]

4 1,100–1,135 mip (C–C) in-phase aliphatic C–C stretch all trans [36]

5 1,250–1,280 dip (=CH) in-plane cis olefinic hydrogen bend [37]

6 1,295–1,305 dtw (CH2) methylene twist deformation [37]

7 1,400–1,500 dsc (CH2) methylene scissor deformation [17] and asymmetric

bending CH3 [32]

8 1,650–1,680 m (C=C) cis and trans olefinic stretch [17, 39]

9 1,730–1,750 m (C=O) carbonyl stretch [17, 38]

10 2,720–2,730 m (CH) olefinic stretching mode [40] or combination of dsc

(–CH2) ? qw (–CH2) methylene modes [41, 42]

11 2,800–2,950 ms (CH2), mas (CH2) symmetric and anti-symmetric methylene

stretch and ms (CH3), mas (CH3) symmetric and anti-symmetric

methyl stretch [42, 43]

12 3,010–3,040 mas (=C–H) anti-symmetric =C–H stretch [25]
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appreciable component of free fatty acids in it [31]. By the

way, it is worth to mention that the intensity of the peak at

1,745 cm-1 is is taken as the reference to evaluate the

molar parameters of fatty acids methyl esthers (FAME) by

some authors [20, 43–45]. On the other hand, the intensity

of this peaks cannot be properly adopted as the reference

for the assessment of the UI of free fatty acids, for which

the situation is much more complex due to the spectral

intermixing of C=C and C=O stretching modes. In fact, in

the case of oleic acid, a well-known free FA, Muik et al.

[24] did not observe any peak at about 1,740 cm-1 asso-

ciated with C=O stretching mode since the wave number of

the C=O stretching vibration in the free FA chains at room

temperature occurs near the C=C stretching vibration peak

at 1,650 cm-1 as it can be clearly inferred from Ref. [25].

On the other hand, Tandon et al. [25] show that the peak

wave number of C=O stretching in free FA shifts from

about 1,638 to 1,643 cm-1 when the temperature varies

from -20 to ?12 �C. Therefore, this finding clearly shows

that, in the case of free FA, it is improper to refer to the

intensity of the band peaked at 1,650 cm-1 at room tem-

perature in order to evaluate the molar unsaturation

parameter of free FA, since this peak intensity could be

affected by the contribution of the C=O stretching mode,

which is nearly degenerate with the C=C mode. Therefore,

on the basis of the above considerations it should be

inferred that the unsaturation parameter of FA, assessed

according to this procedure, is affected by a systematic

error, e.g., overestimated, due to the spurious contribution

of the C=O stretching.

In conclusion, taking the above discussed considerations

into account, in the case of WAT a quantitative evaluation

of the unsaturation index of TG chains can be obtained

simply by measuring the area of the 1,655 cm-1 peak

normalized to the intensity of the 1,745 cm-1 peak, in the

following referred to as the normalized area (NA). The NA

of the peak at 1,655 cm-1 versus animals age (in days) is

reported in the internal panel inset of Fig. 2. This plot

suggests a remarkable change of the unsaturation index of

lipid component of WAT between 21 and 30 days of age.

The chemical properties extracted from HR-NMR and

MRS spectra at different mice age are summarized in

Table 2. Mice younger than 1 month were not examined by

MRS due to small size (\1 mm3) of inguinal deposits.

Mean values of UI obtained by the two techniques are very

close. PI values could not be calculated by MRS spectra

due to the low signal/noise of peak G. MCL values eva-

luated by HR-NMR differ substantially from those evalu-

ated by MRS. The reasons for this discrepancy are

currently under evaluation. However, the results of HR-

NMR, obtained on mice older than 21 days, correlate with

the literature data [18, 19]. In fact, UI and MCL values

obtained by us on WAT samples of mice older that 21 days

are quite close to those observed by Beattie et al. [19] on

pork and kitchen fat. This fact seems to confirm that a

strong correlation exists between the adipose tissue com-

position and the presence of mono and poly-unsaturated

fatty acids in the diet of different species of mono-gastric

animals [46, 47].

Figure 3 shows the behaviour of the value of NA versus

the unsaturation index obtained by HR-NMR in the WAT

samples of the animals investigated. The plot shows a good

linear correlation between the Raman normalized intensity

and the unsaturation index, as determined by HR-NMR. By

using the extrapolated linear relationship, quantitative

values of the unsaturation index can be straightforwardly

obtained from Raman spectra of WAT.

Table 2 Chemical properties of TGs (UI, PI and MCL) calculated

from HR-NMR spectra

Mice age (days) UI PI MCL

HR-NMR

10 0.64 ± 0.06 0.19 ± 0.01 16.23 ± 0.25

15 0.61 ± 0.01 0.18 ± 0.00 16.13 ± 0.24

22 0.65 ± 0.01 0.18 ± 0.00 16.30 ± 0.22

30 0.99 ± 0.01 0.34 ± 0.01 17.26 ± 0.21

90 1.02 ± 0.03 0.32 ± 0.01 17.08 ± 0.09

180 1.08 ± 0.01 0.33 ± 0.01 17.25 ± 0.12

360 1.03 ± 0.05 0.30 ± 0.02 16.96 ± 0.16

MRS

30 0.98 ± 0.06 – 15.19 ± 0.21

90 1.06 ± 0.12 – 13.45 ± 0.28

180 1.05 ± 0.10 – 14.19 ± 0.46

360 1.07 ± 0.24 – 12.45 ± 0.20

Fig. 3 Correlation between UI, as determined by HR-NMR, and the

intensity of the Raman 1,650 cm-1 peak (normalized to that of the

peak at 1,745 cm-1, see text)
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Figure 4 shows the dependence of the UI, determined

either by Raman or HR-NMR versus mice age in days.

Here the data are plotted in the form of mean values with

related standard deviations. Values obtained by MRS are

additionally reported in the inset, but only for animals older

than 22 days. Both in Raman and HR-NMR data, a sudden

increase in the unsaturation index between 22 and 30 days

is clearly evident in close correspondence with the weaning

of mice (21 days). A similar trend was observed also for

the PI. Moreover, MRS and HR-NMR provide results in

good agreement, indicating that the extraction procedure

does not affect the determination of the UI. The substan-

tially higher standard deviation in MRS determinations

compared to either HR-NMR or Raman data is due to

errors introduced in the in vivo measurement by imperfect

shimming, mouse movements and relatively low signal-to-

noise ratio.

The physiological aspects of the observed experimental

results need to be discussed. In principle, the dietary FA

could have a profound influence on both the quantity and

quality of the FA of adipose tissue, which in turn deter-

mines the kinds and amounts of FA available to meet

metabolic requirements. In fact, a direct correlation

between the amount of FA present in the diet and their

deposition into the adipose tissue was observed, although

the degree of FA deposition varied with the unsaturation,

saturation and structure of the FA of the diet [48]. In our

case, the sudden increase of the UI up to about 160% of its

starting value, observed soon after weaning of animals,

correlates, at least qualitatively, with the dietary change. In

fact, the ratio between the Raman Index for the unsatura-

tion index, namely the NA of the peak at 1,655 cm-1, was

estimated to increase by a factor of about 1.5 when the

spectra of the mother milk and of the standard mice feed

are considered. It is noteworthy that UI starts increasing

immediately after weaning and its increase seems to be

almost complete within approximately 1 week after the

diet change. To the best of our knowledge, such a sudden

increase in the UI in correspondence to mice weaning has

not been reported previously. It is reasonable to expect that

similar changes, although slower than in mice because of

the different metabolism, may occur in other mammals,

including humans. Our data show that, soon after the

weaning, the mice body builds up a reservoir of TG com-

posed of unsaturated fatty acids, which are easily mobilized

from fat tissue toward organs and tissues for the energetic

needs. In fact, mobilization of fatty acids from cells and

tissues has been investigated in mammals, including

humans, and more recently, in migratory birds [9, 12, 14].

It appears that fatty acids are not mobilized in direct

proportion to TG contents of cells but differentially

depending on their unsaturation. Specifically, polyunsatu-

rated rather than saturated fatty acids are preferentially

mobilized from adipose tissue [12]. Our results thus show

that after weaning mice body possesses a reservoir of TGs

more easily mobilized than before weaning. This is prob-

ably related to changes in energy metabolism. During the

first days of ectopic life, shivering thermogenesis is not

active. Heat production occurs mainly through not-shiver-

ing thermogenesis in brown adipose tissue (BAT) the last

tissue being strongly developed and active in pups. At

weaning, a substantial change in energetic metabolism does

occur: BAT, which posses its own lipid depots, decreases

its activity while muscle increases its motor activity and

shivering thermogenesis. Differently from BAT, muscle

does not have its own lipid reserve. This fact determines

the organism request of the need of a lipid reservoir of easy

mobilization. On the bases of the above considerations, our

results shows that, after weaning, fat depots are composed

by unsaturated (i.e. easily mobilized) fatty acids which,

likely, can meet the growing energy demands of mature

muscle tissue.

Conclusions

In the present paper Raman spectroscopy has been used to

quantitatively determine the unsaturation index of mammal

fat tissues. The UI value have been quantitatively assessed

through calibration with HR-NMR data. Both Raman and

HR-NMR require animal sacrifice and tissue resection.

Differently from HR-NMR, Raman spectroscopy does not

Fig. 4 Dependence of UI on the mouse age (days) as determined by

Raman (top panel) and HR-NMR (bottom panel). The values of UI

determined in vivo by MRS are shown in the inset of the bottom panel
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need chemical extraction of the lipid component that is

time consuming and destructive for the sample. Raman

spectra can be acquired from a few milligrams of fat tissue

in a few seconds with a good signal-to-noise ratio. In fact,

they were carried out in a systematic way from WAT

specimens of mice of different ages, ranging between a few

days and 12 months. Our Raman results turns out to be

very reliable in monitoring, in a very simple way, the

sudden changes occurring in the fat composition after the

mice were weaned, through the evaluation of the intensity

changes of the C=C stretch mode peaked at 1,655 cm-1,

normalized to the C=O group stretching mode intensity.

In conclusion, Raman spectroscopy could provide an

inexpensive, fast and robust approach to analyze important

characteristics of the fat tissues of mammals for routine use

in bioptic samples. The present results demonstrate that the

method is useful for monitoring diet-induced changes of the

unsaturation index of fat deposits. Moreover, they show that,

soon after weaning, the organisms build up adipose tissue

depots rich in unsaturated TG, easily mobilized from the

tissue itself. On one side this process is correlated to dietary

changes, but, on the other side, it is probably also related to

the switch from non-shivering to shivering thermogenesis.
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Abstract Patients with cystic fibrosis, caused by muta-

tions in CFTR, exhibit specific and consistent alterations in

the levels of particular unsaturated fatty acids compared

with healthy controls. Evidence suggests that these changes

may play a role in the pathogenesis of this disease. Among

these abnormalities are increases in the levels of n-7 and

n-9 fatty acids, particularly palmitoleate (16:1n-7), oleate

(18:1n-9), and eicosatrienoate or mead acid (20:3n-9). The

underlying mechanisms of these particular changes are

unknown, but similar changes in the n-3 and n-6 fatty acid

families have been correlated with increased expression of

fatty acid metabolic enzymes. This study demonstrated that

cystic fibrosis cells in culture exhibit increased metabolism

along the metabolic pathways leading to 16:1n-7, 18:1n-9,

and 20:3n-9 compared with wild-type cells. Furthermore,

these changes are accompanied by increased expression of

the enzymes that produce these fatty acids, namely D5, D6,

and D9 desaturases and elongases 5 and 6. Taken together,

these findings suggest that fatty acid abnormalities of the

n-7 and n-9 series in cystic fibrosis are as a result, at least in

part, of increased expression and activity of these meta-

bolic enzymes in CFTR-mutated cells.

Keywords Fatty acid metabolism � Gene expression �
Elongases � Desaturases � Monounsaturated fatty acids �
Cystic fibrosis

Abbreviations

CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane regulator

FAME Fatty acid methyl ester

HPLC High-performance liquid chromatography

GC Gas chromatography

Introduction

Cystic fibrosis (CF) is the most common life-threatening

genetic disease in the Caucasian population, affecting 1 in

every 3,000 newborns [1]. CF is caused by mutations in the

cystic fibrosis transmembrane regulator (CFTR) gene [2].

The protein product of this gene is a cAMP-regulated

chloride channel that belongs to the ATP binding cassette

family. This protein also transports bicarbonate and indi-

rectly regulates sodium flux. The mutations in CFTR cause

accumulation of viscous secretions in the body, ultimately

leading to pancreatic insufficiency, intestinal malabsorp-

tion, chronic airway infection, inflammation, and progres-

sive lung disease [1].

In addition to the classic clinical findings in CF, specific

fatty acid abnormalities have been consistently identified in

the plasma and tissues of CF animal models, human

patients, and cultured cell models compared with wild-type

controls (reviewed in Refs. [3, 4]). The most noted of these

are decreases in linoleate (18:2n-6) and docosahexaenoate

(22:6n-3), and, in most cases, elevation of arachidonate
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(20:4n-6). Studies in mice suggest that these abnormalities

are involved in the pathophysiology of CF [5].

Less attention has been paid to important fatty acid

changes outside of the n-6 and n-3 pathway. These include

increased concentrations of palmitoleate (16:1n-7), oleate

(18:1n-9), and eicosatrienoate or mead acid (20:3n-9) in the

cells and plasma of CF patients. In some studies, these

changes were present along with pancreatic insufficiency

and intestinal malabsorption [6, 7], and elevations of these

fatty acids are a known marker of essential fatty acid

deficiency [8, 9]. However, similar observations have been

made in well-nourished CF patients [10–12] and some

cultured CF cells [13], suggesting additional underlying

causes exist to explain these alterations. Importantly, DHA

therapy, which is known to reverse the n-3 and n-6 fatty

acid abnormalities in CF patients and correct CF pathology

in mice, also reduces 20:3n-9 levels [14].

These fatty acids are of particular interest in CF path-

ophysiology because of their functional properties outside

cell membranes. A recent study revealed that 16:1n-7 acts

as a lipid hormone, a so-called lipokine, providing com-

munication between adipose tissue and distant organs to

regulate systemic metabolic homeostasis [15]. Further-

more, there is evidence suggesting that products of D9-

desaturase, which include 16:1n-7 and 18:1n-9, are

involved in modulating inflammation [16–18], as are

oxygenated products of 20:3n-9 [19].

Unlike the n-3 and n-6 series fatty acids, 16:1n-7, 18:1n-

9, and 20:3n-9 can be synthesized de novo. Palmitate (16:0;

PAM), synthesized from acetyl CoA, can be converted to

these fatty acids via the pathways indicated in Fig. 1. Our

group has shown that alterations in n-3 and n-6 fatty acids

in CF cells are associated with increased expression and

activity of D6 and D5 desaturases compared with wild-type

cells [20]. The objective if this study was to test whether

the above-described changes in n-7 and n-9 fatty acids are

also a result of altered activity of fatty acid metabolizing

enzymes.

This hypothesis was tested in two cell culture models of

CF with similar fatty acid abnormalities to those present in

humans [13, 21]. To investigate the relative activities of

fatty acid-metabolizing enzymes, the conversion of radio-

labeled palmitate (16:0), stearate (18:0), and 18:1n-9 to

downstream fatty acid products was measured and corre-

lated with the expression of desaturase and elongase

enzymes in CF cells. The results show increased metabo-

lism of these fatty acids to 16:1n-7, 18:1n-9, and 20:3n-9 in

CF compared with wild-type cells. There was also

increased expression of D9, D6, and D5 desaturases and

elongase 6. These findings suggest that increases in the

expression and activity of these fatty acid metabolic

enzymes are at least in part responsible for changes in the

levels of these fatty acids observed in CF.

Materials and Methods

Materials

Radiolabeled fatty acids, [1-14C]16:0 (55 mCi/mmol),

[1-14C]18:0 (55 mCi/mmol), and [1-14C]18:1n-9 (55 mCi/

mmol) were obtained from American Radiolabeled

Chemicals (St Louis, MO, USA). Fatty acid methyl ester

(FAME) standards were purchased from NuChek Prep

(Elysian, MN, USA). HPLC-grade solvents were purchased

from Fisher Scientific (Pittsburgh, PA, USA) and liquid

scintillation cocktail (IN-flow 2:1) was purchased from IN/

US Systems (Tampa, FL, USA).

Cell Culture

16HBEo- sense and antisense cells were a gift from Dr

Pamela Davis (Case Western Reserve University School of

Medicine, Cleveland, OH, USA). These are human bron-

chial epithelial cells stably transfected with plasmids

expressing the first 131 nucleotides of human CFTR in the

sense or antisense orientation such that sense cells express

wild-type CFTR and antisense cells lack CFTR expression

[22]. IB3 and C38 cells were obtained from ATCC

(Manassas, VA, USA). IB3 cells are compound heterozy-

gotes which contain one DF508 allele and one nonsense

mutation, W1282X, with a premature termination signal

[23]. The CF phenotype present in the IB3-1 cells has been

corrected in the C38 cell line by transfection with wild-type

CFTR [24]. Cell culture techniques were performed

as previously described [13, 21]. Cells were grown in

n-7

16:0

16:1

n-9

18:0

18:1

18:2

20:2

20:3

Elongase 6

Elongase 5

ΔΔ6-desaturase

ΔΔ5-desaturase

ΔΔ9-desaturase

Fig. 1 Fatty acid metabolism through the n-7 (left) and n-9 (right)
pathways
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tissue-culture flasks coated with LHC basal media (Invitro-

gen, Carlsbad, CA, USA) containing 0.1 mg/mL BSA

(Sigma–Aldrich, St Louis, MO, USA), 10 lg/mL human

fibronectin (Sigma–Aldrich), and 3 lg/mL vitrogen (Angio-

tech Biomaterials, Palo Alto, CA, USA). Complete culture

medium comprised minimum essential medium ? glutamax

(Invitrogen) supplemented with 100 lg/mL streptomycin,

100 U/mL penicillin, and 10% horse serum (Atlanta Biolog-

icals, Lawrenceville, GA, USA). Cells were grown at 37 �C in

a 5% CO2 humidified incubator. Medium was changed three

times weekly.

For experiments, cells were seeded in six-well experi-

mental plates. Sense cells were seeded at 3 9 105 cells/

well and antisense cells were seeded at 1 9 105 cells/well.

This enables the sense cells, which are smaller in size, to

reach confluence at approximately the same time as anti-

sense cells. C38 and IB3 cells were seeded at 1 9 105

cells/well. All cells were allowed to grow until two days

post-confluence (7–8 days) before being used for experi-

ments. This time point was chosen because it is the point at

which the fatty acid abnormalities are most distinct [13].

Fatty Acid Composition Analysis

Sense and antisense cells were cultured as above until two

days post-confluence, after which they were washed twice

in ice-cold PBS, scraped, and transferred to a glass tube.

The saturated fatty acid 17:0 (10 lg) was added as an

internal standard. Lipids were extracted using a modifica-

tion of the method of Folch et al. [25]. Cells were harvested

by rinsing twice with ice-cold phosphate-buffered saline

(Invitrogen), then scraping on ice with a rubber policeman.

The cells were pelleted by centrifugation (1009g for

8 min). The cell pellet was resuspended in 0.5 mL cold

phosphate-buffered saline, and lipids were extracted by

adding six volumes of chloroform–methanol (2:1, v/v).

These samples were incubated on ice for 10 min, vortex

mixed, and centrifuged (1,1009g for 10 min). The lower,

organic, phase was transferred to a new glass tube and

dried down completely under a stream of nitrogen. Fatty

acids were methylated using boron trifluoride (BF3; 14% in

methanol; Sigma–Aldrich) and a methanolic-base reagent

[26] as follows: 0.5 mL 0.5 M methanolic NaOH (Acros

Organics, Geel, Belgium) was added to the sample, vortex

mixed, and heated at 100 �C for 3 min, followed by

addition of 0.5 mL BF3 at 100 �C for 1 min. To extract the

fatty-acid methyl esters (FAMEs), 1 mL hexane was added

to the mixture which was then incubated at 100 �C for

1 min, followed by addition of 6.5 mL saturated NaCl

solution. The sample was then vortex mixed and centri-

fuged (5009g for 4 min) to separate the liquid phases. The

upper, hexane, layer was used for quantification of FAMEs

by gas chromatography (GC) using an Agilent 7980A GC

system (Agilent Technologies, Santa Clara, CA, USA)

equipped with a Supelcowax SP-10 capillary column (Su-

pelco, Bellefonte, PA, USA) coupled to a mass spectrom-

eter (model 5975c, Agilent Technologies). FAME mass

was determined by comparing areas of unknown FAMEs

with that of a fixed concentration of the 17:0 internal

standard. Results were expressed as the molar percentage

(mol%) of each FAME relative to the total FAME mass of

the sample.

Fatty Acid Metabolism Experiments

For fatty acid metabolism experiments, medium containing

radiolabeled fatty acids was prepared by drying the fatty

acids dissolved in ethanol under a continuous stream of

nitrogen gas. Reduced-lipid medium was added to the tube

and sonicated three times for 5 s each. At two days post-

confluence, each well was incubated for 4 h with media

supplemented with reduced-lipid fetal bovine serum

(Hyclone, Logan, UT, USA) and containing 0.5 lCi/well

radiolabeled 16:0, 18:0, or 18:1n-9 and either harvested

(4 h samples) or washed with PBS and incubated in com-

plete medium for an additional 20 h before harvest (24 h

samples). Lipids were then extracted and methylated as

above. After methylation, the samples were dried under

nitrogen, reconstituted in 200 lL methanol, then dried to a

volume of approximately 50 lL. The mixture was vortex

mixed, and 20 lL was injected for HPLC analysis (Agilent

Technologies 1200 series instrument) on a 4.6 9 250 mm,

5 lm, Agilent Zorbax Eclipse XDB-C18 column. A

4.6 9 12.5 mm, 5 lm, guard column was used in con-

junction with the analytical column. The fatty acids were

separated using a binary mobile phase with a constant flow

rate of 1 mL per minute. The solvent program began with

90% solvent A (100% HPLC-grade methanol) and 10%

solvent B (HPLC-grade H2O) for 40 min, followed by

100% solvent A for 20 min. Peaks were detected using

ultraviolet detection at 205 nm and identified by comparing

retention times with those of unlabeled FAME standards.

Quantification of the radiolabeled peaks was performed by

use of a scintillation detector (b-RAM Model 4, IN/US

Systems) coupled to the HPLC. Data are reported as per-

centage of total counts.

Quantitative Real-Time PCR

Specific primers for each gene of interest were designed

using Beacon Designer software (Premier Biosoft Inter-

national, Palo Alto, CA, USA), the sequences of which are

listed in Table 1. To prevent amplification of genomic

DNA, forward and reverse primers were designed from

adjacent exons. Primer fidelity and efficiency were tested

using an iCycler iQ system (Bio-Rad Laboratories,
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Hercules, CA, USA) using iQ5 software (Bio-Rad). Each

primer pair produced a single product on melt curve

analysis and had amplification efficiencies [94%.

At two days post-confluence, total RNA was prepared

from cells using TRIzol reagent (Invitrogen) according

to the manufacturer’s instructions. Residual DNA was

removed by treatment with DNase I (DNA-free kit; Am-

bion, Austin, TX, USA). First-strand cDNA was synthe-

sized from 2 lg total RNA using TaqMan reverse

transcription reagents with random hexamer primers

(Applied Biosystems, Foster City, CA, USA).

Quantitative real-time PCR was performed in a 20 lL

reaction containing 50 ng reverse-transcribed total RNA,

156 nM forward and reverse primers, and 10 lL 29 SYBR

green PCR Master Mix (Applied Biosystems). PCR reac-

tions were performed in triplicate in 96-well plates using

the iCycler iQ or CFX96 system (Bio-Rad). Results were

analyzed using iQ5 or CFX Manager software (Bio-Rad).

The relative amount of mRNAs was calculated using the

comparative CT method [27]. RPLP0 mRNA was used as

an invariant control.

Statistical Analysis

Data are presented as mean ± standard error of the mean

(SEM). Statistically significant differences between groups

were evaluated by use of Student’s t test to compare means

in the sense and antisense groups using Excel (Microsoft,

Redmond, WA, USA). P \ 0.05 was interpreted as statis-

tically significant.

Results

The metabolic pathways leading to the formation of 16:1n-7,

18:1n-9, and 20:3n-9 are shown in Fig. 1. These pathways

were evaluated first in 16HBEo- human bronchial epithelial

cells stably transfected with plasmids expressing the first 131

nucleotides of the cftr gene in either the sense or antisense

orientation [22]. Consequently, the sense cells express CFTR

protein whereas the antisense cells show nearly complete

loss of both CFTR expression and activity [13, 22].

The relative fatty acid composition of sense and anti-

sense cells is shown in Table 2. A small, but statistically

significant increase in the saturated fatty acids 16:0 and

18:0 was observed for antisense cells (3.2 and 4.1%

increase, respectively, compared with sense cells). Larger

increases are seen in the monounsaturated derivatives of

these fatty acids, 16:1n-7 and 18:1n-9 (13 and 15%

increase, respectively). The largest relative increase in

antisense cells was for 20:3n-9, which was 80% higher in

antisense than sense cells. Of note, the 20:3n-9/20:4n-6

ratio, a marker of EFA deficiency [28], is significantly

increased in antisense versus sense cells (0.09 vs. 0.05;

P \ 0.001).

To determine if these fatty acid changes in antisense

cells were a result of alterations in enzymatic metabolism,

sense and antisense cells were incubated with radiolabeled

16:0, 18:0, and 18:1n-9, and conversion to downstream

metabolites was measured. The results of labeling experi-

ments with [1-14C]16:0 are shown in Fig. 2. After 4 h

incubation, there was significant diminution of 16:0 with

increased conversion to 16:1n-7, 18:0, and 18:1n-9 in

antisense cells compared with sense cells (Fig. 2a). This

effect persisted for all but 18:0 at 24 h (Fig. 2b), perhaps

because of subsequent conversion to 18:1n-9.

Similar results were observed when cells were incubated

with [1-14C]18:0. Metabolism of 18:0 to 18:1n-9 was

increased in antisense versus sense cells at both time points

(Fig. 3a, b), although these differences were statistically

significant at 24 h only. Further metabolism to 20:3n-9 was

significantly increased in antisense cells at both time

points.

Increased production of 20:3n-9 is, in part, because of

increased metabolism of 18:1n-9. When incubated with

[1-14C]18:1n-9, antisense cells showed increased conver-

sion of this substrate to 20:3n-9 at both time points,

with difference reaching statistical significance at 24 h

(Fig. 4a, b).

Taken together, these fatty acid metabolism results

indicate that antisense cells exhibit increased enzymatic

activity catalyzing the conversion of 16:0 to 16:1n-7 and

from 16:0 through 18:0 to 18:1n-9. The enzymes respon-

sible for these metabolic conversions are D9-desaturase

Table 1 Primer sequences used

for quantitative real-time PCR
Gene

name

Product Sequence of forward

and reverse primers (50–30)
Genbank

accession no.

RPLP0 Ribosomal protein, large, P0 ATGGCAGCATCTACAACCC NM_001002

GACAGACACTGGCAACATTG

SCD D9- (stearoyl-CoA) desaturase CCCAAGCCCCAAGGTTGAATATG NM_005063

CCCCAAAGCCAGGTGTAGAAC

ELOVL6 Fatty acid elongase 6 CAACGAGAATGAAGCCATC NM_024090

GCAGCATACAGAGCAGAA
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and elongase 6, which are regulated almost entirely at the

transcriptional level [29, 30]. To test potential changes in

the expression of these enzymes, quantitative RT-PCR was

performed on total RNA extracted from sense and anti-

sense cells using primers specific to these two enzymes. As

predicted, there was a significant increase in the relative

mRNA levels corresponding to both elongase 6 and D9-

desaturase (Fig. 5a).

To confirm these findings, expression of these enzymes

was measured in a second cell-culture system. The IB3 cell

line consists of immortalized bronchial epithelial cells from

an actual CF patient that carried a compound heterozygous

genotype (DF508/W1282X) [23]. C38 cells are IB3 cells

stably transfected with a wild-type cftr gene, restoring

normal CFTR function [24]. They were used as controls.

Similar to the sense and antisense cells, the IB3 cells

exhibit increased expression of both elongase 6 and D9-

desaturase compared with C38 cells (Fig. 5b).

Further metabolism of 18:1n-9 is catalyzed by D6-

desaturase, elongase 5, and D5-desaturase (Fig. 1). Previous

studies [20] in these cell culture systems demonstrated that

expression of the two desaturase enzymes is significantly

increased in antisense versus sense cells. All three enzymes

show increased expression in IB3 versus C38 cells.

Table 2 Fatty acid composition (mol %a) of sense and antisense cells

Acid Sense Antisense Acid Sense Antisense

14:0 2.04 ± 0.04 1.60 ± 0.01d 18:3n-3 0.20 ± 0.09 0.09 ± 0.01

15:0 1.11 ± 0.02 0.51 ± 0.01d 20:3n-3 0.12 ± 0.01 0.04 ± 0.00b

16:0 16.45 ± 0.10 16.97 ± 0.07b 20:5n-3 0.34 ± 0.01 3.20 ± 0.02d

18:0 16.06 ± 0.11 16.72 ± 0.04c 22:5n-3 4.40 ± 0.05 5.15 ± 0.03d

20:0 0.21 ± 0.07 0.30 ± 0.01 22:6n-3 1.00 ± 0.02 0.58 ± 0.01d

22:0 0.18 ± 0.01 0.26 ± 0.01c 18:2n-6 14.37 ± 0.24 11.88 ± 0.08d

24:0 0.19 ± 0.01 0.26 ± 0.02 20:2n-6 1.17 ± 0.06 0.40 ± 0.07c

16:1n-7 2.47 ± 0.05 2.79 ± 0.05c 18:3n-6 0.38 ± 0.00 0.69 ± 0.01d

18:1n-7 3.65 ± 0.07 2.79 ± 0.04d 20:3n-6 1.50 ± 0.05 2.27 ± 0.02d

18:1n-9 17.83 ± 0.07 20.43 ± 0.12d 20:4n-6 10.73 ± 0.24 10.71 ± 0.06

20:1n-9 0.59 ± 0.13 0.32 ± 0.01 22:4n-6 2.61 ± 0.05 0.48 ± 0.01d

20:3n-9 0.53 ± 0.02 0.96 ± 0.02d 22:5n-6 1.68 ± 0.08 0.11 ± 0.01d

22:1n-9 0.12 ± 0.00 0.29 ± 0.01d

24:1n-9 0.06 ± 0.01 0.19 ± 0.00d

Data are given as mean ± SEM of three replicates. Fatty acids of interest to this study are in bold
a Molar percentage of total fatty acids
b P \ 0.05
c P \ 0.01
d P \ 0.001
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Fig. 2 Palmitate (16:0) metabolism through the n-7 and n-9

pathways in 16HBE cells. Sense (wildtype, WT) and antisense

(cystic fibrosis, CF) cells were cultured in complete medium for seven

days and then incubated with 4.1 lM [1-14C]16:0 in reduced-lipid cell

culture medium for 4 h and harvested (a) or washed twice in PBS and

incubated for an additional 20 h in serum-containing medium (b).

Levels of labeled 16:0, 16:1n-7, 18:0, and 18:1n-9 were determined

by HPLC as described in ‘‘Materials and Methods’’. Data are

expressed as percentages of total counts and bars represent

mean ± SEM (n = 3). The findings are representative of at least

two independent experiments. *P \ 0.05, **P \ 0.01, ***P \ 0.001

for sense versus antisense cells
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Discussion

Changes in fatty acid levels are a consistent feature of CF

and there is increasing evidence that they are involved in

the pathogenesis of the disease. For example, studies have

shown that fatty acid alterations are more pronounced in

patients carrying genotypes associated with more severe

disease [12, 31]. Accordingly, the degree of fatty acid

alteration correlates with the severity of CF-associated

clinical data [32–34]. Furthermore, correction of fatty acid

alterations by docosahexaenoate (22:6n-3) in a mouse

model of CF also corrects CF-associated respiratory and

gastrointestinal tract pathology [5].

If fatty acid imbalances play a role in CF pathogenesis,

it is important to understand their underlying molecular

mechanisms. A recent study demonstrated that changes in

n-3 and n-6 polyunsaturated fatty acids in CF cells are a

result of increased expression of fatty acid metabolic

enzymes, specifically the D5 and D6 desaturases [20]. Our

study extends this analysis to alterations observed in n-7

and n-9 fatty acids. It demonstrates increased metabolism

of 16:0 to 16:1n-7 and of 16:0 through 18:0 to 18:1n-9 and

20:3n-9 in antisense cells. These changes are associated

with increased expression of fatty acid metabolic enzymes,

including D5, D6, and D9 desaturases and elongase 6 both

in antisense cells and in IB3 cells. Combined, the findings

of these two studies strongly support the notion that

induction of metabolic enzymes underlies alterations of

fatty acid composition in CF. Furthermore, the detection of

these changes in an isolated, homogenous cell culture

system confirms that the alterations are a result of intrinsic

alterations in the CFTR-mutated cells, and not caused by

malabsorption or other physiologic abnormalities of CF

patients.
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Fig. 3 Stearate (18:0) metabolism through the n-9 pathway in

16HBE cells. Sense (WT) and antisense (CF) cells were cultured in

complete medium for seven days and then incubated with

4.1 lM [1-14C]18:0 in reduced-lipid cell culture medium for 4 h

and harvested (a) or washed twice in PBS and incubated for an

additional 20 h in serum-containing medium (b). Levels of labeled

18:0, 18:1n-9, and 20:3n-9 were determined by HPLC as described in

‘‘Materials and Methods’’. Data are expressed as percentages of total

counts and bars represent mean ± SEM (n = 3). The findings are

representative of at least two independent experiments. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 for sense versus antisense cells
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Fig. 4 Oleate (18:1n-9) metabolism through the n-9 pathway in

16HBE cells. Sense (WT) and antisense (CF) cells were cultured in

complete medium for seven days and then incubated with

4.1 lM [1-14C]18:1n-9 in reduced-lipid cell culture medium for 4 h

and harvested (a) or washed twice in PBS and incubated for an

additional 20 h in serum-containing medium (b). Levels of labeled

18:1n-9 and 20:3n-9 were determined by HPLC as described in

‘‘Materials and Methods’’. Data are expressed as percentages of total

counts and bars represent mean ± SEM (n = 3). The findings are

representative of at least two independent experiments. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 for sense versus antisense cells
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Although this study begins to unravel the mechanisms of

fatty acid changes in CF, the relationship between CFTR

mutations and these alterations remains unclear. While

CFTR, functions primarily as a chloride channel, it inter-

acts with other proteins and is involved in several other

physiologic processes [35]. Thus, changes in fatty acid

metabolism could result from a number of different

molecular and physiologic alterations caused by CFTR

mutation. Consequently, it may be most sensible to begin

with the fatty acid metabolic changes and work backwards,

establishing this connection step by step. Our work con-

tributes to early first steps in that process.

Others have described similar changes in fatty acid

metabolism. Mailhot et al. [36], using a different cell

type, a model of Caco-2/15 cells deficient in CFTR,

showed altered regulation of lipid metabolism in the

CFTR deficient cells. These cells had higher cellular

fatty acid content and an elevated proportion of saturated

and n-7 fatty acids. These changes were felt to be a

result of increased de-novo lipogenesis, enhanced fatty

acid uptake, and suppression of transcription factors

PPAR-a, RXR-a, LXR-a, and LXR-b mRNA, which are

involved in the regulation of lipid metabolism. Altered

D9-desaturase expression in CF is also supported by the

findings of Xu et al. [37], who examined the expression

of selected lipid metabolizing enzymes in bone marrow-

derived dendritic cells from wild-type and cftr-/-

knockout mice. They did not detect a difference in

D9-desaturase mRNA levels between wild-type and CF

cells at baseline. However, when exposed to Pseudomonas

infection, D9-desaturase expression was down-regulated in

wild-type, but not CF cells. The net result was significantly

increased expression of this enzyme in infected CF versus

wild-type cells.

Some have speculated that abnormalities in n-3 and n-6

fatty acid levels contribute to CF pathogenesis by

increasing production of oxygenated fatty acid species,

notably the eicosanoids. The specific role that increased n-7

and n-9 fatty acids, for example 16:1n-7, 18:1n-9, and

20:3n-9, might play in the pathophysiology of CF is less

obvious. However, there is a growing recognition that these

lipids are important in mammalian physiology and disease.

For example, several recent studies have demonstrated that

16:1n-7 increases the insulin sensitivity of peripheral tis-

sues, particularly muscle and liver [15, 38]. In this ‘‘lipo-

kine’’ role, it may also partially mediate the effect of

insulin-sensitizing drugs, for example thiazolidinediones

[39]. These findings may partially explain the described

role of D9-desaturase in obesity and insulin resistance [40]

and emphasize the role of 16:1n-7 as a signaling molecule.

The other major product of D9-desaturase metabolism,

18:1n-9, has been shown to be involved in inflammation, a

process particularly germane to CF pathophysiology. Liu

et al. [17] showed that decreased 18:1n-9 in D9-desaturase-

deficient mice attenuated inflammation in adipocytes,

macrophages, and endothelial cells. In contrast, Harvey

et al. [41] showed that 18:1n-9 blocks 18:0-induced cell

growth inhibition and inflammatory signaling. Other stud-

ies [16, 18] have found that decreased 18:1n-9 levels

because of D9-desaturase inhibition or deletion exacerbate

inflammation in mouse models of acute colitis and ath-

erosclerosis. Thus, 18:1n-9 may have cell-specific effects

in inflammation. In addition, Patel et al. [19] demonstrated

that 20:3n-9 may mediate inflammation via oxygenated
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Fig. 5 Relative mRNA expression of metabolic enzymes in the n-7

and n-9 pathways. Sense (WT) and antisense (CF) cells (a) or C38

(WT) and IB3 (CF) cells (b) were incubated in complete medium for

seven days, after which RNA was extracted and cDNA synthesized as

described in ‘‘Materials and Methods’’. qRT-PCR was performed

using primers for the mRNA sequences of elongase 6 (ELOVL6) and

D9-desaturase (SCD). Relative expression was determined by the

DDCT method using ribosomal protein RPLP0 as a control. Bars
represent mean ± SEM (n = 3). The findings are representative of at

least two independent experiments. *P \ 0.05, **P \ 0.01,

***P \ 0.001 for sense versus antisense or IB3 versus C38 cells
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derivatives. This study found that the major product of

20:3n-9 metabolism was 5-hydroxy-20:3, a potent pro-

inflammatory mediator and activator of neutrophils and

eosinophils.

It should be noted that a high-fat diet is recommended

for patients with CF, with no suggestion that the fat be of a

specific type and therefore provide the patient with higher

concentrations of specific fatty acids. Understanding the

metabolic mechanisms responsible for the specific fatty

acid alterations observed in CF may lead to better informed

and more specific dietary and therapeutic recommendations

that may be beneficial for patients.
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Abstract The administration of tetradecylthioacetic acid

(TTA), a hypolipidemic and anti-inflammatory modified

bioactive fatty acid, has in several experiments based on

high fat diets been shown to improve lipid transport and

utilization. It was suggested that increased mitochondrial

and peroxisomal fatty acid oxidation in the liver of Wistar

rats results in reduced plasma triacylglycerol (TAG) levels.

Here we assessed the potential of TTA to prevent tumor

necrosis factor (TNF) a-induced lipid modifications in

human TNFa (hTNFa) transgenic mice. These mice are

characterized by reduced b-oxidation and changed fatty

acid composition in the liver. The effect of dietary treat-

ment with TTA on persistent, low-grade hTNFa overex-

pression in mice showed a beneficial effect through

decreasing TAG plasma concentrations and positively

affecting saturated and monounsaturated fatty acid pro-

portions in the liver, leading to an increased anti-inflam-

matory fatty acid index in this group. We also observed an

increase of mitochondrial b-oxidation in the livers of

TTA treated mice. Concomitantly, there were enhanced

plasma levels of carnitine, acetyl carnitine, propionyl

carnitine, and octanoyl carnitine, no changed levels in

trimethyllysine and palmitoyl carnitine, and a decreased

level of the precursor for carnitine, called c-butyrobetaine.

Nevertheless, TTA administration led to increased hepatic

TAG levels that warrant further investigations to ascertain

that TTA may be a promising candidate for use in the

amelioration of inflammatory disorders characterized by

changed lipid metabolism due to raised TNFa levels.

Keywords Tetradecylthioacetic acid � hTNFa transgenic

mice � Low-grade inflammation � Dietary treatment �
Plasma � Liver
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Introduction

Chronic low-grade inflammation accompanies the devel-

opment of metabolic syndrome features, like abdominal

obesity, dyslipidemia, hypertension, and insulin resistance,

known risk factors for cardiovascular disease affecting

millions of people worldwide. The first indication that there

is a connection between obesity, diabetes and chronic

inflammation came from the observation that the pro-

inflammatory cytokine tumor necrosis factor (TNF) a is

overexpressed in adipose tissues of obese mice and humans

[1, 2]. Moreover, its inactivation with anti-TNFa antibodies

improved insulin resistance in obese mice [2], whereas

TNFa null mice would not develop insulin resistance after

diet-induced obesity [3]. The multifunctional cytokine

TNFa was shown thereafter to perturb lipid metabolism by

increasing free fatty acid production [4, 5], promoting

lipolysis [6–9], affecting lipid-metabolism-related gene

expression [10, 11], controlling cholesterol metabolism

[12, 13], and influencing expression and secretion of other

adipokines [14–17].

Used as a model for persistent low-grade TNFa expo-

sure, we have found previously that hTNFa transgenic

mice show a down-regulation of peroxisome proliferator-

activated receptor (PPAR) a target genes [18]. The mito-

chondrial enzymes involved in hepatic lipid metabolism

were influenced, leading to changes in fatty acid synthesis

and oxidation [18]. In particular, not only carnitine pal-

mitoyltransferase-I and -II (CPT-I and -II), proteins

important for the b-oxidation of long-chain fatty acids in

mitochondria, but also fatty acyl-CoA oxidase (FAO),

which is important for peroxisomal b-oxidation, proved to

have decreased hepatic activity in the hTNFa transgenic

mice [18]. In addition, TNFa overexpression was associ-

ated with a significant reduction of hepatic mRNA levels of

mitochondrial HMG-CoA synthase, the rate-limiting

enzyme in ketogenesis [18]. Moreover, lipogenesis is

affected by TNFa. Namely, the two important enzymes in

lipogenesis, acetyl-CoA carboxylase (ACC), which pro-

duces malonyl-CoA for fatty acid synthesis, showed a

tendency for lowered activity, whereas fatty acid synthase

(FAS), an enzyme involved in long-term regulation of fatty

acid synthesis, displayed a significantly decreased activity

[18].

As lipids have the ability to modulate metabolic,

inflammatory and innate immune processes [19], we

investigated in the present study, whether the fatty acid

analogue tetradecylthioacetic acid (TTA) could counteract

the health risks as a consequence of TNFa-overexpression.

To be able to investigate inflammation in relation to lipid

accumulation as seen in the nutritional disorder of obesity,

we chose to administer a high-fat diet. TTA is a saturated

fatty acid containing 16 carbons and one sulfur atom at

position three of the carbon chain from the alpha end, a

characteristic that results in its increased metabolic stability

[20]. TTA is known to act, at least partly, through the

activation of PPAR [21–23], and influence plasma lipids by

increasing hepatic b-oxidation [24, 25]. Moreover, we have

reported that TTA has antioxidant and antiinflammatory

properties [26].

In the present work, we show that the administration of

TTA to hTNFa transgenic mice fed a high-fat diet showed

beneficial effects on serum cholesterol and triacylglycerol

(TAG) levels, hepatic fatty acid composition and choles-

terol levels, with a concurrent increase in hepatic b-oxi-

dation and fatty inflammatory index.

Experimental Procedure

Transgenic Mice

The study was performed on female transgenic mice

expressing low levels of human TNFa (hTNFa) mice from

Taconic (Germantown, USA). The transgenic mouse line

was generated in strain C57Bl/6 [27]. The experiments

were performed in accordance with, and under the approval

of, the Norwegian State Board for Biological Experiments,

the Guide for the Care and Use of Laboratory Animals, and

the Guidelines of the Animal Welfare Act. The mice were

between 6 and 8 weeks of age at the start of the experi-

mental feeding and were divided into two experimental

groups of five animals each with comparable mean body

weight. They were housed in cages with constant temper-

ature (22 ± 2 �C) and humidity (55 ± 5%), where they

were exposed to a 12 h light-dark cycle (light from 07.00

to 19.00) and had unrestricted access to tap water and food.

The mice were acclimatized to these conditions before the

start of the experiment.

Protein and fat of the feeding diets were from casein

sodium salt from bovine milk, 20% (Sigma-Aldrich Nor-

way AS, Oslo, Norway) and lard, 23% (Ten Kate Vetten

BV, Musselkanaal, Netherlands) plus soy oil, 2% (Dyets

Inc., Bethlehem, PA, USA). In addition, in the TTA group

0.6% of the lard was substituted by TTA. The TTA was

synthesized as described earlier [28]. There were no sig-

nificant differences in fatty acid composition between

control and TTA diets, except the TTA content (SFA 43.9

vs. 42.8 wt%, MUFA 38.8 vs. 37.8 wt%, PUFAn-3 1.51 vs.

1.48 wt%, PUFAn-6 15.6 vs. 15.3 wt%, TTA 0.0 vs 2.5

wt%).

The mice were anaesthetized under fasting conditions by

inhalation of 2% isoflurane (Schering-Plough, Kent, UK)

after two weeks of feeding. Blood was collected by aortic
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puncture with 7.5% EDTA and immediately chilled on ice.

Plasma was prepared and stored at -80 �C prior to anal-

ysis. Parts of the liver were used for b-oxidation analysis

and chilled on ice, and the rest was freeze-clamped and

stored at -80 �C until the analysis of fatty acids, triacyl-

glycerols, cholesterol, and enzyme activities.

Plasma and Hepatic Lipids

Liver lipids were extracted according to Bligh and Dyer

[29], evaporated under nitrogen, and redissolved in iso-

propanol before analysis. Lipids were subsequently mea-

sured enzymatically on a Hitachi 917 system (Roche

Diagnostics GmbH, Mannheim, Germany) using the tri-

acylglycerol (GPO-PAP) and cholesterol kit (CHOD-PAP)

from Roche Diagnostics (Mannheim, Germany) and the

phospholipid kit from bioMérieux SA (Marcy l’Etoile,

France).

Hepatic Fatty Acid and Plasma Carnitine Compositions

Total hepatic fatty acid composition was analyzed as

described previously [18]. The anti-inflammatory fatty acid

index was calculated as (docosapentaenoic acid ? doco-

sahexaenoic acid ? dihomo-c-linolenic acid ? eicosapen-

taenoic acid)x100/arachidonic acid. Slightly different

indexes have been used by [30, 31]. Free carnitine, short-,

medium-, and long-chain acylcarnitines, and the precursors

for carnitine, trimethyllysine and c-butyrobetaine, respec-

tively, were analysed in plasma using HPLC/MS/MS

as described previously [32] with some modifications

(Svardal et al., in preparation).

Hepatic Enzyme Activities

The livers were homogenized and fractionated as described

earlier [33]. Palmitoyl-CoA oxidation was measured in a

mitochondria-enriched extract from liver as acid-soluble

products [34]. The activities of carnitine palmitoyltrans-

ferase (CPT)-I [35] and acyl-CoA synthetase (ACS) [35]

were measured in the mitochondrial fraction. Fatty acid

synthase (FAS) was measured in the post-nuclear fraction

as described by Skorve et al. [36].

Statistical Analysis

Data sets were analyzed using Prism Software (Graph-Pad

Software, San Diego, CA) to generate the figures and

determine statistical significance. The results are shown as

means with their standard deviations (S.D.). A t-test was

used to determine significant differences between the

control and the TTA treatment group. P-values \ 0.05

were considered significant.

Results

Body/Liver Weights and Feed Intake

We found that TTA supplementation for two weeks to

hTNFa-overexpressing mice promoted a significant

decrease in body weights (-0.8 ± 0.8 g) as compared to

high-fat-fed control animals (1.4 ± 0.6 g) (Table 1).

Whereas liver weights and liver index were significantly

increased in the TTA supplemented group (1.4 ± 0.09 and

7.2 ± 0.43) in comparison to the control group (0.9 ± 0.08

and 4.3 ± 0.3). The TTA group displayed a reduced total

feed intake, 30 g versus 34 g of diet per TTA- or control-

fed mouse, respectively. Thus, the TTA group seems more

efficient in converting feed into increased body mass, as

shown by a lower total feed efficiency (-0.03) in com-

parison to the control group (0.04).

Serum and Hepatic Lipids

In previous studies, comparing transgenic hTNFa-over-

expressing with wildtype mice, TNFa interfered with lipid

metabolism, leading to increased hepatic TAG and total

cholesterol levels. Serum cholesterol concentrations were

decreased, whereas serum TAG levels were unchanged

[18].

In this study, two weeks of 0.6% TTA administration

promoted positive effects on plasma parameters in hTNFa-

overexpressing mice fed a high fat diet. The transgenic

mice showed increased levels of total cholesterol due to a

39% increase in HDL-cholesterol in the TTA treated group

(Fig. 1a) as compared to the high fat-fed controls. With

regard to plasma TAG, a drastic reduction of 54% was

observed after TTA treatment (Fig. 1b) as compared to the

control. Plasma phospholipids (Fig. 1c) and free fatty acids

(data not shown) were not significantly changed. The

hepatic levels of total cholesterol showed a non-significant

tendency to decrease in the TTA-treated group (Fig. 1d),

and the already high TAG amounts in transgenic mice

Table 1 Body and liver weights, liver index [100 9 (liver weight in

g/body weight in g)], total feed intake, and feed efficiency (weight

gain in g/food intake in g)

Control TTA

Initial body weight (g) 19.2 ± 1.1 20.2 ± 1.3

Final body weight (g) 20.6 ± 1.5 19.4 ± 1.3

Body weight gain (g) 1.4 ± 0.6 -0.8 ± 0.8

Liver weight (g) 0.9 ± 0.08 1.4 ± 0.09

Liver index 4.3 ± 0.3 7.2 ± 0.43

Total feed intake (g) 34.2 30

Total feed efficiency 0.04 -0.03

Values are mean ± S.D. (n = 5)
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further increased after TTA treatment (Fig. 1e). The

hepatic phospholipid level was also elevated after TTA

administration in comparison to control mice (Fig. 1f).

Fatty Acid Composition in Liver

In order to investigate if the results obtained for hepatic

lipids were specific for cholesterol and TAG or if fatty

acids were also affected significantly, we performed an

analysis of the total hepatic fatty acid composition. We

have previously demonstrated an increased weight % of

saturated fatty acids (SFAs) in TNFa-overexpressing mice

on a chow diet [18].

Here we observed a comparable level of SFAs in TNFa-

overexpressing mice (in spite of higher dietary SFA con-

tent in the high-fat diet used- see Discussion). TTA treat-

ment lead to decreased weight % in saturated fatty acid

levels (Fig. 2a). The most significant individual decreases

could be found in the fatty acids C15:0, C17:0, C18:0,

C22:0, C23:0, and C24:0 (Table 2). The most impact on

decreasing total SFAs had C18:0.

The relative amounts of monounsaturated fatty acids

(MUFA) that were shown to be decreased in hTNFa
transgenic in comparison to wildtype mice [18], were

significantly increased by TTA in the diet (Fig. 2b). This

was mainly due to the increased amount of oleic acid

(C18:1n-9) that was to some extent induced by increased

D9 desaturase activity as the index D9 desaturase activity

suggests (Table 2).

A significant decrease in weight % of n-3 and n-6

polyunsaturated fatty acids (PUFA) was observed in the

transgenic mice treated with TTA (Fig. 2c and d) when

compared to control animals. This was reflected in

decreased amounts of the n-3 PUFA alpha-linolenic acid

(18:3n-3), stearidonic acid (C18:4n-3) and docosahexae-

noic acid (C22:6n-3), along with linoleic acid (C18:2n-6)

and arachidonic acid (C20:4n-6) that can mainly be

attributed to lowered levels of n-6 PUFA (Table 1). The

sums result in a decreased ratio of n-3 to n-6 PUFA

(Table 1). TTA seems to counteract the increased PUFA

levels seen in transgenic mice in contrast to wildtype mice

that were due to increased weight % of n-3, with

unchanged n-6 levels, giving an increased n-3 to n-6 ratio

[18].

In addition, after TTA administration, there was a strong

decrease in the C20:4n-6/C20:3n-6 ratio as an indirect

measure of the n-6 D5 desaturase activity, an enzyme

important for the production of arachidonic acid (Table 2).

This indicates that TTA might decrease the hepatic desat-

uration of dihomo-c-linolenic acid (20:3n-6) to arachidonic

acid (20:4n-6) in hTNFa transgenic mice. Whereas

beforehand, we observed increased ratios pointing towards

increased activities of D6 and D5 desaturases in transgenic

mice in comparison to control animals [18].

Fig. 1 TTA treatment induces a significant increase in plasma HDL-

cholesterol levels in hTNFa transgenic mice (a) and a decrease in

plasma TAG levels (b), whereas phospholipids showed no change (c).

Hepatic cholesterol showed no significant change (d), but a TAG and

phospholipid-increasing effect in the liver was found after treatment

with TTA (e, f). Data are means ± S.D. (n = 5). * denotes statistical

significant differences by Student’s t-test between control (grey bars)

and TTA (white bars) (P \ 0.05). chol, cholesterol; HDL, high-

density lipoprotein; LDL, low density lipoprotein; PL, phospholipid;

AG, triacylglycerol; TTA, tetradecylthioacetic acid
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The anti-inflammatory fatty acid index, calculated as

(docosapentaenoic acid ? docosahexaenoic acid ? diho-

mo-c-linolenic acid ? eicosapentaenoic acid) 9 100/ara-

chidonic acid [30], increased after TTA treatment.

Hepatic b-Oxidation of Fatty Acids

The TAG-lowering effect observed in plasma of hTNAa
transgenic mice after TTA treatment, could be due to an

enhanced mitochondrial and peroxisomal b-oxidation that is

responsible for the shortening of long-chain fatty acyl-CoAs.

Indeed, b-oxidation increased by 48% in the TTA treated

mice, when using 14C-palmitoyl-CoA as substrate (Fig. 3a),

counterbalancing the decreased b-oxidation values from

transgenic mice [18]. In the previous study, the sensitivity

towards malonyl-CoA, an inhibitor of CPT-I, was unaffected

by TNFa [18]. However, in the TTA treated group we

detected a lowering of the inhibition capacity of malonyl-

CoA from 35% to 14% inhibition (Fig. 3b) and the transport

of fatty acids across the mitochondrial outer membrane is

facilitated even in the presence of malonyl-CoA.

Activities of Enzymes Involved in Degradation

and Biosynthesis of Fatty Acids

In order to explain the mechanisms of TTA in more detail,

enzyme activities were measured in the post-nuclear frac-

tion of the liver. The enzymatic activity of CPT-I, the rate-

limiting enzyme of mitochondrial b-oxidation, involved in

acyl group transport into the matrix, was increased after

TTA treatment (Fig. 4a). Likewise, the mitochondrial

enzyme acyl-CoA synthetase (ACS) that activates fatty

acids prior to oxidation, showed increased activity

(Fig. 4b). On the other hand, a major cytosolic, multi-

functional enzyme involved in the biosynthesis of fatty

acids, called fatty acid synthase (FAS), showed reduced

activity (Fig. 4c).

Oxidation of fatty acids can be facilitated not only by

the up-regulation of CPT-I, but also by an increased con-

centration of its substrate carnitine, to ensure efficient

transport of fatty acids into mitochondria. Carnitine can be

taken up from dietary sources or is endogenously synthe-

sized primarily in the liver and kidney [37, 38]. All other

tissues have to take carnitine actively up from the blood.

We found that in plasma, free carnitine concentrations have

increased during TTA treatment by 36% in comparison to

control animals (Fig. 5a). The precursors for carnitine,

were either unchanged (trimethyllysine, Fig. 5b) or

reduced (c-butyrobetaine, Fig. 5c). The two quantitatively

most important acyl-esters, acetyl carnitine (Fig. 5d) and

propionyl carnitine (Fig. 5e) were significantly increased

by TTA compared to high fat-fed controls. The plasma

medium-chain acylcarnitine, octanoyl carnitine, was sig-

nificantly increased (Fig. 5f) and the long-chain acylcar-

nitine, palmitoyl carnitine, remained unchanged by TTA

treatment (Fig. 5g).

Fig. 2 Dietary treatment for

2 weeks with TTA affects

hepatic fatty acid composition

and changes saturated fatty

acids (a), monounsaturated fatty

acids (b), n-3 polyunsaturated

fatty acids (c), and n-6

polyunsaturated fatty acids

(d) levels significantly. The data

is given as weight % of total

fatty acid ± S.D. (n = 5).

* denotes statistical significant

differences to the control by

Student’s t test (P \ 0.05). SFA
saturated fatty acids, MUFA
monounsaturated fatty acids,

PUFA polyunsaturated fatty

acids, TTA tetradecylthioacetic

acid
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Discussion

Obesity-related metabolic disorders are associated with a

state of chronic low-intensity inflammation. Inflammation

induces a wide array of metabolic changes in the body and

affects expression of many proteins involved in lipid

metabolism. The different subtypes of the nuclear ligand-

dependent transcription factors, PPAR, play key roles in

lipid homeostasis. They are involved in the regulation of

lipoprotein metabolism, fatty acid oxidation, glucose and

carnitine homeostasis and also seem to be involved in

inflammatory processes [39]. TNFa is one of the factors

that mediate alterations in lipid metabolism, including

decreased PPARa mRNA and protein levels [40]. With the

knowledge in mind that previous studies have shown that

the biological response to TTA treatment is at least partly a

result of PPAR activation, and that this bioactive fatty acid

analogue has the ability to activate all three isoforms of

PPAR [21, 23, 41], as well as increase the mRNA level of

PPARa [42], we wanted to test if TTA was able to coun-

teract TNFa-induced metabolic aberrations.

In the present study we demonstrated that TTA, in

addition to its health-promoting effects in previous in vivo

[43] and in vitro experiments [26, 44], could also amelio-

rate several parameters in a mouse model of chronic

inflammation. TNFa might induce hypertriglyceridemia,

characterized by the accumulation of very low density

lipoprotein (VLDL) in the plasma, due to impaired removal

of VLDL [45] and increased hepatic lipogenesis [46].

TAG-rich lipoproteins were shown to be important for the

acute phase response by binding to endotoxins to reduce

their harmful action [47]. However, systemic low-grade

inflammation with elevated circulating levels of TNFa seen

in obese subjects is typically associated with high plasma

TAG levels that will increase the risk for metabolic and

cardiovascular complications [48]. It is therefore of

importance to note that TTA has the capability to strongly

reduce plasma TAG levels in a chronic inflammatory state

with persistently high TNFa levels.

The observation of decreased TAG in the plasma is

compatible with the hypothesis that there is a higher flux of

fatty acids from the plasma to the liver, with a

Table 2 Comparison of hepatic

fatty acid composition in control

and TTA treated hTNFa
transgenic mice

The anti-inflammatory index is

calculated as described in

Experimental Procedure. The

ratio of C20:4n-6 to C20:3n-6

gives an indirect index of the

n-6 D5 desaturase activity. The

data are given as weight

% ± S.D. (n = 5). A two

sample, two-tailed t-test

assuming equal variance was

calculated. NS means not

significant

Fatty acid control TTA Level of significance

SFA

C15:0 0.07 ± 0.002 0.03 ± 0.001 P \ 0.0001

C16:0 21.42 ± 0.35 24.3 ± 0.204 P \ 0.0001

C17:0 0.19 ± 0.012 0.10 ± 0.009 P \ 0.0001

C18:0 12.02 ± 0.554 6.42 ± 0.585 P \ 0.0001

C22:0 0.15 ± 0.017 0.07 ± 0.016 P \ 0.0001

C23:0 0.08 ± 0.004 0.03 ± 0.004 P \ 0.0001

C24:0 0.11 ± 0.009 0.05 ± 0.006 P \ 0.0001

MUFA

C16:1 0.02 ± 0.003 0.01 ± 0.001 P \ 0.002

C16:1n-7 1.03 ± 0.127 1.44 ± 0.291 P \ 0.03

C18:1n-7 1.6 ± 0.079 1.72 ± 0.23 NS

C18:1n-9 21.77 ± 0.748 35.22 ± 1.796 P \ 0.0001

C20:1n-9 0.26 ± 0.022 0.49 ± 0.064 P \ 0.0001

n-6 PUFA

C18:2n-6 16 ± 0.540 9.90 ± 0.743 P \ 0.0001

C20:4n-6 12.96 ± 0.788 8.61 ± 0.628 P \ 0.0001

C20:3n-6 0.9 ± 0.059 2.51 ± 0.291 P \ 0.0001

n-3 PUFA

C18:3n-3 0.42 ± 0.027 0.13 ± 0.010 P \ 0.0001

C18:4n-3 0.04 ± 0.005 0.01 ± 0.002 P \ 0.0001

C22:6n-3 7.60 ± 0.646 4.49 ± 0.431 P \ 0.0001

C20:5n-3 0.29 ± 0.028 0.27 ± 0.043 NS

Anti-inflammatory index 70.12 ± 2.883 88.94 ± 4.551 P \ 0.0002

C20:4n-6/C20:3n-6 14.41 ± 1.429 3.46 ± 0.380 P \ 0.0001

C18:1n-9/C18:0 1.81 ± 0.117 5.54 ± 0.752 P \ 0.0001
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simultaneous reduction in fatty acid biosynthesis. But even

though TTA up-regulates hepatic mitochondrial CPT-I and

ACS activities, accompanied by an increase in hepatic

b-oxidation and plasma carnitine levels, it is not sufficient

to deal with the already existing high TAG levels in the

transgenic mice. It is noteworthy that TTA has the capa-

bility to downregulate the hepatic biosynthesis of fatty

acids, since the FAS activity is reduced by 27% in the TTA

treated animals. Reduced lipogenesis and increased fatty

acid oxidation after TTA treatment seem to be the reason

for decreased plasma TAG levels by 54% after TTA

treatment. Yet, the exact reasons why hepatic TAG were

not affected similarly by TTA are not yet elucidated at the

molecular level and will require further detailed studies. It

might be that a higher dose of TTA is required to get a

more pronounced effect on lipogenesis, thereby influencing

hepatic TAG levels. Previously, we have found indications

that the effect on hepatic TAG metabolism may be dose

dependent and that the amount of hepatic TAG is decreased

with increasing doses of TTA [49]. It could also be that a

longer feeding period than the two weeks applied is needed

to overcome hepatic TAG accumulation. Noteworthy is

that we have never detected a TTA-induced liver steatosis

in any of the mouse or rat models used previously. It is

however of importance to verify in future studies if

increasing amounts of TTA could counteract this effect in

the mouse model used and if this finding is of significance

for humans.

The increased hepatic phospholipid level that we

measure in the TTA treated group, is probably a conse-

quence of increased membrane production due to mito-

chondrial and peroxisomal proliferation as seen after

TTA treatment previously [50–52]. Moreover, adminis-

tration of PPARa ligands has been described to lead to

hepatic hypertrophy and hyperplasia leading to increased

liver weights as seen in our study. The liver enlargement

is however restricted to rodents and has never been

described in humans [53–58].

By measuring plasma free carnitine and its acyl-esters,

in particular the two most abundant species, acetyl car-

nitine and propionyl carnitine, we looked at overall

changes in the b-oxidation process. We found that

plasma free carnitine levels were increased due to TTA

administration, as well as the short- and medium-chain

carnitine esters, but not long-chain fatty acyl carnitines. It

is important to note that in addition to being essential for

transport of fatty acids into mitochondria, carnitine is

crucial to increase acyl and acetyl group export out of

mitochondria into the blood [59]. By increasing carnitine

levels through TTA administration, lipotoxicity of

b-oxidation metabolites is reduced and mitochondrial

capacity is improved. The excess short-chain acyl-esters,

that cannot be used by the TCA cycle, will be secreted in

urine. The formation of trimethyllysine and its conversion

to c-butyrobetaine is reported to occur in most tissues,

but the last step in carnitine biosynthesis, the hydroxyl-

ation of c-butyrobetaine to carnitine, occurs only in liver

and kidney in mice. Therefore interorgan transport of

c-butyrobetaine and carnitine are of importance. It was

of interest that plasma c-butyrobetaine levels were

decreased, whereas carnitine levels were increased. This

may be due to increased consumption of c-butyrobetaine

for carnitine biosynthesis and increased mitochondrial

oxidation of long-chain fatty acids.

TTA affects the capacity for insertion of double bonds

and counteracts the abnormal hepatic fatty acid compo-

sition levels under the influence of TNFa. Correct pro-

portions of fatty acids are crucial to maintain cellular

Fig. 3 Palmitoyl-CoA b-oxidation is increased in liver mitochondria

of TTA-treated mice (a) and the sensitivity for inhibition of oxidation

of palmitoyl-CoA with malonyl-CoA (given in % inhibition) is lower

in the TTA group compared to high fat-fed controls (b). Oxidation of

palmitoyl-CoA was measured in purified mitochondria as acid-soluble

products. Bars indicate ± S.D. (n = 5). * P \ 0.05 different from the

control. Palm-CoA, palmitoyl-CoA; TTA, tetradecylthioacetic acid
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functions, a balance that was disturbed in the TNFa
transgenic mice. hTNFa overexpression was accompanied

by increased saturated and polyunsaturated fatty acids,

but decreased levels of monounsaturated fatty acids in

liver [18]. The basic values of these fatty acid families in

hTNFa control group in our high fat diet experiment

compared to the previous study were less pronounced,

which could be partially attributed to a different diet in

[18] (low fat standard mouse chow with 26 % SFA, 25

% MUFA, 4 % PUFAn-3 and 45 % PUFAn-6). Never-

theless, it did not affect the trends of fatty acid changes

inside the dietary groups (high fat diet and standard chow

diet, respectively). Moreover, TTA reduced the n-6 D5

desaturase activity index in transgenic mice as fatty acid

saturation was increased. This was accompanied by

decreases of n-3 and n-6 polyunsaturated fatty acids

including stearidonic acid (C18:4n-3) and docosahexaenoic

acid (C22:6n-3), as well as linoleic acid (C18:2n-6) and

arachidonic acid (C20:4n-6). The amount of arachidonic

acid is of importance for the calculation of the anti-

inflammatory fatty acid index, and decreased amounts after

TTA treatment increased the fatty anti-inflammatory index

in this group. Saturated fatty acids, that have pro-inflam-

matory and insulin-antagonizing properties [60], were

decreased by TTA, thereby lowering the risk for the

development of metabolic syndrome. On the other hand,

monounsaturated fatty acids were increased after TTA

treatment. This is potentially beneficial, as high levels were

associated with low rates of cardiovascular disease [61].

Another risk factor for cardiovascular disease in humans is

low HDL-cholesterol due to its important function in

reverse cholesterol transport to the liver [62]. We found

elevated plasma HDL-cholesterol levels with an increase of

63% in TTA treated TNFa transgenic mice. However, in a

study including a small group of HIV-infected patients, we

found that TTA in combination with dietary intervention

can reduce total cholesterol, LDL-cholesterol, and

LDL/HDL cholesterol, but no increase in HDL-cholesterol

could be observed [63]. It has been shown previously that

apolipoprotein compositions and responses to PPARa
activation are different between humans and rodents [64,

65]. The result of increased HDL-cholesterol in hTNFa
overexpressed mice in our study might therefore be rodent-

specific. However, effects of PPARa activation on other

pathways of lipid metabolism including FA uptake and

activation, b-oxidation, and lipogenesis support similarities

between mice and humans [39]. This suggests similar

responses upon TTA treatment in humans as seen in our

mice study.

In summary, given the ability of TTA to increase b-oxi-

dation, reduce plasma TAG, and positively affect hepatic

saturated and monounsaturated fatty acid compositions

Fig. 4 Enzyme activities of the

mitochondrial enzymes CPT-I

(a) and ACS (b) involved in

b-oxidation are increased in the

liver of hTNFa transgenic mice

treated with TTA, whereas the

cytosolic FAS activity involved

in biosynthesis of fatty acids

shows reduced activity after two

weeks of treatment (c). Values

are means ± S.D. (n = 5) and

* shows a P \ 0.05 difference

from the control. CPT-I,
carnitine palmitoyl transferase I;

ACS, acyl-CoA synthetase;

FAS, fatty acid synthase; TTA,

tetradecylthioacetic acid
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leading to an increase in the anti-inflammatory fatty acid

index, indicates that TTA has a high potential to ameliorate

chronic inflammation such as with obesity, arthritis or

atherosclerosis.
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Fig. 5 A change in plasma

levels of free carnitine (a),

trimethyllysine (b),

c-butyrobetaine (c), acetyl

carnitine (d), propionyl

carnitine (e), octanoyl carnitine

(f), and palmitoyl carnitine

(g) could be detected after TTA

treatment. * denotes statistical

significant differences by

Student’s t-test between control

(grey bars) and TTA (white
bars) (P \ 0.05) and bars
indicate ± S.D. (n = 5)
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Abstract Diacylglycerol acyltransferase (DGAT) cata-

lyzes the final step of triacylglycerol (TAG) synthesis, and

is considered as a potential target to control hypertriglyc-

eridemia or other metabolic disorders. In this study, we

found that the extract of rose petals suppressed TAG syn-

thesis in cultured cells, and that the extract showed DGAT

inhibitory action in a dose-dependent manner. Fraction-

ation of the rose extract revealed that the DGAT inhibitory

substances in the extract were ellagitannins; among them

rugosin B, and D, and eusupinin A inhibited DGAT

activity by 96, 82, and 84% respectively, at 10 lM. These

substances did not inhibit the activities of other hepatic

microsomal enzymes, glucose-6-phosphatase and HMG-

CoA reductase, or pancreatic lipase, suggesting that

ellagitannins inhibit DGAT preferentially. In an oral fat

load test using mice, postprandial plasma TAG increase

was suppressed by rose extract; TAG levels 2 h after the fat

load were significantly lower in mice administered a fat

emulsion containing rose extract than in control mice

(446.3 ± 33.1 vs 345.3 ± 25.0 mg/dL, control vs rose

extract group; P \ 0.05). These results suggest that rose

ellagitannins or rose extract could be beneficial in con-

trolling lipid metabolism and used to improve metabolic

disorders.

Keywords Diacylglycerol acyltransferase �
Postprandial hypertriglyceridemia � Rose petal �
Ellagitannin

Abbreviations

AUC Area under the curve

ACAT Acyl coenzyme A:cholesterol acyltransferase

BALB Dimercaptopropanol tributyrate

DGAT Diacylglycerol acyltransferase

DMEM Dulbecco’s modified Eagle’s medium

DTNB 5,50-dithiobis(2-nitrobenzoic acid)

EGCG Epigallocatechin gallate

G6Pase Glucose-6-phosphatase

MFI Mean fluorescent intensity

TAG Triacylglycerol

Introduction

Epidemiologic studies have indicated that hypertriglyceri-

demia is associated with obesity, diabetes, and coronary

heart disease [1–4]. Carlson et al. [2] have reported that

fasting levels of plasma triacylglycerol (TAG) act as an

independent risk factor for death by myocardial infarction.

Additionally, a postprandial increase in serum TAG levels

is also reported to be a risk marker for ischemic heart

diseases [5–8]. TAG-rich lipoproteins are thought to

decrease endothelial dysfunction and increase oxidative

stress, contributing to the development of metabolic

disorders [9, 10].

Diayclglycerol acyltransferase (DGAT) catalyzes the

final step of TAG synthesis [11, 12], and thereby plays an

important role as one of the key enzymes responsible for

the incorporation of TAG into the body. DGAT also plays

essential roles in the synthesis and secretion of very-low-

density lipoprotein (VLDL) in the liver, and TAG accu-

mulation in adipose tissue. Several studies have shown that
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DGAT is a potential target to control hypertriglyceridemia

or other metabolic disorders [13–16]. It has been reported

that mice genetically lacking DGAT1—one of two known

DGAT isozymes—showed substantially decreased levels

of chylomicron-derived plasma TAG following oral fat

load [13, 14]. The DGAT1-deficient mice showed resis-

tance to obesity, and increased insulin and leptin sensitivity

[15]. In addition, Liu et al. [16] have demonstrated that

knockdown of DGAT2—another DGAT isozyme—using

antisense oligonucleotide resulted in the reduction of

VLDL-TAG and apoB secretion in mice.

So far, several natural DGAT inhibitors have been

reported [17–20]. Tabata et al. [18] found that xantho-

humols from Humulus lupulus showed DGAT inhibitory

action, and TAG formation in cultured cells. Recently,

Casaschi et al. [19] reported that taxifolin, a plant flavo-

noid, reduced DGAT activity as well as microsomal

triglyceride transfer protein in HepG2 cells; however, few

reports have demonstrated that DGAT inhibitors showed a

beneficial effect in vivo.

On the other hand, by screening hundreds of plant

extracts, we found that an extract of petals of Rosa centi-

folia showed inhibitory action against TAG synthesis in

IEC-6 cells. Rose petals are rich in polyphenols and free

gallic acid, and have been demonstrated to have antioxi-

dant [21] and antibacterial activities [22], but there are no

reports on the inhibition of TAG synthesis. In this study,

we investigated the biological activity of rose extract, and

the causative substances inhibiting TAG synthesis con-

tained in rose petals.

Experimental Procedure

Materials

Pink rose petals (Rosa centifolia) were purchased from

Tochimoto Tenkaido (Osaka, Japan). Epigallocatechin

gallate (EGCG) was obtained from Tokyo Chemical

Industry (Tokyo, Japan).

Flow Cytometry Analysis of Lipid Accumulation

The rat small intestinal epithelial cell line IEC-6 (American

Type Culture Collection, Rockville, MD) was cultured in

Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-

gen, Paisley, UK) supplemented with 5% FBS and 100

units/mL penicillin and 100 lg/mL streptomycin (com-

plete medium) at 37 �C in air and 5% CO2. Cells were

seeded with 1 9 105 cells/well in 6-well plates. After

overnight incubation, the culture medium was changed to

complete medium containing 500 lM oleic acid (Cayman

Chemical, Ann Arbor, MI) complexed with 250 lM fatty

acid-free BSA (Wako Chemical, Osaka, Japan) and 0.01%

rose extract. After incubation for 6 h, the culture medium

was removed and the remaining cells were rinsed twice

with PBS and detached from plates with 0.25% trypsin and

1 mM EDTA in PBS. Cells were collected with 1 mL

complete medium, precipitated by centrifugation, and

suspended in PBS containing 100 ng/mL Nile Red (Acros

Organics, Geel, Belgium). The suspension was then incu-

bated at room temperature for 5 min, and analyzed by

FACSCalibur (Becton-Dickinson Bioscience, San Jose,

CA). Fluorescence-activated cell scan excitation was

488 nm, and emission was monitored through band-pass

filters at 530 ± 15 nm (FL1) to detect the yellow-gold

fluorescence of neutral lipids [23]. Effects of samples on

lipid accumulation were judged by suppression of the

increase of mean fluorescent intensity by incubation with

500 lM oleic acid.

Analysis of TAG Synthesis and Secretion in Cultured

Cells

The hepatoma cell line HepG2 (American Type Culture

Collection) was seeded with 1 9 105 cells/well in 6-well

plates and cultured at 37 �C in air and 5% CO2 in complete

medium. After 3 days, the medium was changed and incu-

bated with or without 0.01% rose extract. After 24 h, the

medium was changed to serum-free medium containing

250 lM [1-14C] oleic acid (3.7 MBq/mmol; PerkinElmer

Life Science, Boston, MA) complexed with 125 lM fatty

acid-free BSA, supplemented or not with 0.01% rose extract.

After incubation for 6 h, the medium was removed and the

remaining cells were rinsed twice with PBS, and lysed with

0.1M NaOH. The cell lysate was collected after neutraliza-

tion by addition of 1/30 volume 3M HCl. Lipids in the cell

lysate and the medium were extracted following the method

of Bligh-Dyer [24]. The organic phase was dried under a

stream of nitrogen at 30 �C. Radioactivity was measured

using a liquid scintillation counter TriCarb 1500 (Packard

Instrument, Meriden, CT). The extracted lipids were sepa-

rated by TLC using a Silica gel 60 F 254 plate (Merck,

Darmstadt, Germany) and hexane/diethyl ether/acetic acid

(80/20/1, by vol) as the development solvent. The TLC

plates were exposed to a Fuji Imaging Plate (Fuji Photo

Film, Tokyo, Japan) for 2 days, and the obtained fluoro-

grams were analyzed with a BAS2500 system (Fuji Photo

Film) to quantitate the amount of radiolabeled TAG.

Fractionation of Rose Extract

Pink rose petals were extracted by soaking in 10 volumes

of 50% ethanol at room temperature for 1 week. The

insoluble substances were filtrated, and the obtained

50% ethanol extract was concentrated in vacuum and
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resuspended in water. After liquid–liquid separation with

an equal volume of hexane, the water phase was extracted

by an equal volume of n-butanol. The resultant n-butanol

extract was concentrated in vacuum, resuspended in 20%

ethanol, and then fractionated by column chromatography

using a Diaion HP-20 column (Mitsubishi Chemical,

Tokyo, Japan). The column was washed and eluted with

20, 40, 60, and 99.5% ethanol. The fractions containing

DGAT inhibitory substances were separated by column

chromatography using a Sephadex LH-20 column (GE

Healthcare, Tokyo, Japan). The column was washed and

eluted with 50% methanol, 99.5% ethanol, and ethanol/

acetone (1:1, by vol), and then the fractions containing

DGAT inhibitory substances were separated by HPLC

using an Intersil ODS-3 column (20 9 250 mm; Meta-

chem Technologies, Torrance, CA). The column was

eluted with 0.5% trifluoroacetic acid/acetonitrile (87:13, by

vol) for 30 min, and then 0.5% trifluoroacetic acid/aceto-

nitrile (1:1, by vol) for 20 min. Separated fractions were

analyzed by HPLC using an Inertsil ODS-3 column

(4.6 9 250 mm) under the following conditions: a 30-min

gradient from 0.1% acetic acid to 100% methanol; 1.0 ml/

min; 40 �C. UV spectra were obtained using a UV–VIS

Detector L-7420 (Hitachi, Tokyo, Japan).

Oral Fat Load Test

C57BL/6J mice were obtained from Charles River Japan

(Yokohama, Japan) at 7 weeks of age, and maintained at

23 ± 2 �C under a 12-h light–dark cycle (lights on from

7:00 a.m. to 7:00 p.m.). The mice were fed laboratory chow

for 1 week to stabilize their metabolic conditions, and

divided into two groups so that the average plasma TAG

level and body weight could be equalized between the

groups. Following an overnight fast, 40 lL/g body weight

of fat emulsion with or without 1% rose extract was

administered orally. The fat emulsion contained 10% (w/v)

edible oil, 1% (w/v) egg yolk lecithin (Wako), and 4% (w/v)

BSA. The edible oil was composed of 98.1% TAG and

1.9% diacylglycerol with the fatty acid composition of

5.5% C16:0; 2.2% C18:0; 37.2% C18:1; 46.1% C18:2;

8.0% C18:3; 0.5% C20:0; 0.3% C20:1; 0.1% C22:0; 0.1%

C22:1. Blood samples were collected from mice via the tail

vein at the times indicated, and the plasma was isolated.

Plasma TAG and FFA concentrations were determined

using enzyme assay kits: L-type Wako TG-H, NEFA-HA

test Wako, (Wako), respectively. This study was approved

by the Animal Care Committee of Kao Tochigi Institute.

Measurement of Enzyme Activities

The liver was homogenized on ice with 8 volumes (w/v) of

250 mM sucrose buffer containing 0.1 mM EDTA and

2 mM HEPES (pH 7.3). Subcellular fractionation was

performed according to the methods described by de Duve

et al. [25]. After centrifugation of the homogenate of the

intestinal mucosa at 12,500 g for 20 min, the supernatant

was centrifuged at 100,000 g for 60 min. The resultant

precipitate was resuspended and used as a microsomal

protein. Protein concentrations were determined using a

Micro BCA protein assay kit (Pierce, Rockford, IL).

DGAT activity was determined according to the method

described by Luan et al. [26]. Microsomal protein (50 lg)

was incubated at 37 �C for 20 min in 200 lL of a reaction

mixture in the presence or absence of test samples. EGCG,

a major polyphenol present in green tea, which has an anti-

obesity effect [27, 28], was used as a control.

The reaction mixture contained 250 mM sucrose,

10 mM Tris–HCl (pH 7.5), 10 mM MgCl2, 0.8 mM

EDTA, 0.1% BSA, 100 lM oleoyl-CoA (55 mCi/mmol),

and 1.2 mM 1,2-diolein. Incubation was terminated by the

addition of 1.5 mL chloroform/methanol (1:1, by vol).

Lipids were extracted by the Folch method [29]. Radio-

activity was measured using a liquid scintillation counter,

TriCarb 1500. The extracted lipids were separated by TLC

using a Silica gel 60 F 254 plate (Merck) and hexane/

diethyl ether/acetic acid (80:20:1, by vol) as the develop-

ment solvent. The TLC plates were exposed to a Fuji

Imaging Plate (Fuji) for 1 or 2 days, and the obtained

fluorograms were analyzed with a BAS2500 system (Fuji

Photo Film). DGAT activity was calculated based on the

radioactivity of the extracted lipid and the ratio of labeled

TAG to labeled lipid.

In addition, acyl coenzyme A:cholesterol acyltransferase

(ACAT) activity, cholesteryl ester formation from endog-

enous cholesterol was also calculated based on the radio-

activity of the extracted lipid and the ratio of labeled

cholesteryl ester.

Glucose-6-phosphatase (G6Pase) activity was measured

according to the method described by Tang et al. [30].

Microsomal protein (50 lg) was incubated in reaction

mixture [50 mM HEPES (pH 7.2), 100 mM KCl, 2.5 mM

EDTA, 2.5 mM MgCl2, 1 mM DTT, 10 mM glucose-6-

phosphate, 2 mM EDTA] at 37 �C for 30 min. The reac-

tion was stopped by the addition of 4 volumes of stop

solution (6:2:1, by vol, mixture of 0.42% ammonium

molybdate tetrahydrate in 1 N H2SO4, 10% SDS, and 10%

ascorbic acid), and then incubated at 50 �C for 30 min.

Absorbance (OD820) was measured using a microplate

absorbance plate reader Viento XS (DS Pharma Biomedi-

cal, Osaka, Japan). A standard curve was obtained using

inorganic phosphorus solution (Wako).

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)

reductase activity was measured according to the method

described by Sumiyoshi et al. [31]. Microsomal protein

(50 lg) was incubated in reaction mixture [0.128 mM

Lipids (2011) 46:691–700 693
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14C-HMG-CoA (72 MBq/mmol), 1 mM NADPH, 10 mM

DTT, 10 mM EDTA, 0.12 mM phosphate buffer (pH 7.2)]

at 37 �C for 20 min. The reaction was stopped by the

addition of 1/10 volume of 5 N HCl, and further incubated

for 30 min. After the addition of 4-14C-testosterone

(0.08 nCi) as an internal standard, mevalonolactone gen-

erated from mevalonic acid by HMG-CoA reductase was

extracted by ethyl acetate. Part of the extract was separated

by TLC using benzene/acetone (1:1, by vol) as a devel-

oping solvent.

Lipase activity was measured using lipase kit S (DS

Pharma Biomedical) according to the improved dimer-

captopropanol tributyrate (BALB) method [32]. Two units/

reaction of porcine pancreas lipase (Sigma, St. Louis, MO)

were used as the enzyme source. Absorbance (OD412) of

the products formed by reaction of the SH groups formed

from lipase cleavage of BALB with 5,50-dithiobis(2-nitro-

benzoic acid) (DTNB) was measured at 412 nm using the

microplate absorbance plate reader Viento XS.

NMR

1H- and 13C-NMR spectra were recorded on a JNM-a500

spectrometer (JEOL Ltd., Tokyo, Japan; 500 MHz for
1H-NMR and 125.7 MHz for 13C-NMR). Chemical shifts

are given in d (ppm), based on those of the 1H and
13C signals of acetone-d6 (dH 2.04; dC 29.8).

Statistical Analysis

All values are presented as the means ± SEM. Statistical

analyses between two groups were performed with an

unpaired t test. In the analysis of enzyme inhibition by

serial concentration of rose extract, ellagitannins, or

EGCG, one-way analysis of variance (ANOVA) followed

by Dunnett’s test was performed. P \ 0.05 was considered

statistically significant.

Results

Effect of Rose Extract on TAG Accumulation in IEC-6

Cells

Firstly, screening of plant extracts that inhibit TAG accu-

mulation was conducted against hundreds of plant extracts,

using fluorescent flow cytometry analysis on IEC-6 cells

cultured with oleic acid in the presence or absence of the

plant extracts. As a result, we found that 50% ethanol

extract of rose petals exhibited an inhibitory action against

TAG accumulation as shown in Fig. 1. Incubation of IEC-6

cells with 500 lM oleic acid increased the fluorescent

intensity of TAG stained by Nile Red compared with

incubation without oleic acid (Fig. 1a). Mean fluorescent

intensity (MFI) was significantly different between groups

(P \ 0.01); MFI was 75.8 ± 0.8 in the absence of oleic

acid, whereas MFI in the presence of oleic acid was

119.3 ± 3.4. When IEC-6 cells were pre-incubated in the

presence of the rose extract at final 0.01%, the FFA-

induced increase of MFI was significantly suppressed

(P \ 0.05) (Fig. 1a). MFI (106.1 ± 2.9) was decreased by

30.4 ± 6.6%.

Furthermore, in the analysis of TAG synthesis and

secretion using HepG2 cells, incubation in the presence of
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0.01% rose extract reduced cellular TAG synthesis from

radio-labeled oleic acid, and TAG secretion into the med-

ium by 58.5 ± 6.7%, and 73.4 ± 15.0%, respectively

(P \ 0.01) (Fig. 1b). These results indicate that the rose

extract inhibits TAG synthesis from FFA.

In the measurement of DGAT activity using microsomal

protein, the addition of rose extract to the reaction mixture

reduced DGAT activity in a dose-dependent manner;

microsomal DGAT activity was reduced by 60.0 ± 5.8%

at a concentration of 0.01%. This result suggests that rose

extract suppresses TAG synthesis via the inhibition of

DGAT activity (Fig. 1c).

Fractionation of Rose Extract

First, 50% ethanol extract (solid content: 260 g) obtained

from 600 g pink rose petals was extracted by hexane/water

partition, and then the water phase was extracted by

n-butanol (liquid–liquid partition; Fig. 2a). Next, the

n-butanol extract was fractionated using a Diaion HP-20

column. Fractions containing DGAT inhibitory substances

were determined by measurement of DGAT activity using

microsomal protein in the presence of one of the fractions

supplemented at the original weight ratio in the rose extract.

Measurement of DGAT activity revealed that most of the

DGAT inhibitory substances were eluted by 20% ethanol. In

subsequent fractionation using a Sephadex LH-20 column of

the 20% ethanol fraction, DGAT inhibition was found in the

ethanol elution fraction (fraction RO-Bu-a5) and acetone/

ethanol elution fraction (fraction RO-Bu-a6).

In further separation of part of the fraction RO-Bu-a5 by

reversed phase HPLC, two fractions (RO-Bu-a5A and

-a5B) showed DGAT inhibition (Fig. 2b). NMR analysis of

fraction RO-Bu-a5A, which was composed of a single

component ([99% pure), revealed that the chemical shift

was coincident with the actual measurement value and the

reported value of an ellagitannin, tellimagrandin I [33]. In

addition, further separation by HPLC and NMR analysis of

fraction RO-Bu-a5B revealed that the fractions contained

tellimagrandin I (RO-Bu-a5B1) and another ellagitannin

(RO-Bu-a5B2); the chemical shift of the latter ([99%

pure) was coincident with the reported value of rugosin B

[34, 35]. Fraction RO-Bu-a5B3 was a mixture of tellima-

grandin I and rugosin B, which were likely separated as

anomers of the ellagitannins.

On the other hand, further separation of part of fraction

RO-Bu-a6 by HPLC revealed that the fraction was com-

posed of at least three [99% pure components (Fig. 2c).

Structure determination by NMR of the components iso-

lated in fractions RO-Bu-a6D, -a6E, and -a6F revealed that

their chemical shifts were coincident with the values of

rugosin A [34, 35], rugosin D [36, 37], and eusupinin A
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[38], respectively. The chemical structures of these ellag-

itannins isolated from rose petals are shown in Fig. 3.

Effects of Rose Ellagitannins on Enzyme Activities

The ellagitannins isolated from rose petals inhibited DGAT

activity in a dose-dependent manner (Fig. 4a). In particu-

lar, rugosin B, rugosin D, and eusupinin A strongly

inhibited activity; these ellagitannins inhibited activity by

96, 82, and 84%, respectively, at 10 lM. Ellagic acid, a

constituent of ellagitanin, did not affect activity even when

used at 20 and 60 lM (data not shown). EGCG, a major

polyphenol present in green tea, also did not affect DGAT

activity (Fig. 4a).

In order to examine the selectivity of the enzyme-

inhibitory action of ellagitannins, their effects on other

hepatic microsomal enzymes were investigated. Since, in

measurement of DGAT activity, substantial amount of

label added as 14C oleoyl-CoA was incorporated into

cholesteryl ester (10.4 ± 1.0% of labeled lipid) as well as

TAG (27.1 ± 0.9% of labeled lipid), the effect of rose

ellagitannins on formation of cholesteryl ester (i.e., ACAT

activity) was also evaluated. While the ellagitannins

showed substantial inhibition of ACAT activity, the degree

of inhibition of ACAT activity by ellagitannins was less

than that of DGAT activity.

On the other hand, none of the five ellagitannins isolated

from rose petals inhibited G6Pase activity (Fig. 4c). These

ellagitannins had little effect on HMG-CoA reductase

activity at 5 and 10 lM, although rugosin B, rugosin D,

and eusupinin A significantly suppressed activity at 20 lM

(Fig. 4d); however, the degree of inhibition of HMG-CoA

reductase activity by ellagitannins was also less than that of

DGAT activity.

In addition, the inhibitory action of ellagitannins against

a pancreatic lipase, a major lipid degradation enzyme, was

examined. As a result, the five rose ellagitannins had little

effect on lipase activity at 5–20 lM, whereas EGCG

inhibited lipase activity by more than 20% at 20 lM

(Fig. 4e). Thus, the rose ellagitannins showed preferable

DGAT inhibitory action.

Reduction by Rose Extract of Postprandial Increase

in Plasma TAG

An oral fat load causes an increase in plasma TAG levels

with a peak at 2 h. Administration of a fat emulsion con-

taining 1% rose extract resulted in suppression of the post-

prandial plasma TAG increase (Fig. 5a); TAG levels 2 h

after loading were significantly lower than in mice admin-

istered the fat emulsion without rose extract (446.3 ± 33.1

vs 345.3 ± 25.0 mg/dL, control vs rose extract group;

P \ 0.05). The total area under the curve (AUC) for the

plasma TAG increase was also significantly reduced in mice

administered rose extract (Fig. 5b; P \ 0.05). In addition,

plasma FFA levels of mice administered the fat emulsion

containing rose extract showed a reducing trend compared

with those given emulsion without the extract (Fig. 5c,d).
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Discussion

In this study, we found that ellagitannins present in rose

petals, i.e., tellimagrandin I, rugosins A, B, and D, and

eusupinin A, showed DGAT inhibitory action. Several

studies have demonstrated that ellagitannins have diverse

biological activities [39–43]; rugosin D and tellimagrandin

II show antibacterial activities against intestinal bacteria

[39]; several ellagitannins, including rugosin A, have anti-

tumor activity and induce interleukin-1 [40]; however, no

report has demonstrated that ellagitannins have DGAT

inhibitory actions. This study therefore revealed a novel
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feature of rose ellagitannins; DGAT inhibitory action was

not observed in EGCG, a major polyphenol present in

green tea, which has an anti-obesity effect [28, 44].

So far, several DGAT inhibitory substances derived

from plants and fungi have been reported [17–20]. Quin-

olone alkaloids isolated from the fruits of Evodia rutae-

carpa have been demonstrated to inhibit DGAT activity

with IC50 values of 13–70 lM [45]. Prenylflavonoids

isolated from the roots of Sophora flavescens have been

reported to inhibit DGAT activity with IC50 values of

9–250 lM [46]. Ganji et al. have shown that niacin, widely

distributed among plants and animals and used as a lipid-

regulating agent in dyslipidemic patients, inhibited DGAT

activity with IC50 values of 0.1 mM [47]. In this study,

ellagitannins inhibited DGAT activity with comparable or

somewhat higher efficiency than these naturally occurring

DGAT inhibitory compounds; IC50 of rugosin B and

eusupinin A was less than 5 lM.

Rugosin D and eusupinin A, which inhibit DGAT more

than rugosin A, are dimeric hydrolyzable tannins, including

the rugosin A moiety. Rugosin B, which showed the

highest DGAT inhibitory activity among the examined

ellagitannin, differ from rugosin A by the presence of the

galloyl group at the anomeric position in the former. Fur-

ther detailed analysis using ellagitannin derivatives, how-

ever, are needed to clarify the relation between the DGAT

inhibitory action and the structures of ellagitannins.

In this study, we demonstrated that rose ellagitannins

inhibit DGAT activity preferentially. The ellagitannins had

little effect on hepatic enzymes (i.e., G6Pase and HMG-

CoA reductase) or pancreatic lipase. So far, it has been

reported that tea catechins with a galloyl moiety, which

showed lipase inhibitory action at much higher concen-

tration (1–2 mM), suppressed postprandial hypertriglycer-

idemia, suggesting the hypolipidemica action of tea

catechins through lipase inhibition [48]; however, since the

ellagitannis intensely inhibited DGAT activity at concen-

trations that had little effect on lipase activity, it is plau-

sible that the hypolipidemic action of rose extract could be

attributed to the DGAT inhibitory action of ellagitannins.

The structures of these ellagitannins possess at least a

superficial similarity to the structures of the phorbol esters,

which have been demonstrated to activate protein kinase C

via interaction with the binding domain common to diac-

ylglycerol, an obligatory substrate of DGAT [49]. This

suggests that ellagitannins inhibit DGAT activity through

the competitive interaction with a binding domain common

to diacylglycerol. In addition, it is also possible that rose

extract and rose ellagitannins affect the expression of

DGAT. So far, it has been demonstrated that expression of

DGAT is regulated not only transcriptionally but also post-

transcriptionally; the expression of DGAT1 is reportedly

regulated mainly at the translational level [50]. In all cases,

the detailed mechanisms of the inhibitory action of rose

extract and rose ellagitannins should be clarified by future

intensive studies.

It is well known that DGAT plays an important role in

the synthesis of TAG in the small intestine [51]. Dietary

TAG is hydrolyzed to 2-monoacylglycerol and FFA in the

intestinal lumen. Most of the digestive products are

absorbed by the intestinal mucosa and re-synthesized into

TAG by monoacylglycerol acyltransferase (MGAT) and
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DGAT. Subsequently, the re-synthesized TAG is assem-

bled into chylomicron and released into the bloodstream;

therefore, it is assumed that inhibition of DGAT activities

in the small intestine results in a reduction of the rate of

TAG synthesis and secretion in the intestine. Consistent

with this assumption, in this study, we found that the

extract of rose petals suppressed the postprandial increase

of plasma TAG levels.

It has been demonstrated that elevations of serum FFA

cause insulin resistance [52, 53]. Since most of the FFA

generated from chylomicron TAG has been shown to mix

in the same metabolic compartments as does plasma FFA

[54], it is likely that the reduction in plasma TAG mass

after fat loading results in FFA reduction. In this study,

however, the administration of rose extract did not signif-

icantly affect the plasma FFA increase after fat loading,

regardless of the suppression of plasma TAG increase by

the administration of rose extract. It is likely that the effi-

cient utilization of FFA by peripheral tissues, such as

skeletal muscles after fat loading [55], reduced the differ-

ence in FFA levels in normal mice.

In conclusion, we demonstrated that ellagitannins iso-

lated from rose petals have DGAT inhibitory action, and

that rose extract rich in ellagitannins reduced postprandial

increase of the plasma TAG level. These results suggest

that rose ellagitannins or rose extract can be beneficial in

controlling lipid metabolism and could be used to improve

metabolic disorders.
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Abstract Phytosteryl glycosides occur in natural foods

but little is known about their metabolism and bioactivity.

Purified acylated steryl glycosides (ASG) were compared

with phytosteryl esters (PSE) in mice. Animals on a phy-

tosterol-free diet received ASG or PSE by gavage in

purified soybean oil along with tracers cholesterol-d7 and

sitostanol-d4. In a three-day fecal recovery study, ASG

reduced cholesterol absorption efficiency by 45 ± 6%

compared with 40 ± 6% observed with PSE. Four hours

after gavage, plasma and liver cholesterol-d7 levels were

reduced 86% or more when ASG was present. Liver total

phytosterols were unchanged after ASG administration but

were significantly increased after PSE. After ASG treat-

ment both ASG and deacylated steryl glycosides (SG) were

found in the gut mucosa and lumen. ASG was quantita-

tively recovered from stool samples as SG. These results

demonstrate that ASG reduces cholesterol absorption in

mice as efficiently as PSE while having little systemic

absorption itself. Cleavage of the glycosidic linkage is not

required for biological activity of ASG. Phytosteryl gly-

cosides should be included in measurements of bioactive

phytosterols.

Keywords Stable isotopes � Plant sterols �
Mass spectrometry � Lipid absorption

Abbreviations

ASG Acylated steryl glycosides

SG Steryl glycosides

PSE Phytosteryl esters

GC–MS Gas chromatography/mass spectrometry

Introduction

Phytosterols are structurally similar to cholesterol, occur

naturally in plant-derived foods, and reduce cholesterol

absorption [1–4] and plasma LDL-cholesterol [5, 6].

Because of these potentially beneficial health effects, the

US National Cholesterol Education Program Adult Treat-

ment Panel III has recommended adding 2.0 g/day phy-

tosterols to the diet of adults to reduce LDL-cholesterol and

coronary heart disease risk [7, 8].

To reach the 2.0 g/day of phytosterols, pure phytosterols

(free or esters) have been routinely added to various

functional foods. The chemical or physical form of the

phytosterol is potentially important for bioactivity because

crystalline phytosterols are not readily soluble in bile and

do not reduce cholesterol absorption [9]. When properly

formulated with lecithin or other emulsifiers, free phytos-

terols do reduce cholesterol absorption and plasma LDL

cholesterol [10]. Phytosteryl esters solubilized in the tri-

glyceride phase of margarines are also bioactive [11, 12].

Phytosterols are conjugated to various components in

food matrices and not all have been tested for bioactivity

[13]. Recently, we have demonstrated that pure phytosteryl

esters supplemented at an amount achievable from a diet

(459 mg phytosterols/day) reduce cholesterol absorption

and increase fecal cholesterol excretion in humans [14].
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Furthermore, phytosterols present in natural food matri-

ces (449 mg/day) are also bioactive in reducing choles-

terol absorption and enhancing fecal cholesterol excretion

[15]. Because phytosteryl glycosides comprise a signifi-

cant proportion of naturally occurring phytosterols in

some foods [16–18], we have studied them and demon-

strated that phytosteryl glycosides (mostly acylated steryl

glycosides, ASG) purified from soybean-derived lecithin

reduce cholesterol absorption efficiency in humans [19].

However, several questions remain unanswered regarding

their mechanisms of action. Phytosteryl glycosides could

act intact, as glycosides (with the fatty acid cleaved), or

as free phytosterols (with both fatty acid and glucose

cleaved).

ASG consist of a fatty acid and a glucose moiety in

addition to the phytosterol [19]. Previous work has shown

that fatty acids are cleaved from glycosylated phytosterols

in vitro by pancreatin and cholesterol esterase but the sugar

moiety itself is not removed [20]. Acetylated 14C-sitosteryl

glucoside was not absorbed in the stomach or small bowel

of rats after intragastric administration [21]. However, the
14C label was located in the phytosterol moiety, which did

not enable the authors to answer whether or not any

cleavage had occurred in vivo.

In this study we prepared purified ASG and tested the

hypotheses that ASG is active in reducing cholesterol

absorption efficiency in mice and that it is cleaved to SG or

free phytosterols in mice consuming a cholesterol and

phytosterol-free diet.

Materials and Methods

Materials

[25,26,26,26,27,27,27-2H7]Cholesterol (cholesterol-d7)

was purchased from CDN Isotopes (Pointe-Claire, QC,

Canada). Soybean oil (Bakers & Chefs, Sam’s Club) was

purified as described elsewhere [3] to reduce the content of

phytosterols. [5,6,22,23-2H4]sitostanol (sitostanol-d4) was

obtained from Medical Isotopes (Pelham, NH, USA). The

phytosteryl glycosides were partially purified from lecithin

granules (Vitamin Shoppe, North Bergen, NJ, USA) as

previously described [19]. Crude phytosteryl glycosides

were then dissolved in hexane and applied to a Supelclean

LC-Si SPE column (Sigma, St Louis, MO, USA) that had

been conditioned with hexane. The column was eluted with

30% ethyl acetate in hexane, followed by 50% ethyl acetate

in hexane. The material in the second elution was ASG

without free phytosterols, phytosteryl esters, or phospho-

lipids. ASG contained 48.5% phytosterols by weight.

Phytosteryl esters (PSE) were derived from soy and 60.6%

of the mass was the phytosteryl moiety. ASG and SG for

HPLC standards were obtained from Matreya (Pleasant

Gap, PA, USA).

Mice

Male C57BL/6J mice (5 weeks old) were purchased from

Jackson Laboratory (Bar Harbor, ME, USA). Mice were

housed in a room maintained at 24�C with a 12:12 h light–

dark cycle (6:00 a.m.–6:00 p.m.). All mice were fed first on

Purina mouse chow 5053 containing 4.5% fat, 20.0%

protein, and 54.8% carbohydrate (LabDiet) for one week

before switching to the sterol-free diet. All animal proce-

dures were performed in accordance with guidelines of

Washington University’s Animal Studies Committee

and approved by the Institutional Animal Care and Use

Committee of Washington University (study protocol:

20070024).

Effect of a Single-Dose ASG/PSE on Cholesterol

Absorption Over a Three-Day Period

Mice (5 each for control, PSE, or ASG) were fed a special

cholesterol and phytosterol-free diet [22] for two weeks to

minimize the effects of dietary sterols. Each mouse was

gavaged with 0.5 mL purified soybean oil containing 40 lg

cholesterol-d7 and 10 lg sitostanol-d4. The oil also con-

tained 1.0 mg phytosterols delivered as either phytosteryl

esters or glycosides or no addition (control). Stool samples

from each mouse was collected individually in a cage with

wire floor for three days. Mice were approximately eight

weeks old at the time of experimentation.

Single-Time-Point Oral Study

Male C57BL/6J mice were equilibrated on the sterol-free

diet and then fasted for 2 h before gavage of 0.5 mL purified

soybean oil with 40 lg cholesterol-d7 containing 6.1 mg

phytosterols given as either phytosteryl esters (PSE, n = 5)

or phytosteryl glycosides (ASG, n = 5), or oil only (control,

n = 5). Mice were sacrificed 4 h after gavage. Blood was

obtained by heart puncture and centrifuged at 8,000 rpm for

5 min to obtain serum. The liver and small intestine were

removed and the small intestine was divided into four equal

segments, lumenal contents were washed out and collected

with ice-cold PBS. After the small bowel was opened lon-

gitudinally, the mucosa was extruded from the bowel wall by

exerting pressure using a microscopic slide.

Gas Chromatography–Mass Spectrometry (GC–MS)

For the cholesterol absorption study, lipids were extracted

from stool samples by the Bligh and Dyer method [23],

hydrolyzed in alkali, and the neutral sterols were extracted
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into petroleum ether, dried, and converted to penta-

fluorobenzoyl esters [24]. The derivatized material was

analyzed for cholesterol-d7, coprostanol-d7, and sitostanol-d4

by negative-ion chemical ionization gas chromatography–

mass spectrometry (GC–MS) [14]. For the single-time-point

oral study, 40 lg sitostanol-d4 was added as an internal

recovery standard and lipids were extracted [23] from liver,

lumen washings, and mucosa; aliquots of extracted lipids

were processed by both acid and alkaline hydrolysis as

described elsewhere [25] and analyzed by GC–MS [26].

Plasma was analyzed as described for liver, lumen wash-

ings, and mucosa without undergoing lipid extraction. Acid

hydrolysis liberates free phytosterols from ASG and SG

whereas alkaline hydrolysis does not.

ASG/SG Analysis

The ASG/SG contents of lumenal and mucosal samples and

stool samples were analyzed by HPLC with an evaporative

light scattering detector, exactly as described elsewhere

[27]. A standard curve using ASG and SG standards was

constructed and used to calculate the amount of ASG and

SG in the samples.

Statistical Analysis

Data are reported as means ± SEM. All statistical analyses

were performed with SAS (version 9.2; Cary, NC, USA).

The Proc Mixed procedure was used to analyze treatment

effects on cholesterol absorption and cholesterol-d7 levels

in liver and plasma with Tukey adjustment for multiple

comparisons. Proc Mixed was also used to analyze the

independent effect of treatments and quarters and their

interactions. Statistical significance was accepted if

P \ 0.05, or otherwise as indicated.

Results

Purity of Phytosteryl Glycosides

Phytosteryl glycosides were obtained from lecithin gran-

ules by removing most of the phospholipids and neutral

sterols [19]. To further increase purity the material was

passed through a Supelclean LC-Si SPE column. Thin layer

chromatographic analysis showed no detectable sterols or

phospholipids (data not shown). The purified phytosteryl

glycosides contained mostly ASG (92.5%) and a smaller

fraction of SG (7.5%) by HPLC. Campesterol, stigmas-

terol, and sitosterol accounted for 27.3 ± 0.5, 21.4 ± 0.2,

and 51.6 ± 0.8% of total phytosterols, respectively, for the

phytosteryl esters; corresponding values for the phytosteryl

glycosides were 21.3 ± 0.8, 17.5 ± 0.5, and 53.9 ± 1.2%.

Effect of ASG on Percent Cholesterol Absorption

in Mice

To determine whether phytosteryl glycosides were bioac-

tive in reducing cholesterol absorption efficiency [19], we

gavaged mice with ASG (1.0 mg phytosterols) solubilized

in purified soybean oil. PSE (1.0 mg phytosterols) was

administered in the same way as an experimental positive

control and purified soybean oil alone was given to another

group as a negative control. As expected, relative to con-

trol, PSE reduced cholesterol absorption by 40 ± 6% in a

three-day fecal recovery experiment (Fig. 1). ASG reduced

cholesterol absorption by 45 ± 6% when compared with

control. The difference between ASG and PSE treatment

groups was not statistically significant.

Single-Time-Point Oral Study

To explore the site where ASG reduced cholesterol

absorption efficiency, groups of mice were gavaged with

soybean oil containing ASG (6.1 mg phytosterols), PSE

(6.1 mg phytosterols), or no addition and sacrificed 4 h

later. Figures 2 and 3 report the levels of phytosterols,

ASG, and SG found in the gut, lumen, and mucosa by

quarter of small intestine. When no phytosterols were

included in the gavage the measured phytosterol levels

were very low, demonstrating the effectiveness of the prior

two-week low-phytosterol baseline diet in reducing back-

ground. When either ASG or PSE was given, the total

phytosterols found in the lumen (which included those

Fig. 1 Three-day study: effect of ASG on percent cholesterol

absorption in mice. Mice were gavaged with purified soybean oil

containing ASG (1.0 mg phytosterols), PSE (1.0 mg phytosterols), or

no addition (n = 5 for each group). Percent cholesterol absorption

was determined as described in ‘‘Materials and Methods’’. Bars
represent means ± SE. Significance of differences between treat-

ments is indicated by **(P \ 0.01)
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present in the form of ASG and SG) were elevated and

there was a significant treatment effect on total lumenal

phytosterols (P = 0.0088, Fig. 2a). There was no signifi-

cant relation of intestinal quarter to lumenal phytosterols

(P = 0.54). Figure 2b shows that phytosterols accumulated

in the mucosa after both ASG and PSE gavage. Total

phytosterol content was largest in quarters 3 and 4 and was

similar for the two phytosterol forms. There were statisti-

cally significant and independent effects of quarter

(P = 0.012) and treatment (P = 0.0039) on total mucosal

phytosterols.

Further studies were performed to determine the

chemical form of phytosterols present in lumen and

mucosa after ASG treatment. Differential hydrolysis

strongly suggested that they were present as glycosides.

While combined acid ? alkaline hydrolysis enables total

phytosterols to be measured, alkaline hydrolysis alone does

not liberate free phytosterols from glycosides to be mea-

sured by GC–MS. Phytosterols from lumen and mucosa

after ASG treatment determined after alkaline-only

hydrolysis were very low and similar to those in the control

group (data not shown), suggesting that the total phytos-

terols reported in Fig. 2 after ASG treatment were derived

from glycosylated phytosterols. This was confirmed by

direct HPLC measurement of ASG and SG in intestinal

fractions (Fig. 3; Table 1). As expected, after PSE or

control gavage there was no detectable ASG or SG in the

lumen or mucosa. However, after ASG gavage both ASG

and SG were present in lumen and mucosa. The amount of

SG exceeded that of ASG in all quarters, showing active

but incomplete hydrolysis of the fatty acid of ASG to yield

the deacylated product SG. In other experiments in which

stools were collected for three days and analyzed by HPLC,

the biological hydrolysis of ASG to SG was complete

(Table 1). Recovery of SG in stool samples was 95.3 ±

1.9% of the ASG given. No detectable SG was found in

stool samples from control or PSE groups.

ASG administration was associated with less systemic

absorption of total phytosterols than PSE (Fig. 4). Four

hours after gavage, total liver phytosterols were increased

34.0 ± 8.5% (SEM) over control with PSE but only

2.7 ± 4.7% with ASG. Plasma phytosterol levels did not

change significantly with either treatment.

ASG had a large inhibitory effect on absorption of

cholesterol-d7 into plasma and liver at 4 h (Fig. 5). Com-

pared with control, ASG reduced plasma cholesterol-d7 by

90 ± 3.7% (SEM) and liver cholesterol-d7 by 86.2 ±

3.8%. Reductions by PSE of 51.4 ± 19.4% in plasma and

45.9 ± 25.7% in liver were more variable and not statis-

tically significant.

Discussion

Extensive research has demonstrated that pure phytoster-

ols, when properly formulated, reduce cholesterol absorp-

tion efficiency and plasma LDL cholesterol in animals and

in humans. On the other hand, there is little published

research on the physiological effects of phytosteryl gly-

cosides. Recently we have demonstrated that ASG reduced

cholesterol absorption efficiency in humans [19]. In the

current study, ASG obtained from soybean-derived leci-

thin, was further purified and used to determine effects on

cholesterol absorption and on uptake and cleavage of ASG

Fig. 2 Single-time-point study: total phytosterols in lumen (panel a)

and mucosa (b). Mice (n = 5 for each group) were fasted for 2 h

before gavage of purified soybean oil with cholesterol-d7 containing

ASG (6.1 mg phytosterols), PSE (6.1 mg phytosterols), or no

addition. Mice were sacrificed 4 h later, the small intestine was cut

into four equal quarters (quarter 1: proximal, quarter 4: distal), and

mucosa was scraped after removal of lumenal contents. Levels of

total phytosterols relative to natural cholesterol in the lumen and

mucosa were determined by GC–MS as described in ‘‘Materials and

Methods’’. Values are means ± SE. Statistical significance is indi-

cated by �(P \ 0.05) or �(P \ 0.01) (between control and PSE) and

by *(P \ 0.05) (between control and ASG)
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Fig. 3 Single-time-point study:

ASG and SG in lumen and

mucosa. Mice (n = 5 for each

group) were fasted for 2 h

before gavage of purified

soybean oil with cholesterol-d7

containing ASG (6.1 mg

phytosterols), PSE (6.1 mg

phytosterols), or no addition.

Mice were sacrificed 4 h later,

the small intestine was cut into

four equal quarters (quarter 1:

proximal, quarter 4: distal), and

mucosa was scraped after

removal of lumenal contents.

The levels of directly measured

ASG and SG relative to natural

cholesterol in lumen and

mucosa were determined as

described in ‘‘Materials and

Methods’’. Values are

means ± SE. Significance is

indicated by *(P \ 0.05) or

**(P \ 0.01) (between control

and ASG) and by �(P \ 0.05) or
�(P \ 0.01) (between PSE and

ASG). Symbols for control and

PSE overlap near zero

Table 1 Phytosterol recovery in the form of steryl glycosides from stool samples three days after gavage

Control (n = 5) PSE (n = 5) ASG (n = 5)

Total phytosterol gavaged (lg) 27.9 ± 0.6 1034.2 ± 37.3 852.1 ± 19.7

Phytosterols contained in SG (lg) ND ND 810.8 ± 11.7

Recovery rate in the form of SG (%) NA NA 95.3 ± 1.9

C57BL/6J male mice (nine weeks old) were gavaged with 0.5 mL soybean oil alone (control, n = 5), 0.5 mL soybean oil with phytosteryl esters

(PSE, n = 5) containing 1.0 mg phytosterols, and 0.5 mL soybean oil with phytosteryl glycosides (ASG, n = 5) with 1.0 mg phytosterol

equivalents. SG was determined as described in ‘‘Materials and Methods’’

Fig. 4 Single-time-point study:

total phytosterols in liver

(a) and plasma (b). Mice (n = 5

for each group) were fasted for

2 h before gavage of purified

soybean oil with cholesterol-d7

containing ASG (6.1 mg

phytosterols), PSE (6.1 mg

phytosterols), or no addition and

were sacrificed 4 h later. Levels

of total phytosterols in liver and

plasma expressed relative to

natural cholesterol were

determined as described in the

‘‘Materials and Methods’’.

Values are means ± SE.

Significance is indicated by

*(P \ 0.05) or **(P \ 0.01)
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in mouse intestine. Consistently, ASG reduced cholesterol

absorption in vivo in mice, as observed in humans. ASG

seemed to act locally in the gut lumen and mucosa with

very little absorption into the systemic circulation. Fur-

thermore, cleavage of glycosidic bonds was not required

for biological activity of ASG. Most of the fatty acid

moieties of ASG were removed, converting them to SG

whereas the glycosidic bond remained intact.

Consistent with the known reduction in cholesterol

absorption in humans, ASG reduced cholesterol absorption

by 45% as determined by a three-day procedure when

compared with the negative control (Fig. 1), indicating that

ASG was bioactive in mice. PSE, the experimental positive

control, reduced cholesterol absorption by 40% (Fig. 1). In

a shorter time frame of 4 h, cholesterol d7, gavaged toge-

ther with ASG in purified soybean oil, was subsequently

found to be significantly reduced in liver and plasma

compared with control (Fig. 5). These results show that

ASG acts rapidly to reduce both the rate of cholesterol

transport and the overall extent of cholesterol absorption.

Because standard rodent chow diets are rich in phytos-

terols, we used a novel cholesterol and phytosterol-free diet

to enable better assessment of phytosterol absorption. Total

phytosterols in the liver of mice given PSE were signifi-

cantly higher than in those of control or ASG mice

(Fig. 4a). In contrast, total phytosterols in the liver or

plasma of mice gavaged with ASG were similar to those of

the control (Fig. 4a, b), indicating that ASG was not

absorbed into the systemic circulation. Our finding agrees

with results from a study in which [4-14C]sitosteryl b-D-

glucoside administered intragastrically to rats was not

found after 3 h in liver, kidney, heart, lungs, spleen, mus-

cle, brain, adipose tissue, or blood [21]. The same study fed

unlabeled sitosteryl b-D-glucoside at 0.5 g/kg body weight

to rats for four weeks and neither sitosteryl b-D-glucoside

nor sitosterol or sitosteryl esters were found in significant

amounts in tissues outside the alimentary canal during the

entire feeding period. It is therefore unlikely that ASG

enters the systemic circulation.

ASG seemed to act locally in the lumen or in the mucosa

or both. After PSE treatment total phytosterols seemed to

accumulate in the lumen across the quarters (Fig. 2a),

consistent with the established mechanism of action of

interfering with micellar cholesterol formation in the

lumen. Total phytosterols in the mucosa from the PSE

group increased rapidly from the second quarter onward,

indicating uptake of phytosterols into mucosa and possible

action of phytosterols inside the mucosa (Fig. 2b), albeit

present at a much lower level compared with lumenal total

phytosterols. After ASG treatment, total phytosterols in the

mucosa increased from the second quarter onward (Fig. 2),

similar to the pattern with PSE. Direct HPLC measurement

confirmed that the accumulated phytosterols were in the

form of ASG and SG (Fig. 3).

Our results strongly suggest that the bioactive compo-

nents reducing cholesterol absorption are ASG or SG, but

not the free phytosterols. Most of the phytosterol glyco-

sides (92.5%) administered were in the form of ASG. Yet

both ASG and SG were abundant in the lumen and mucosa

in 4 h, indicating that ASG was hydrolyzed to SG in these

locations. Consistent with the previous report that ASG

was cleaved to SG in vitro by pancreatin and cholesterol

esterase [20], most of the ASG was recovered as SG in

stool samples three days after gavage, indicating that

cleavage of ASG to SG was complete in three days. The

complete recovery of ASG as fecal SG also indicates that

SG were not hydrolyzed to free phytosterols. Furthermore,

total phytosterol levels in the liver or plasma were similar

to the respective levels in the control. This also is in

agreement with the finding that only a small fraction of

Fig. 5 Single-time-point study: cholesterol-d7 in plasma (a) and liver

(b). Mice (n = 5 for each group) were fasted for 2 h before gavage of

purified soybean oil with cholesterol-d7 containing ASG (6.1 mg

phytosterols), PSE (6.1 mg phytosterols), or no addition. Mice were

sacrificed 4 h later and levels of cholesterol d7 in plasma and liver

were determined as described in ‘‘Materials and Methods’’. Values

are means ± SEM. Significance is indicated by **(P \ 0.01)
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[4-14C]sitosteryl b-D-glucoside (\0.5%) was detected in

the form of sitosterol and sitosteryl esters in the duodenum,

jejunum, ileum, and stomach [21]. Therefore, cleavage of

the glycosidic bond seems to not be required for the bio-

logical activity of ASG in mice.

In summary, the results of this study have demonstrated

that ASG is bioactive in mice. ASG was taken up rapidly

into the mucosa 4 h after oral gavage. ASG was cleaved to

SG so that most of the ASG given was present in the form

of SG in the lumen and mucosa. ASG administered was

recovered quantitatively from stool samples as SG. There

was little systemic absorption of ASG into the plasma or

liver and ASG/SG seemed to act locally in both the lumen

and mucosa without being significantly absorbed into the

systemic circulation. Bioactive in reducing cholesterol

absorption in mice and humans, phytosteryl glycosides

from either natural or synthetic sources could potentially be

used for the treatment of hypercholesterolemia. Phytosteryl

glycosides must be measured and taken into account when

assessing the effects of phytosterols in the diet and for

treatment of hypercholesterolemia.
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Abstract We studied the fatty acid (FA) content and

composition of ten zoobenthic species of several taxo-

nomic groups from different freshwater bodies. Special

attention was paid to essential polyunsaturated fatty acids,

eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic

acid (DHA, 22:6n-3), and arachidonic acid (ARA, 20:4n-

6); and the n-3/n-6 and DHA/ARA ratios, which are

important for consumers of higher trophic levels, i.e., fish.

The content and ratios of these FA varied significantly in

the studied zoobenthic species, consequently, the inverte-

brates were of different nutritional quality for fish. Eu-

limnogammarus viridis (Crustacea) and Dendrocoelopsis

sp. (Turbellaria) had the highest nutrition value for fish

concerning the content of EPA and DHA and n-3/n-6 and

DHA/ARA ratios. Using canonical correspondence analy-

sis we compared the FA profiles of species of the studied

taxa taking into account their feeding strategies and habi-

tats. We gained evidence that feeding strategy is of

importance to determine fatty acid profiles of zoobenthic

species. However, the phylogenetic position of the zoo-

benthic species is also responsible and may result in a

similar fatty acid composition even if species or popula-

tions inhabit different water bodies or have different

feeding strategies.

Keywords Benthic invertebrates � Fish � Feeding strategy �
Phylogeny � Polyunsaturated fatty acids

Abbreviation

ALA a-Linolenic acid, 18:3n-3

ARA Arachidonic acid, 20:4n-6

BFA Branched fatty acids

DHA Docosahexaenoic acid, 22:6n-3

DPA Docosapentaenoic acid, 22:5n-3

EPA Eicosapentaenoic acid, 20:5n-3

FA Fatty acid(s)

FAME Fatty acid methyl ester(s)

LNA Linoleic acid, 18:2n-6

MUFA Monounsaturated fatty acid(s)

NMI Nonmethylene interrupted

PUFA Polyunsaturated fatty acid(s)

SFA Saturated fatty acid(s)

Introduction

The fatty acid composition and FA ratios of different tax-

onomic groups are widely used as biochemical markers of

trophic interactions in aquatic ecosystems [1, 2]. FA

markers have been used to trace the transfer of the organic

matter through aquatic food webs and to evaluate diet

patterns of the aquatic animals [3–5]. Some polyunsatu-

rated fatty acids (PUFA), namely eicosapentaenoic and

docosahexaenoic acids are essential components in the

nutrition of aquatic invertebrates and fish [6, 7]. It should
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be noted that the essential PUFA are of large physiological

importance for animals of different taxonomic levels,

including humans [8–10]. Besides the PUFA content, the

n-3/n-6 and DHA/ARA ratios are very important. These

ratios are quite species-specific and their dietary levels

must be optimal to sustain normal growth and development

of organisms [11].

Benthic invertebrates (zoobenthos) are one of the most

important components of riverine ecosystems and a major

food source for fish. The most data on fatty acid content

and the composition of benthic invertebrates come pri-

marily from the aquaculture of marine economically

important food species [12–16]. In contrast, data on the

fatty acid composition of freshwater zoobenthos in rivers

are scarce.

As it is known, the FA profiles of aquatic animals can be

affected both by their food sources and by genetically

predetermined metabolism [17]. The relative importance of

these factors is continuously discussed, especially for

zooplankton species. On the one hand, there is experi-

mental evidence that some zooplankton species, e.g.

Daphnia, have quite variable FA profiles that are strongly

influenced by diet [18–21]. Variations in FA composition

of natural zooplankton were also determined primarily by

seasonal changes in the FA composition of their food, se-

ston [22]. On the other hand, some zooplankton species are

believed to selectively accumulate and metabolically alter

dietary essential fatty acids [23–26].

In contrast to the comparatively well-studied zoo-

plankton, there are sparse data on factors determining FA

profiles of freshwater benthic invertebrates. Though there

are several studies that demonstrate a capacity of zooben-

thic species to synthesize long-chain PUFA from short-

chain precursors. For instance, the free-living nematode

Caenorhabditis elegans evidently has a unique pathway of

PUFA synthesis from oleic acid to linoleic (LNA, 18:2n-6)

and a-linolenic (ALA, 18:3n-3) acids and then to ARA and

EPA, and, as a result, FA composition of C. elegans does

not reflect the FA composition of its food [27]. Larvae of

chironomids, Chironomus riparius are able to synthesize a

large enough quantity of ARA and EPA from dietary LNA

and ALA to support normal larval growth and development

[28]. However, the above-mentioned zoobenthic species

neither synthesized DHA nor accumulated this acid from

their food [28]. We have previously demonstrated using

fatty acids as trophic markers that benthic Chironomus

plumosus selectively consumed food particles originating

from green algae and cyanobacteria and contained little

EPA and no DHA [4]. Riverine larvae of chironomids were

shown to contain only traces of DHA [29, 30]. In contrast

to the nematode and chironomids mentioned, larvae of

caddisfly, Hydropsyche sp., have been shown to have a

very limited ability to elongate and desaturate C18 PUFA

to C20 PUFA [31]. There is evidence that the PUFA

composition in gammarids depends on both diet and the

inherent capacity of the animals to desaturate and elongate

linoleic and linolenic acids to long-chain PUFA [32].

Kraffe and coauthors [33] have revealed a striking

relationship between cardiolipin FA composition and

phylogenetic groups of bivalve mollusks. They have sug-

gested that cardiolipin FA profiles in bivalves are likely

similar in species of the same phylogenetic group.

The majority of the above cited studies were focused on

rather narrow phylogenetic groups of zoobenthos or did not

consider the effect of phylogenetic factors. Therefore, a

notion still occurs that trophic factors are key determinants

of FA composition including essential PUFA in most

aquatic invertebrates. We considered that studies covering

a wider range of taxa and habitats were necessary to elu-

cidate the true role of trophic and phylogenetic factors as

determinants of FA profiles in zoobenthic invertebrates.

The aim of the present work was to compare the FA

composition of freshwater benthic invertebrates of diverse

taxonomic groups, potentially important for fish feeding,

from different aquatic ecosystems. We addressed the fol-

lowing questions: (1) Whether phylogenetically close

species inhabiting the same water body have different fatty

acid spectra? (2) Can the populations of the same species

inhabiting different water bodies with variable food sour-

ces, have a similar fatty acid composition? (3) Do phylo-

genetic factors are important determinants of essential EPA

and DHA contents in benthic invertebrates?

Materials and Methods

Sampling and Fatty Acid Analysis

We included ten zoobenthic species in the study; most

of them were taken from one water body, and only one

species, C. plumosus, was sampled from two water bodies.

Invertebrates were collected from the Yenisei River,

Rybinskoe reservoir, Bugach reservoir and Chistoe lake

(Table 1). The total number of samples was 100. Samples

were collected in different periods of the year due to the

seasonal occurrence and dominance of the species. The list

of species, number of samples, and sampling periods are

shown in Table 1. Each sample consisted of 2–20 indi-

viduals of various sizes, most of them were adults or pre-

mature larval stages. Whole bodies of the animals were

taken for the analyses, except dreissenids, from which the

closing muscle was removed and used for the following

analysis.

Organisms from the river littoral were sampled using a

Surber-type kick-bottom sampler by disturbing an area in a

frame 40 9 35 cm upstream of an attached net (mouth

710 Lipids (2011) 46:709–721
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40 9 40 cm, mesh size 0.25 mm). Organisms from the

reservoirs and the lake were sampled using Petersen-type

bottom samplers. Immediately after sorting, the live ani-

mals were placed in beakers with tap water for 24 h to

empty their guts. Then the animal’s body surfaces were

gently wiped with filter paper and the animals were

weighed and placed in chloroform:methanol mixture

(2:1, v/v) and kept until further analysis at -20 �C.

Laboratory FA analyses and the comprehensive identi-

fication of fatty acids are described in detail elsewhere [29,

34]. Briefly, lipids from the samples were extracted with

chloroform:methanol (2:1, v/v) 3 times simultaneously

with mechanical homogenization of the tissues with glass

beads. Before the extraction, a fixed volume of an internal

standard solution (19:0) was added to the samples. The

combined lipid extracts were filtered, dried by passing

through anhydrous Na2SO4 layer and evaporated at 35 �C.

The lipid extract was subjected to acidic methanolysis as

described previously [5]. Fatty acid methyl esters (FAME)

were analyzed on a gas chromatograph equipped with a

mass spectrometer detector (GCD Plus, Hewlett-Packard,

USA) and a 30-m long 9 0.32-mm internal diameter cap-

illary column HP-FFAP. The column temperature pro-

gramming was as follows: from 100 to 190 �C at 3 �C/min,

5 min isothermally, to 230 �C at 10 �C/min, and 20 min

isothermally. Other instrumental conditions were as

described elsewhere [5]. Peaks of FAME were identified by

their mass spectra compared to those in the database

(Hewlett-Packard, USA) and to those of available authentic

standards (Sigma, USA). Positions of double bonds in

monoenoic acids were determined by GC–MS of FAME

dimethyl disulfide adducts prepared as described elsewhere

[35]. To determine double bond positions in polyenoic

acids, GC–MS of dimethyloxazoline derivatives of FA was

used [29].

Statistical Analysis

Means, standard errors (SE) and Fisher LSD tests were

calculated conventionally [36]. To check differences

among taxa and the seasonal effect, the data matrix was

formed which included all samples of the animals. Mollusk

Table 1 Sampling protocol of studied invertebrates

Species Number of samples Sampling period Water body

Dendrocoelopsis sp. 7 2005 April, October The Yenisei River (Siberia,

Russia, 55�580 N and 92�430 E)2006 January, October, December

2007 January, September

Lumbriculus variegatus O.F. Muller 4 2004 June, August, November, December The Yenisei River

Tubifex tubifex O.F. Muller 3 2005 February, April The Yenisei River

2006 December

Eulimnogammarus viridis Dybowsky 6 2004 March, June, July The Yenisei River

2005 March

2006 July

2008 March

Apatania crymophila MacLachlan 18 2004 September, November The Yenisei River

2005 February, April, July–November

2006 January, February, September–

December,

2007 January, February, September

Ephemerella setigera Bajkova 3 2006 September, December The Yenisei River

2007 January

Prodiamesa olivacea Meigen 3 2006 October–December The Yenisei River

Chironomus plumosus Linnaeus

‘B’*

19 2007 May–September Bugach reservoir (Siberia, Russia,

56�030 N and 92�430 E)2008 May–September

Chironomus plumosus Linnaeus

‘C’*

6 2008 June–August Chistoe lake (Volga River basin,

Russia, 57�430 N and 40�330 E)

Dreissena polymorpha Pallas 15 2007 June–September Rybinskoe reservoir (Volga River

basin, 58�030 N and 38�170 E)2008 June–September

Dreissena bugensis Andrusov 16 2007 June–September Rybinskoe reservoir

2008 June–September

* The designations of two populations of Chironomus plumosus are the same in the text
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samples were averaged for each date and used in the

analysis. The data matrix included percentages of total FA

of the most prominent FA and those of high marker sig-

nificance, in the total eighteen FA. Canonical correspon-

dence analysis of the data matrix was carried out using

STATISTICA software (version 9; StatSoft Inc., Tulsa,

OK, USA). To test differences among phylogenetic groups,

such as classes Insecta, Oligochaeta, Crustacea, Turbel-

laria, Bivalvia, the data matrix was formed in similar

manner as for the canonical correspondence analysis. Taxa

groups comprised: Insecta—A. crymophila, E. setigera,

P. olivacea, C. plumosus; Oligochaeta—L. variegates and

T. tubifex; Crustacea—E. viridis; Turbellaria—Dendro-

coelopsis sp.; Bivalvia—D. polymorpha and D. bugensis.

The data matrix included percentages (mol% of the total)

of essential FA, such as LNA, ALA, EPA, DPA, and DHA,

and 16:0 and 18:1n-9 which is the most significant as

energy sources. Tukey HSD test of the data matrix was

carried out using STATISTICA software (version 9; Stat-

Soft Inc., Tulsa, OK, USA).

Results

Fatty acid content and composition of zoobenthos from

four phyla were studied. Taxonomy position and phylo-

genetic relationships between the studied species are

shown in Fig. 1 [37].

More than fifty FA species were identified in samples

(Tables 2, 3).

The levels of saturated fatty acids (SFA) in the studied

species varied from 26.3 to 41.4% (mol% of the total)

(Tables 2, 3). Levels of SFA were low in E. viridis and

Dendrocoelopsis sp. and high in mollusks. Among SFA,

16:0, 18:0 and 14:0 dominated in most of the invertebrates,

although their ratios significantly differed among the spe-

cies (Tables 2, 3).

Branched fatty acids (BFA) comprised mostly i15:0,

ai15:0, i17:0 and ai17:0 and their levels varied from 1.0 to

9.2% of the total (Tables 2, 3). The distribution of 15:0

BFA differed from that of 17:0 BFA. The levels of i15:0

and ai15:0 were significantly higher in C. plumosus ‘C’ in

comparison with other species (Tables 2, 3). The levels of

i17:0 and ai17:0 were high in mollusks and oligochaetes,

especially in L. variegatus.

Monoenoic acids (MUFA) varied from 17.8 to 36.5%

of the total and were primarily represented by 16:1n-7,

18:1n-7, 18:1n-9, 20:1n-7, 20:1n-9 and 20:1n-11

(Tables 2, 3). However, MUFA profiles differed among the

species studied. Dendrocoelopsis sp. and E. viridis showed

significant levels of 18:1n-9, while mollusks had the

highest level of 20:1n-9. It should be noted that 20:1n-11

was found in all studied species in traces, except mollusks

and oligochaetes, which had this acid dominant among

MUFA. Monoenoic C22 acids were found mainly in worms

and mollusks (Table 2).

The levels of polyunsaturated fatty acids varied from

25.1 to 39.3% of the total. The lowest value of PUFA was

found in larvae of Chironomidae and the highest value was

in E. viridis and D. bugensis. Dominant PUFA patterns in

the studied invertebrates were evidently species-specific

(Tables 2, 3).

In samples of Dendrocoelopsis sp. 20:5n-3, 22:5n-3,

ALA, LNA and 22:6n-3 dominated. Note that the studied

planarian was characterized by a very high content of

22:5n-3 (Tables 2, 4).

In both mollusk species, 22:6n-3, 20:5n-3, 22:5n-3,

22:5n-6, 20:4n-6 dominated, while their levels of C16 and

C18 PUFA were negligible. The levels of 22:6n-3 in

mollusks were significantly higher in comparison with

other species (Tables 2, 3).

In oligochaetes the following acids dominated: 20:5n-3,

LNA, ALA, 20:4n-6, and 22:6n-3. The per cent levels of

20:5n-3 in both Oligochaeta species were high and

Ecdysozoa

Arthropoda

Animalia

Eumetazoa

Lophotrochozoa

Turbellaria

D.polymorpha
Dendrocoelopsis sp. T.tubifex

LumbriculidaHaplotaxida

L.variegatus

Amphipoda

E.viridis

Diptera Trichoptera Ephemeroptera

E.setigeraA.crymophila

C.plumosus

Platyhelmintes Mollusca Annelida

Bivalvia Oligochaeta Crustacea Insecta

D.bugensis

P.olivacea

Fig. 1 The scheme of

phylogenetic tree of benthic

invertebrates, Dendrocoelopsis
sp., D. polymorpha,

D. bugensis, T. tubifex,

L. variegatus, E. viridis,

C. plumosus, P. olivacea,

A. crymophila, and E. setigera
[by 37]
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Table 2 Mean levels of FA (mol% of the total) of Dendrocoelopsis sp., L. variegatus, T. tubifex from the Yenisei River, D. polymorpha and

D. bugensis from Rybinskoe reservoir

Fatty acids Dendrocoelopsis sp. Dreissena polymorpha Dreissena bugensis Lumbriculus variegatus Tubifex tubifex

12:0 0.3 ± 0.15 0.2 ± 0.08 0.1 ± 0.03 0.4 ± 0.12 0.7 ± 0.30

14:0 2.8 – 0.42f 1.6 – 0.16c 1.4 – 0.15c 4.0 – 0.91be 3.8 – 0.45be

15:0 0.5 ± 0.13 0.9 ± 0.05 0.7 ± 0.06 0.5 ± 0.07 0.8 ± 0.17

16:0 17.7 – 1.20bc 32.4 – 1.95a 31.2 – 1.74a 15.2 – 4.78c 13.5 – 2.61c

17:0 0.6 ± 0.08 1.6 ± 0.11 1.7 ± 0.08 1.2 ± 0.22 1.5 ± 0.03

18:0 4.5 – 0.51e 4.4 – 0.20e 4.3 – 0.25e 8.1 – 0.93bc 9.7 – 1.02b

20:0 0.3 ± 0.03 0.2 ± 0.05 0.2 ± 0.02 0.4 ± 0.19 0.5 ± 0.04

22:0 0.4 ± 0.03 0.1 ± 0.02 0.1 ± 0.01 0.6 ± 0.19 0.8 ± 0.20

SFA 27.3 ± 1.60 41.4 ± 1.86 39.7 ± 1.94 30.8 ± 4.74 31.9 ± 2.97

i-14:0 0.1 ± 0.02 tr. tr. 0.5 ± 0.31 0.6 ± 0.05

ai-15:0 0.4 – 0.05cd 0.1 – 0.02d 0.1 – 0.03d 1.7 – 0.76b 1.6 – 0.14b

i-15:0 0.2 – 0.06a 0.1 – 0.02a tr.a 0.6 – 0.15a 0.9 – 0.11a

i-15:1n-6 0.1 ± 0.01 tr. tr. 0.5 ± 0.30 0.7 ± 0.16

i-16:0 0.1 ± 0.02 0.2 ± 0.01 0.2 ± 0.02 0.4 ± 0.08 0.5 ± 0.25

ai-17:0 0.2 – 0.01a 1.0 – 0.10cd 1.0 – 0.04cd 0.9 – 0.24d 1.2 – 0.21c

i-17:0 tr.a 0.4 – 0.06b 0.5 – 0.06c 0.7 – 0.25c 1.6 – 0.44d

BFA 1.1 ± 0.14 1.8 ± 0.18 1.9 ± 0.13 5.2 ± 1.78 7.1 ± 0.78

14:1n-7 0.2 ± 0.06 0.1 ± 0.02 tr. 0.8 ± 0.44 0.3 ± 0.17

16:1n-7 ? n-9 9.3 ± 0.94 4.1 ± 0.21 4.0 ± 0.21 11.0 ± 0.74 7.1 ± 2.48

16:1n-5 0.2 ± 0.05 0.2 ± 0.07 0.2 ± 0.03 0.1 ± 0.11 0.2 ± 0.25

18:1n-9 16.8 – 1.50a 3.2 – 0.16bc 2.3 – 0.14b 6.4 – 1.57f 5.7 – 1.49cf

18:1n-7 7.7 – 0.80b 2.0 – 0.12ae 1.8 – 0.04a 3.7 – 1.03c 6.8 – 0.29bd

18:1n-5 0.1 ± 0.03 tr. tr. 0.4 ± 0.24 0.7 ± 0.09

20:1n-11 n.d.d 6.1 – 0.38a 5.5 – 0.37ac 3.3 – 0.76b 4.3 – 1.57bc

20:1n-9 0.5 – 0.14cdf 3.0 – 0.15a 1.7 – 0.10b 0.2 – 0.11ce 0.3 – 0.03ed

20:1n-7 0.3 ± 0.12 1.2 ± 0.14 1.9 ± 0.13 0.1 ± 0.13 0.1 ± 0.09

22:1n-11 0.1 ± 0.02 0.2 ± 0.03 0.1 ± 0.01 n.d. n.d.

22:1n-9 tr. 1.0 ± 0.49 0.2 ± 0.09 tr. 0.6 ± 0.11

MUFA 35.4 ± 1.24 21.3 ± 0.35 17.8 ± 0.50 26.5 ± 2.01 26.4 ± 3.26

16:2n-4 1.3 – 0.19df tr.c 0.1 – 0.01c 1.2 – 0.57def 0.2 – 0.23ce

16:3n-4 0.9 – 0.13df n.d.a n.d.a 0.8 – 0.55bde 0.8 – 0.29bcf

16:3n-3 0.9 – 0.28b n.d.c n.d.c 0.4 – 0.20bd 0.4 – 0.18bd

16:4n-3 0.5 – 0.17b n.d.b n.d.b 0.5 – 0.30b 0.5 – 0.21b

16:4n-1 0.8 – 0.24bc n.d.a n.d.a 1.0 – 1.01bc 0.6 – 0.48ab

LNA 2.4 – 0.04ef 1.1 – 0.13ce 0.9 – 0.08c 5.4 – 2.60d 2.4 – 0.90cfi

18:2n-4 0.4 ± 0.05 tr. tr. 0.6 ± 0.31 0.4 ± 0.41

18:3n-6 0.4 ± 0.04 tr. tr. 0.3 ± 0.06 0.1 ± 0.02

ALA 4.6 – 0.79b 1.2 – 0.22d 1.5 – 0.13d 3.3 – 1.12bd 2.4 – 0.86bd

18:4n-3 1.4 – 0.13befg 0.6 – 0.13c 0.6 – 0.12ce 0.9 – 0.47cdg 0.9 – 0.33cdg

20:2n-6 0.4 – 0.04a 0.5 – 0.07ac 0.6 – 0.05c 1.0 – 0.31b 1.3 – 0.55b

20:3n-6 0.1 ± 0.01 0.4 ± 0.04 0.4 ± 0.03 0.6 ± 0.10 0.2 ± 0.03

20:4n-6 0.6 – 0.09be 5.1 – 0.26a 5.1 – 0.23a 2.0 – 0.26cd 2.7 – 0.51c

20:3n-3 0.3 ± 0.03 tr. 0.1 ± 0.01 0.2 ± 0.10 0.4 ± 0.10

20:4n-3 0.3 ± 0.02 0.3 ± 0.06 0.3 ± 0.03 0.7 ± 0.22 0.4 ± 0.15

20:5n-3 9.8 – 1.03bd 5.0 – 0.18a 8.3 – 0.32bc 15.0 – 3.86fg 15.4 – 3.18fg

22:2n-6 n.d. 2.2 ± 0.15 1.5 ± 0.16 n.d. n.d.

21:5n-3 0.3 ± 0.03 0.2 ± 0.03 0.5 ± 0.07 0.2 ± 0.12 0.4 ± 0.22

22:4n-6 0.8 ± 0.13 1.1 ± 0.11 1.7 ± 0.18 0.5 ± 0.08 0.6 ± 0.31
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Table 3 Mean levels of FA (mol% of total) of P. olivacea, A. crymophila, E. setigera, E. viridis from the Yenisei River, C. plumosus ‘B’ from

Bugach reservoir and C. plumosus ‘C’ from Chistoe lake

Fatty acids Prodiamesa
olivacea

Chironomus
plumosus ‘B’

Chironomus
plumosus ‘C’

Apatania
crymophila

Ephemerella
setigera

Eulimnogammarus
viridis

12:0 0.6 ± 0.09 0.6 ± 0.04 0.8 ± 0.18 0.2 ± 0.04 0.6 ± 0.06 0.3 ± 0.04

14:0 7.7 – 0.46a 6.4 – 0.29a 5.2 – 0.87e 3.6 – 0.23b 4.4 – 0.54be 3.8 – 0.55f

15:0 0.4 ± 0.04 1.2 ± 0.10 0.9 ± 0.22 0.4 ± 0.05 0.5 ± 0.04 0.3 ± 0.05

16:0 18.1 – 0.18bc 18.1 – 0.29bc 17.6 – 1.19bc 21.1 – 0.51b 22.7 – 1.19b 19.0 – 0.80bc

17:0 0.2 ± 0.00 1.1 ± 0.07 1.9 ± 0.23 0.6 ± 0.09 0.8 ± 0.02 0.6 ± 0.15

18:0 2.9 – 0.08ae 6.3 – 0.33d 6.6 – 0.63cd 4.1 – 0.40e 5.1 – 1.69de 2.0 – 0.20a

20:0 0.3 ± 0.05 0.8 ± 0.05 0.9 ± 0.10 0.5 ± 0.08 0.5 ± 0.15 0.1 ± 0.02

22:0 0.1 ± 0.02 0.2 ± 0.02 0.2 ± 0.07 0.3 ± 0.04 0.5 ± 0.24 0.1 ± 0.04

SFA 30.3 ± 0.53 35.0 ± 0.44 34.5 ± 1.54 30.8 ± 0.90 35.2 ± 2.03 26.3 ± 1.05

i-14:0 0.2 ± 0.00 0.2 ± 0.03 0.8 ± 0.19 0.1 ± 0.04 0.1 ± 0.01 0.1 ± 0.01

ai-15:0 0.6 – 0.01bd 1.0 – 0.06bc 3.7 – 1.40a 0.3 – 0.04d 0.6 – 0.05bd 0.3 – 0.04cd

i-15:0 0.2 – 0.04a 0.3 – 0.02a 3.3 – 1.32b 0.1 – 0.03a 0.1 – 0.01a 0.1 – 0.02a

i-15:1n-6 0.1 ± 0.02 0.2 ± 0.02 0.2 ± 0.05 0.1 ± 0.02 tr. 0.1 ± 0.03

i-16:0 0.1 ± 0.02 0.2 ± 0.01 0.4 ± 0.09 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01

ai-17:0 0.2 – 0.03ab 0.3 – 0.02ab 0.5 – 0.08b 0.4 – 0.04ab 0.4 – 0.02ab 0.3 – 0.04ab

i-17:0 0.1 – 0.01ab 0.1 – 0.01ae 0.3 – 0.07be 0.1 – 0.01a 0.1 – 0.02ae 0.1 – 0.03ae

BFA 1.5 ± 0.03 2.3 ± 0.15 9.2 ± 2.86 1.1 ± 0.13 1.4 ± 0.08 1.0 ± 0.15

14:1n-7 0.5 ± 0.12 0.3 ± 0.03 0.8 ± 0.21 0.9 ± 0.23 0.1 ± 0.04 0.1 ± 0.02

16:1n-7 ? n-9 22.5 ± 0.36 14.3 ± 0.94 14.4 ± 1.70 15.1 ± 1.05 11.2 ± 0.34 10.7 ± 0.65

16:1n-5 0.4 ± 0.04 0.9 ± 0.10 0.9 ± 0.27 0.2 ± 0.03 0.3 ± 0.03 0.2 ± 0.02

17:1 0.1 ± 0.02 0.4 ± 0.07 0.9 ± 0.06 0.1 ± 0.02 0.2 ± 0.03 0.2 ± 0.05

18:1n-9 8.7 – 0.97egf 6.6 – 0.24fg 7.3 – 0.53fg 10.6 – 0.73e 13.3 – 1.85d 17.8 – 0.97a

18:1n-7 3.6 – 0.23c 6.5 – 0.43d 6.4 – 0.63bd 1.3 – 0.20a 3.6 – 0.33c 3.2 – 0.18ce

20:1n-11 0.2 – 0.03d tr.d n.d.d n.d.d n.d.d n.d.d

20:1n-9 0.3 – 0.05de 0.2 – 0.02e 0.1 – 0.01ef 0.1 – 0.02e tr.e 0.6 – 0.14d

20:1n-7 0.1 ± 0.02 0.1 ± 0.01 tr. 0.1 ± 0.02 n.d. 0.4 ± 0.11

MUFA 36.5 ± 0.68 29.3 ± 1.13 31.3 ± 2.36 29.4 ± 1.02 29.8 ± 1.55 33.4 ± 1.11

16:2n-7 0.1 ± 0.02 0.2 ± 0.02 n.d. 0.1 ± 0.04 0.1 ± 0.01 0.1 ± 0.03

16:2n-6 0.2 ± 0.03 0.1 ± 0.02 0.2 ± 0.05 0.8 ± 0.11 0.1 ± 0.02 tr.

16:2n-4 3.8 – 0.14a 2.4 – 0.24b 0.6 – 0.25cd 2.2 – 0.18b 2.0 – 0.10bf 1.3 – 0.26df

Table 2 continued

Fatty acids Dendrocoelopsis sp. Dreissena polymorpha Dreissena bugensis Lumbriculus variegatus Tubifex tubifex

22:5n-6 0.1 ± 0.01 5.0 ± 0.33 3.9 ± 0.23 0.2 ± 0.04 0.1 ± 0.14

22:5n-3 8.0 – 1.10a 4.8 – 0.26b 6.4 – 0.39c 1.3 – 0.36ef 1.9 – 0.39fg

22:6n-3 1.8 – 0.37ce 7.2 – 0.32a 7.6 – 0.47a 1.1 – 0.29cd 2.2 – 2.06c

PUFA 36.3 ± 2.25 34.7 ± 1.55 39.3 ± 1.78 37.4 ± 5.59 34.7 ± 4.03

NMI 20:2 n.d. tr. tr. n.d. n.d.

NMI 20:2 n.d. 0.3 ± 0.03 0.3 ± 0.04 n.d. n.d.

NMI 20:2 n.d. tr. 0.1 ± 0.02 n.d. n.d.

NMI 22:2 n.d. 0.5 ± 0.06 0.9 ± 0.10 n.d. n.d.

Fisher LSD tests were calculated for FA indicated in bold for data of both Tables 2 and 3. Values labeled with the same letter are not significantly

different at p \ 0.05 according to the Fisher LSD test

n.d. not detected; tr. trace; NMI nonmethylene interrupted
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comparable with those in some arthropod species, E. seti-

gera, E. viridis, and P. olivacea (Tables 2, 3).

All chironomids had similar dominant PUFA: 20:5n-3,

LNA, ALA, with their levels being markedly different.

Both populations of C. plumosus, ‘B’ and ‘C’, contained

significant levels of LNA (Table 3). In contrast, P. olivacea

was rich in 20:5n-3. In addition, P. olivacea had the highest

level of 16:2n-4; and C. plumosus ‘B’ had the highest level

of 18:4n-3. Studied chironomids were lacking in DHA,

moreover in C. plumosus ‘C’ DHA was not detected at all

(Table 3).

Like in Chironomidae, the dominant PUFA of A. cry-

mophila, E. setigera and E. viridis also comprised 20:5n-3,

ALA and LNA. In addition, these invertebrates had sig-

nificant percentage levels of 18:4n-3 and C16 PUFA,

especially 16:2n-4, 16:3n-4, 16:4n-1. In contrast to most of

the invertebrates, A. crymophila had the highest values of

16:4n-3 and 16:3n-3 (Table 3).

In the invertebrates studied the highest values of n-3/n-6

and DHA/ARA ratios were found in E. viridis and Den-

drocoelopsis sp. (Table 4). A. crymophila and T. tubifex

had comparatively high values of n-3/n-6 ratio and low

values of DHA/ARA. High n-3/n-6 ratios were found in

E. setigera and P. olivacea however, DHA/ARA ratios

were very low in these species (Table 4). In both mollusks,

n-3/n-6 ratios were similar to DHA/ARA ratios. In samples

of C. plumosus ‘B’ and ‘C’ both ratios were very low

(Table 4).

Using correspondence analysis, the zoobenthic inverte-

brates studied were represented in a two-dimensional space

according to their levels (mol% of the total) of prominent

fatty acids (Fig. 2). The first dimension explained 51.65%

of inertia (of total Chi-square value) of the data set, and the

second dimension reproduced 13.34%. Chi-square values

for both dimensions and the total Chi-square were signifi-

cant (p \ 0.0001). The first dimension (Fig. 2) demon-

strated large differences between mollusks on the one hand

and larvae of insects on the other. E. viridis and worms had

an intermediate position. These positions of invertebrates

in the first dimension were provided mostly by difference

in their levels of 22:5n-6 and 20:1n-11 on the one hand and

16:4n-3, 16:2n-4, LNA and ALA on the other. The second

dimension, although comparatively less substantial was

also significant, indicating that the largest differences

between C. plumosus and A. crymophila with E. setigera is

primary due to LNA and 16:4n-3. P. olivacea had an

intermediate position. Besides, the second dimension

demonstrated differences between T. tubifex, L. variegatus

and E. viridis, Dendrocoelopsis sp. provided mostly by the

difference in their levels of 15:0 and 18:1n-9 (Fig. 2). Note,

none of each studied species showed evident seasonal

tendencies in the two-dimensional space. For example,

Table 3 continued

Fatty acids Prodiamesa
olivacea

Chironomus
plumosus ‘B’

Chironomus
plumosus ‘C’

Apatania
crymophila

Ephemerella
setigera

Eulimnogammarus
viridis

16:3n-6 n.d. 0.1 ± 0.01 n.d. 0.3 ± 0.06 n.d. n.d.

16:3n-4 0.7 – 0.15bcf 1.3 – 0.20cd 0.2 – 0.07ab 1.4 – 0.18c 1.2 – 0.15cef 1.1 – 0.20cef

16:3n-3 0.8 – 0.03d 0.1 – 0.04d 0.3 – 0.06d 1.7 – 0.26a 0.7 – 0.19bd 0.4 – 0.11bd

16:4n-3 0.2 – 0.04b 0.3 – 0.03b tr.b 4.0 – 0.35a 0.5 – 0.21b 0.4 – 0.12b

16:4n-1 0.3 – 0.18ac 0.9 – 0.12bc n.d.a 1.2 – 0.13b 0.6 – 0.12ab 1.3 – 0.34b

LNA 4.4 – 0.76dfi 10.9 – 0.55a 9.4 – 0.27b 3.4 – 0.27fg 3.2 – 0.66dfi 2.5 – 0.30egi

18:2n-4 0.5 ± 0.25 n.d. 0.2 ± 0.05 tr. 0.4 ± 0.04 0.3 ± 0.04

18:3n-6 0.8 ± 0.11 0.3 ± 0.01 0.3 ± 0.04 0.3 ± 0.04 0.5 ± 0.04 0.3 ± 0.02

ALA 3.1 – 0.45bd 4.7 – 0.50b 8.5 – 1.64a 10.4 – 0.75a 10.0 – 1.38a 2.8 – 0.40bd

18:4n-3 1.4 – 0.07bc 2.8 – 0.24a 0.5 – 0.07cf 2.1 – 0.31b 0.9 – 0.13cdg 1.7 – 0.46bd

20:2n-6 tr.d tr.d tr.d tr.d n.d.d 0.7 – 0.06c

20:3n-6 0.1 ± 0.01 tr. n.d. 0.1 ± 0.01 0.2 ± 0.05 0.2 ± 0.03

20:4n-6 0.6 – 0.03beg 1.0 – 0.07ef 1.4 – 0.14dfg 0.6 – 0.05b 1.3 – 0.12bde 1.5 – 0.25df

20:3n-3 0.1 ± 0.01 tr. n.d. 0.1 ± 0.01 0.1 ± 0.03 0.6 ± 0.06

20:4n-3 0.3 ± 0.12 0.2 ± 0.01 n.d. 0.2 ± 0.02 0.1 ± 0.01 0.4 ± 0.05

20:5n-3 13.7 – 1.10fg 8.0 – 0.63b 3.5 – 0.54a 8.7 – 0.57bc 11.3 – 1.38cdf 16.5 – 1.03g

22:5n-6 n.d. n.d. n.d. tr. tr. 0.3 ± 0.10

22:5n-3 0.3 – 0.12deg tr.d n.d.de 0.1 – 0.04de 0.1 – 0.03deh 1.5 – 0.21fgh

22:6n-3 0.1 – 0.08de 0.1 – 0.04d n.d.d 0.2 – 0.04d 0.1 – 0.07de 4.9 – 1.11b

PUFA 31.7 ± 0.86 33.5 ± 1.13 25.1 ± 2.21 38.7 ± 1.18 33.7 ± 2.33 39.3 ± 0.91

Designations are the same as in Table 2
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samples of C. plumosus collected in May, July and August

were close to each other, while all samples of C. plumosus

collected in August, were distant. The samples of A. cry-

mophila collected in different seasons, such as February,

August and November, were closer than the samples of

winter months (Fig. 2).

To find differences in percentages of the essential and

quantitatively valuable FA between large phylogenetic

groups, such as Classes, we performed Tukey HSD test

(Table 5). The mean levels of all eight tested FA were

different among the groups. Bivalvia were markedly high

in 16:0, while Crustacea and Turbellaria showed the sig-

nificantly high levels of 18:1n-9. The highest level of LNA

and ALA was found in Insecta. Oligochaeta and Bivalvia

were rich in ARA, while the former group and Crustacea

were rich in EPA. C22 n-3 PUFA were highly variable,

being the most prominent in Bivalvia, Turbellaria and

Crustacea (Table 5).

Discussion

We found that the FA content and composition of the

studied benthic invertebrates differed significantly. Levels

of essential PUFA, EPA and DHA, in the species varied by

more than an order of magnitude (Tables 2, 3). Some
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Fig. 2 Results of

correspondence analysis of

zoobenthic invertebrates and

fatty acids (mol% of the total)

represented in a two-

dimensional space reproduced

65% of total inertia.

Lv: L. variegatus, Tt: T. tubifex,

DrP: D. polymorpha,

DrB: D. bugensis,

Ac: A. crymophila,

Ev: E. viridis,

Dsp: Dendrocoelopsis sp.,

Es: E. setigera, Po: P. olivacea,

ChC: C. plumosus from Chistoe

lake, ChB: C. plumosus from

Bugach reservoir. The numbers
indicate the months of sampling

dates, e.g. 05 May, 08 August,

11 November. The FA which

provided the major part of total

inertia for axes D1 and D2 are

circled
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authors emphasized the importance of n-3/n-6 and DHA/

ARA ratios in zoobenthos because higher aquatic con-

sumers, fish, need food with optimal FA ratios to achieve

high rates of growth and reproduction and to optimize

immune functioning [11, 38]. Some data collected from the

literature showed that n-3/n-6 and DHA/ARA ratios in the

fish food should be at least 2–3 and [0, respectively, i.e.

some ARA are also needed to give good growth and

reproduction [11]. In addition, the ratio values depend on

trophic positions of fish, e.g., n-3/n-6 and DHA/ARA ratios

in the carnivorous-benthivorous freshwater fish were 3.8

and 4.8, respectively, while for carnivorous-piscivorous

fish the ratios were 2.6 and 2.7, respectively [11]. In the

Yenisei River, the habitat for seven of the studied inver-

tebrates, one of the most abundant fish species is Siberian

grayling Thymallus arcticus (Pallas) which is benthivorous

during most of its life stages. The ratios of n-3/n-6

and DHA/ARA in Thymallus arcticus are 9.4 and 5.5,

respectively [39]. These ratios in Thymallus arcticus are

markedly higher in comparison with those in other car-

nivorous-benthivorous freshwater fish species described by

Ahlgren and colleagues [11].

Considering the food quality for the dominant fish

Thymallus arcticus, the ratios in E. viridis and Dendro-

coelopsis sp. are the most optimal. The larvae of A. cry-

mophila, E. setigera, P. olivacea and oligochaete T. tubifex

are of good nutritional quality in respect to the n-3/n-6

ratio, but their DHA/ARA ratios are lower than required

(Table 4). Thus, the zoobenthic species from the Yenisei

River are of variable food quality in respect to the fatty

acid ratios.

In the Bugach reservoir, the habitat for C. plumosus, the

most abundant benthivorous fish is Carassius auratus

gibelio (Bloch). The mean ratios in C. auratus are 3.3 and

3.9, respectively (Sushchik and Makhutova, unpublished

data). In contrast to the fish, C. plumosus had very low

ratios, as a result, it was of low food quality for the pop-

ulation of crucian carp. Note that crucian carp of the

Bugach reservoir had comparatively lower FA ratios than

found in other benthivorous species [11] probably due to

the food being of low biochemical quality.

We compared n-3/n-6 and DHA/ARA ratios of the

studied invertebrates with available data. On average, n-3/

n-6 ratios of chironomids were reported to vary from 1 to 3

[29, 30, 40]. Three chironomids studied in the present work

were from different water bodies and showed differences in

n-3/n-6 ratio. Both populations of C. plumosus inhabited

black silts and had a relatively low n-3/n-6 ratio, within

1–2, while the population of P. olivacea, inhabited a river

site rich in epilithic biofilms, had significantly higher value,

[3. Hence, C. plumosus showed an n-3/n-6 ratio close to

the range reported in the literature, while riverine P. oliv-

acea was enriched in n-3 PUFA.

The studied oligochaetes and larvae of Trichoptera and

Ephemeroptera had ratios very similar to the literature data

[29, 30, 40–42].

Many researchers reported n-3/n-6 and DHA/ARA

ratios in Gammaridae as 1–3 and B1, respectively [29, 32,

34, 41, 43, 44]. These values were significantly lower than

those for the gammarids in the present study (Table 4). It is

noteworthy that the studied E. viridis had n-3/n-6

and DHA/ARA ratios similar to those of predatory Mysis

relicta [45].

There are many data on the FA composition of various

taxa of mollusks, except for the dreissenids. The FA

composition of mollusks is highly variable. Some repre-

sentatives of mollusks, especially bivalves, have high

levels of EPA and DHA [46–49], while others, especially

gastropods, have high values of n-6 PUFA, 22:4n-6,

20:4n-6 and LNA [50, 51]. The mussels of D. polymorpha

and D. bugensis in the present study were rich both in n-3

and n-6 C20-22 PUFA (Table 2). The bivalve mollusk

Potamocorbula amurensis had the ratios similar to those

in the studied dreissenids, n-3/n-6 ca. 2.5 and DHA/ARA

ca. 2 [46].

The data on the FA composition of planarians are

scarce. The only paper that describes the FA composition

of phospholipids in the planarian Dugesia anceps is

Ref.[52]. Both planarians, D. anceps studied by Politi and

colleagues [52], and Dendrocoelopsis sp., studied in the

present work, were characterized by unusually high levels

of 22:5n-3. The level of this acid in the studied

Table 5 Tukey HSD test on mean FA levels (mol% of the total) in groups of zoobenthic invertebrates combined as described in the text

(‘‘Materials and Methods’’, ‘‘Statistical Analysis’’)

Taxa 16:0 18:1n-9 LNA ALA 20:4n-6 20:5n-3 22:5n-3 22:6n-3 N

Insecta 19.4 ± 0.69a 8.7 ± 0.37a 7.1 ± 0.43a 7.5 ± 0.41a 0.9 ± 0.09a 8.3 ± 0.45a 0.1 ± 0.17a 0.1 ± 0.18a 49

Oligochaeta 14.5 ± 1.84a 6.1 ± 0.97a 4.1 ± 1.14ab 2.9 ± 1.09b 2.3 ± 0.24b 15.2 ± 1.19b 1.6 ± 0.44b 1.6 ± 0.47b 7

Crustacea 19.0 ± 1.98a 17.8 ± 1.05b 2.5 ± 1.23b 2.8 ± 1.18b 1.5 ± 0.26ab 16.5 ± 1.29b 1.5 ± 0.47b 4.9 ± 0.51c 6

Turbellaria 17.7 ± 1.84a 16.8 ± 0.97b 2.4 ± 1.14b 4.6 ± 1.09ab 0.6 ± 0.24a 9.8 ± 1.19a 8.0 ± 0.44c 1.8 ± 0.47b 7

Bivalvia 31.7 ± 0.87b 2.8 ± 0.46c 1.0 ± 0.54b 1.4 ± 0.52b 5.1 ± 0.11c 6.7 ± 0.57a 5.6 ± 0.21d 7.4 ± 0.23d 16

Cells in a row labeled with the same letter are not significantly different at p \ 0.05
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Dendrocoelopsis sp. was close to 20:5n-3, and it was 2–10

times higher than that of 22:6n-3 (Table 2). In contrast to

the species studied in the present work, D. anceps had

significant levels of n-6 PUFA, 20:4n-6, LNA and 22:5n-6

[52]. Ratios of n-3/n-6 and DHA/ARA in phospholipids of

D. anceps were much lower than those in Dendrocoelopsis

sp.

We used FA trophic markers to elucidate nutritional

preferences of the studied invertebrates. We considered

increased levels of C16 PUFA of n-1, n-4, n-7 family and

20:5n-3 in biomass of the animals as markers of con-

sumption of diatoms. P. olivacea, A. crymophila, E. seti-

gera, C. plumosus ‘B’ and E. viridis accumulated C16

PUFA of n-1, n-4, n-7 family and 20:5n-3, therefore, a

significant part of their diet probably comprises diatoms.

Diatoms were also present in diets of Dendrocoelopsis sp.

and L. variegatus, but in comparatively lower proportions.

High levels of C16 and C18 PUFA of n-3 and n-6 family in

A. crymophila, both C. plumosus populations and E. seti-

gera indicated that green algae and cyanobacteria were

probably abundant in their diets. Hence, A. crymophila,

E. setigera and C. plumosus ‘B’ probably had a mixed diet.

High levels of bacterial FA and C18–22 SFA was found in

deposit-feeding C. plumosus ‘C’, T. tubifex and L. var-

iegatus, indicating that detritus composed a significant

part of their diets. Content of DHA and ratios of 18:1n-9/

18:1n-7 and PUFA/SFA were reported to be high in car-

nivorous species [53–55]. Thus, E. viridis, which contained

the highest value of DHA and the highest 18:1n-9/18:1n-7

and PUFA/SFA ratios among the studied benthic inverte-

brates, seemed to be partly a carnivore. In spite of the

above-mentioned ratios in Dendrocoelopsis sp. being

moderate, planarians are known to be carnivores [56, 57].

We suppose that benthic organisms have variable

requirements in dietary FA, essentially determined by

genetic and metabolic factors. To meet such requirements,

most zoobenthic species need to feed selectively and to

have the capacity to selectively retain and (or) convert

dietary FA, which is reflected in the FA composition of

their bodies.

Some authors have discussed different feeding strategies

of zoobenthic species, as detritivorous, omnivorous, car-

nivorous [e.g. 33, 54]. Using the canonical correspondence

analysis we obtained evidence that feeding strategy can be

of importance to predetermine the fatty acid profile of a

zoobenthic species, however, the phylogenetic position of a

species is a more powerful factor which results in close FA

composition even if taxonomically close species or popu-

lations inhabit different places. We initially suggested that

a seasonal variation within each invertebrate’s species

composition is a very important factor. However, most

species formed distinct groups in the two-dimensional

space of the multivariate analysis. Note that these groups

comprised samples of the same species taken in various

seasonal periods (Table 1). One can easily see that phy-

logenetic differences were much larger than seasonal ones

(Fig. 2). Thus, the seasonal variations in the FA composi-

tion of the zoobenthos were obviously a factor of second-

ary importance.

In correspondence analysis of the FA composition, we

found large differences among mollusks, larvae of insects,

and worms. However, samples of the crustacean E. viridis

and the planarian Dendrocoelopsis sp. are very close to

each other (Fig. 2). Although these species are very phy-

logenetically distant (Fig. 1), they both feed like carni-

vores, at least partly.

D. polymorpha and D. bugensis differ from other species

by feeding strategy (filter feeders) and taxonomic position

(particular phylum), and they were sampled from another

water body. As a result, all samples of dreissenids formed

the group that was the most distant from others (Fig. 2).

A. crymophila and E. setigera, which formed a joint group,

belonged to the same class Insecta (Figs. 1, 2). In addition,

they inhabited the same site (Table 1). Note that samples of

the two populations of the chironomid C. plumosus,

although taken in waters from geographically very distant

regions, formed a joint group, too. Obviously, populations

of the same species have the close metabolic processes

including FA biosynthesis and conversion capacity of

dietary FA. Alternatively, C. plumosus has selective feed-

ing [4] and thereby might have the same feeding spectrum

even in different water bodies. Nevertheless, we consider

the phylogenetic proximity as a factor that mostly deter-

mines similarity in FA profiles of the two different popu-

lations of C. plumosus. Another species of chironomids,

P. olivacea, inhabitant of the river, formed a small separate

group (Fig. 2).

Oligochaetes, L. variegatus and T. tubifex, showed

variable levels of most FA, therefore, they were the only

phylogenetic group that did not show a clear trend in the

multidimensional analysis (Fig. 2). This finding is probably

explained by the feeding strategy of the Oligochaetes. Due

to detritivorous feeding, their diet might change strongly

during the studied period, and FA profiles of their bodies

reflected this variation in the diet.

It is important to note that positions of C. plumosus,

P. olivacea, and A. crymophila with E. setigera were rather

close to each other in the first dimension, which explained

the major part of the total inertia (Fig. 2). All of these

species are of the same class, Insecta, but were sampled

from different water bodies (the Yenisei River, the Chistoe

lake and the Bugach reservoir). Moreover, their feeding

strategies are variable. Therefore, the FA profiles of the

studied species of Insecta were likely primarily dependent

on the genetically predetermined FA metabolism rather

than on the biochemical composition of their diet.
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Besides the differences in FA profiles between the par-

ticular species studied, we revealed significant variation in

the mean levels of essential PUFA for large taxa which

joined several species (Table 5). It is interesting to remark

that C22 n-3 PUFA are depleted in the phylogenetically

advanced group, Insecta, compared to that in worms, mol-

lusks and crustaceans. It is well known that DHA is crucial

for nervous system functioning [9] and enriched in neural

tissues of highly organized animals. It is surprising that the

larvae of Insecta which have a rather well-developed ner-

vous system and complicated behavior do not evidently

possess a mechanism for accumulating C22 n-3 PUFA.

In general, the fatty acid content and composition of the

studied zoobenthic species significantly differed, including

the essential PUFA and the FA ratios which are important

factors of biochemical food quality for fish. E. viridis

(Crustacea, Gammaridae) and Dendrocoelopsis sp. (Tur-

bellaria) were of the highest nutritional value for carnivo-

rous-benthivorous fish. Answering the initially formulated

questions we can conclude that: (1) most phylogenetically

close species inhabiting the same water body have similar

fatty acid spectra; (2) the populations of the same species

inhabiting different water bodies, e.g., the populations of

C. plumosus, may have similar fatty acid composition; (3)

just as trophic strategies, phylogenetic factors seem to be

the important determinants of fatty acid profiles in benthic

invertebrates.
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Abstract The neutral and polar lipids of the Galatheidae

vent crab, Shinkaia crosnieri, with its eggs were studied to

assess its lipid physiology and trophic relationship at

hydrothermal vents. The vent crab obtained many of its

lipids from Bathymodiolus mussels and chemosynthetic

microorganisms which live on a mat of long, silky setae on

the crab body as exosymbionts. In all lipid classes, the

major monounsaturated fatty acids were 16:1n-7 and

18:1n-7, which originate from bacteria. The major poly-

unsaturated fatty acids (PUFA) in the triacylglycerols were

16:2n-4, 18:2n-4, 18:2n-7, 18:3n-4,7,10, and 16:2n-3,

while those of the crab polar lipids were 16:2n-4, 18:2n-4,

18:3n-4,7,10, 20:4n-6 (arachidonic acid), 20:5n-3 (icosa-

pentaenoic acid), and 22:6n-3 (docosahexaenoic acid) in

the phosphatidylethanolamine, and 16:2n-4, 18:2n-4, and

18:3n-4,7,10, with noticeable levels of 20:4n-6, 20:5n-3,

and 22:6n-3 in the phosphatidylcholine. In the crab and its

eggs, TAG and phospholipid PUFA consisted primarily of

n-4 family (n-4 and n-7) methylene-interrupted PUFA with

n-3 and n-6 PUFA. The unique fatty acid composition mix

of n-3, n-4, and n-6 PUFA in S. crosnieri lipids suggests

the vent crab utilizing chemosynthetic bacteria, which

produce both unusual n-4 and normal n-3 and n-6 PUFA.

Such unique fatty acid composition differs from that

reported for other common marine animals, which depend

on organic matter derived from phytoplankton lipids.

Keywords Chemoecology � Chemosynthesis �
Food chain � Geothermal energy � Hydrothermal vents �
Polyunsaturated fatty acids � Symbiotic microorganisms

Abbreviations

ARA Arachidonic acid

DHA Docosahexaenoic acid

DMA Dimethylacetals

DMOX 4,4-Dimethyloxazoline

EPA (E)icosapentaenoic acid

GC–MS Gas chromatography–mass spectrometry

MUFA Monounsaturated fatty acid

NMR Nuclear magnetic resonance

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PUFA Polyunsaturated fatty acids

TAG Triacylglycerols

TFA Total fatty acids

Introduction

All marine animals contain n-3 polyunsaturated fatty acids

(PUFA), which originate from both phytoplankton and

symbiotic microorganisms, depending on solar energy [1],

and from unique deep-sea barophilic bacteria [2, 3]. In

particular, marine animals contain high levels of long-

chain n-3 PUFA, such as docosahexaenoic acid (DHA,

22:6n-3) and icosapentaenoic acid (EPA, 20:5n-3), in both

their depot and tissue lipids [1, 4]. Similarly, n-6 PUFA,

such as linoleic acid (LA, 18:2n-6) and arachidonic acid

(ARA, 20:4n-6), are generally vital for terrestrial animals

[5, 6]. Either n-3 or n-6 PUFA usually dominate in marine

or terrestrial animals, especially in their cell membrane

phospholipids.

In the deep sea, many nutritional constituents are pro-

vided by the fall of organic matter from the surface (the

detrital food chain) and vertical migrations of both
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zooplankton and micronekton (the grazing food chain) [7].

Not only do all marine animals in the upper water layers

gain nutrition through the marine grazing food chain, but

also benthic animals involved in the detrital food chain on

or near the ocean bottom in some communities are indi-

rectly supported by surface phytoplankton [1, 8].

However, in previous papers [9, 10], several novel

unusual n-4 family PUFA (n-1, n-4, and n-7 non-methy-

lene-interrupted PUFA and n-4 and n-7 methylene-inter-

rupted PUFA) were observed in the lipids of vent bivalves

(Calyptogena clams and Bathymodiolus mussels). Both

vent Vesicomyidae clams (Bivalvia, Veneroida, genera

Vesicomya and Calyptogena) and Bathymodiolus mussels

(Bivalvia, Mytiloida, Mytilidae) are important members of

the community that are supported by chemosynthetic bac-

teria [11–13]. Their major PUFA consist of only the n-4

family PUFA and were completely lacking in n-3 and n-6

PUFA [9, 10]. They assimilate the products and energy

from chemosynthetic symbionts [14–16], which use only

geothermal energy and minerals from the vents. The che-

mosynthetic bacteria essential for these communities must

use geothermal energy and nutrients originating from the

vents, and be independent of food sources originating from

photosynthesis [9, 11, 17].

In deep-sea hydrothermal vents, crustaceans were also

found as other important members of the community

(Figs. 1, 2, 3). Vent Galatheidae crab, Shinkaia crosnieri

Baba and Williams [18], is a typical member and feeds on

polychaetes and ‘‘culture’’ filamentous bacteria on their

abdominal surface [19, 20]. Its phylogeny has begun to be

studied [21], but there is no information on the chemical

components and trophic relationship between the crab and

its symbionts. Although isolation and cultivation of

symbiotic marine microorganisms from their hosts is very

difficult, particularly in vent organisms, we are able to

know their lipid physiology by studying the host lipids,

which reflect those of the symbionts. In the present paper,

the fatty acids of the lipids in the crab, which were sampled

near hydrothermal vents on the Iheya Ridge, Mid-Okinawa

Trough (at a depth of 1,005 m), were analyzed to deter-

mine trophic relationships at hydrothermal vents.

Materials and Methods

Materials

Specimens of the crab Shinkaia crosnieri, were collected

during a survey by the submersible Shinkai 2000, which

belongs to the Japan Marine Science and Technology

Center, at a depth of 1,005 m at 27�470N and 126�540E on

Fig. 1 Shinkaia crosnieri Baba and Williams, 1998, sampled by the

submersible Shinkai 2000, 115 mm, dorsal view. It bears Beggiatoa-

type filamentous bacteria on abdominal surface. After measurements

of body length and weight of S. crosnieri, the body (whole body with

filamentous epibiotic bacteria) and eggs were separated

Fig. 2 The sampling site of S. crosnieri. The deep-sea crab was

caught at the hydrothermal vents at the depth of 1,047 m at 27�470N
and 126�540E on the Iheya Ridge, Mid Okinawa Trough in the East

China Sea on May 12, 1999 (No. 1097 dive for the submersible

‘‘Shinkai 2000’’ belonging to the Japan Marine Science and Tech-

nology Center)

Fig. 3 The swarm of the vent crab on the colony of the mussel

B. platifrons at the hydrothermal vents on the Iheya Ridge
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the Iheya Ridge of the East China Sea. The specimens are

described in detail in Table 1 (Figs. 1, 2, 3). The mor-

phological data of the specimens are presented in Fig. 1.

A total of 32 specimens (mean weight: 23.4 ± 1.4 g) was

collected, out of which 15 randomly selected specimens

(sample No. 1; mean length: 35.8 ± 1.6 cm, mean width:

49.6 ± 2.3 cm, mean weight: 37.3 ± 4.9 g in Table 1)

were considered for lipid analysis. Two female specimens

(sample No. 2; mean length: 29.5 ± 1.5 cm, mean width:

42.5 ± 0.5 cm, mean weight: 19.7 ± 0.1 g in Table 1)

laden with eggs were also analyzed. After measurements of

body length and weight of S. crosnieri, the eggs were

separated from the bodies.

Lipid Extraction and Analysis of Lipid Classes

Each specimen (whole body with filamentous epibiotic

bacteria) was immersed in a reagent mixture containing

chloroform and methanol (2:1, v/v) after the biological

data were measured. The lipids of the specimens were

individually analyzed. Briefly, each sample (samples No. 1

and 2 in Tables 1, 2) was homogenized in the same reagent

mixture as described above, and the crude lipid of each

homogenized sample was extracted according to the Folch

extraction procedure [22]. The eggs (sample No. 3 in

Table 2), which were carried outside by the two female

crabs, were also individually extracted by the same kinds

of solvents.

The extracted crude lipids were individually separated

into classes on silicic acid columns (Merck and Co. Ltd.,

Kieselgel 60, 70–230 mesh) and a quantitative analysis of

the lipid constituents was performed using gravimetric

analysis of the fractions collected from column chroma-

tography [23]. The first eluate (dichloromethane/n-hexane,

2:3, v/v: first fraction) was collected as steryl ester, wax

ester, and diacylglyceryl ether fractions. This was followed

by dichloromethane (second fraction) which eluted the

triacylglycerols (TAG) and dichloromethane/ether (35:1,

v/v: third fraction) which eluted the sterols. Dichlorometh-

ane/ether (9:1, v/v: fourth fraction) eluted the diacylglyce-

rols; dichloromethane/methanol (9:1, v/v: fifth fraction)

eluted the free fatty acids; dichloromethane/methanol (1:5,

v/v: sixth fraction) eluted the phosphatidylethanolamine

(PE); dichloromethane/methanol (1:20,v/v: seventh frac-

tion) eluted the ceramide aminoethyl phosphonate with

other minor phospholipids; and dichloromethane/methanol

(1:50, v/v: eighth fraction) eluted phosphatidylcholine (PC).

The lipid classes from each lipid fraction were identified

by comparison of the retention (Rf) values of standards

using plate thin-layer chromatography (Merck & Co. Ltd.,

Kieselgel 60, thickness of silica gel: 0.25 mm) for analysis.

All lipids were dried under argon at room temperature and

stored at -40 �C. T
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Nuclear Magnetic Resonance Spectrometry

and Determination of Lipid Classes

Spectra were recorded on a GSX-270 nuclear magnetic

resonance (NMR) spectrometer (JEOL Co. Ltd., Tokyo,

Japan) in pulsed Fourier transform mode at 270 MHz in a

deuterochloroform solution using tetramethylsilane as the

internal standard. Some fractions often contained several

classes. For example, the first fraction contained wax

esters, diacylglyceryl ethers, and steryl esters. The molar

ratios of these classes were determined by quantitative

analysis of the NMR results using characteristic peaks [9].

In NMR, the amount of wax esters was obtained by the

total amount of combined integrations of the triplet peaks

(from 3.90 to 4.20 ppm) as the two protons at the ester

alcohol, that of diacylglyceryl ethers was obtained by that

of the singlet peak (3.50–3.80 ppm) as the two ether pro-

tons linked with glycerol carbons, and that of steryl esters

was obtained by that of multiplet peaks (4.30–4.80 ppm) as

one proton at the carbon linked esterified C-3 alcohol of the

sterols. The actual ratios of the wax esters, diacylglyceryl

ethers, and steryl esters in the first fraction were deter-

mined as the respective integration divided by the sum of

total integrations of the three combined peaks from 3.50 to

4.80 ppm. The actual weight of each class was obtained by

calculating the ratio and multiplying by the total weight of

the first fraction. Similarly, the third fraction sometimes

contained TAG and sterols, which have two characteristic

peaks: for TAG (3.90–4.40 ppm), an octet-like peak for

four protons, and for sterols (3.40–3.60 ppm), a multiplet

peak for one proton. The actual weight of the TAG and

sterols in the third fraction was obtained by calculating the

integration of the divided respective peak and multiplying

it by the total weight of the third fraction [9].

Preparation of Methyl Esters and Gas–Liquid

Chromatography Analysis

Individual components of TAG, PE, and PC fractions were

converted into fatty acid methyl esters by direct transe-

sterification with methanol containing 1% concentrated

hydrochloric acid under reflux for 1.5 h. The methyl esters

were purified using silica gel column chromatography by

elution with dichloromethane/n-hexane (2/1, v/v) [23].

The compositions of the fatty acid methyl esters were

determined by gas–liquid chromatography. Analysis was

performed on a Shimadzu GC-8A (Shimadzu Seisakusho

Co. Ltd., Kyoto, Japan) and HP-5890 series II (Hewlett

Packard Co. Ltd., Yokogawa Electric Corporation, Tokyo,

Japan) using gas chromatographs equipped with an

Omegawax 250 fused silica capillary column (30 m 9

0.25 mm i.d.; 0.25-lm film, Supelco Japan Co. Ltd., Tokyo,

Japan). The temperatures of the injector and the column were

held at 230 and 215 �C, respectively, and the split ratio was

1:76. Helium was used as the carrier gas at a constant inlet

rate of 0.7 mL/min. PE contained noticeable levels of plas-

malogen-type PE [23, 24] and significant levels of dime-

thylacetals (DMA), such as DMA 18:0, were included in the

fatty acid composition of PE (Fig. 4). The theoretical values

of the fatty acid composition were obtained by deleting the

DMA from the total fatty acids (TFA) of PE. After this

treatment, we expressed the PE so as to provide a more

correctable form in Table 3.

Quantitation of the components was performed by Shi-

madzu Model C-R3A (Shimadzu Seisakusho Co. Ltd.,

Kyoto, Japan) and HP ChemStation System (A. 06 revi-

sion, Hewlett Packard Co. Ltd., Yokogawa Electric Cor-

poration, Tokyo, Japan) electronic integrators.

Preparation of 4,4-Dimethyloxazoline Derivatives

(DMOX) and Analysis of DMOX by Gas

Chromatography–Mass Spectrometry

DMOX derivatives were prepared by adding an excess

amount of 2-amino-2-methyl propanol (1 mL) to a small

amount of fatty acid methyl esters (10.0 mg) in a test tube

under an argon atmosphere. The mixture was heated at

180 �C for 18 h. The reaction mixture was cooled and

poured into saturated brine and extracted with n-hexane

(3 times). The pooled n-hexane extract was washed with

saturated brine and dried over anhydrous sodium sulfate.

The solvent was removed under reduced pressure and the

samples were again dissolved in n-hexane for analysis by

gas chromatography–mass spectrometry (GC–MS) [23, 25].

Analysis of the DMOX derivatives was performed on a

HP G1800C GCD Series II (Hewlett Packard Co. Ltd.,

Yokogawa Electric Corporation, Tokyo, Japan) GC–MS

equipped with the same capillary column for determining

the respective fatty acids with the HP WS (HP Kayak

XA, G1701BA version, PC workstation). The tempera-

tures of the injector and the column were held at 230 and

215 �C, respectively. The split ratio was 1:75, and the

ionization voltage was 70 eV. Helium was used as the

carrier gas at a constant inlet rate of 0.7 mL/min. Fatty

acid methyl esters were simultaneously analyzed by

GC–MS and identified by comparison to the mass spectral

data obtained by GC–MS. The author did not check the

quantification of the fatty acid methyl esters by the

internal standards.

Structural Elucidation of the DMOX Derivatives

of the Fatty Acids in S. crosnieri Lipids

Representative chromatograms of the DMOX derivatives

of the S. crosnieri lipids and the MS charts of the major

fatty acids are displayed in Figs. 4, 5, 6, 7, 8, 9. Each MS
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spectrum was obtained every 0.009 min (Figs. 4, 5, 6, 7,

8, 9). For example, a spectrum at 18.283 min (Scan No.

1814 in Fig. 10) is one of the representative spectra of

20:5n-3 (D5,8,11,14,17–20:5) because 20:5n-3 was

detected near 18.33 min as one peak in the chromatogram

(Fig. 4) of DMOX derivatives of the crab lipids; more

than 35 spectra (M?-355) were obtained by scanning the

peak (18.15–18.50 min).

In Fig. 5 (5.185 min, Scan No. 352), MS peaks of a

DMOX derivative of 16:2n-4,7 are M?-305, 290, 276, 262,

248, 236, 222, 208, 196, 182, 168, 154, 140, 126, 113 (base

peak) and two pairs of the peaks (M-248/M-236 and

M-208/M-196) are, respectively, reflected by two double

bonds: D-12 (n-4) and D-9 (n-7). In Fig. 6 (8.509 min,

Scan No. 723), MS peaks of a DMOX derivative of 18:2n-

4,7 are M?-333, 318, 304, 290, 276, 264, 250, 236, 224,

210, 196, 182, 168, 154, 140, 126, 113 (base peak) and two

pairs of the peaks (M-276/M-264 and M-236/M-224) are,

respectively, reflected by two double bonds: D-14 (n-4) and

D-11 (n-7). In Fig. 7 (9.055 min, Scan No. 784), MS peaks

of a DMOX derivative of 18:3n-4,7,10 are M?-331, 316,

302, 288, 274, 262, 248, 234, 222, 208, 194, 182, 168, 154,

140, 126, 113 (base peak) and three pairs of the peaks (M-

274/M-262, M-234/M-222, and M-194/M-182) are,

respectively, reflected by three double bonds: D-14 (n-4),

D-11 (n-7) and D-8 (n-10). In Fig. 8 (5.355 min, Scan No.

371), MS peaks of a DMOX derivative of 16:2n-3,6 are

M?-305, 290, 276, 262, 250, 236, 222, 210, 196, 182, 168,

Fig. 4 The chromatogram of

the DMOX derivatives of the

fatty acids in S. crosnieri lipids.

Analysis of the DMOX

derivatives was performed on a

HP G1800C GCD Series II gas

chromatograph mass

spectrometer equipped with an

Omegawax-250 fused silica

capillary column with the HP

WS (HP Kayak XA, G1701BA

version, personal computer

workstations). The temperatures

of the injector and the column

were held at 230 and 215 �C,

respectively. The split ratio was

1:75, and the ionization voltage

was 70 eV, respectively.

Helium was used as the carrier

gas at a constant inlet rate of

0.7 mL/min. Each MS spectrum

was obtained by every

0.009 min
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154, 140, 126, 113 (base peak) and two pairs of peaks

(M-262/M-250 and M-222/M-210) are, respectively,

reflected by two double bonds: D-13 (n-3) and D-10 (n-6).

In Fig. 9 (9.494 min, Scan No. 833), the MS peaks of a

DMOX derivative of 18:4n-4,7,10,13 are M?-329, 314,

300, 286, 272, 260, 246, 232, 220, 206, 192, 180, 166, 153,

136, 126, 113 (base peak) and three pairs of the peaks

(M-272/M-260, M-232/M-220, and M-192/M-180) are,

respectively, reflected by three double bonds: D-14 (n-4),

D-11 (n-7) and D-8 (n-10): a pair of the peak (M-153/

M-136) shows a D-5 (n-13) double bond. This is the same

as the authentic n-3 PUFA in Christie’s home page [26]

and n-4 PUFA [10].

Statistical Analyses

Two to 15 experimental replications were completed for

each lipid class. For all samples of fatty acids analyzed by

GLC, four to 39 replications were completed. Significant

mean differences were determined using Student’s t test at

a significance level of p \ 0.05.

Results

Lipid Content and Classes of S. crosnieri

The lipid content of female S. crosnieri, which was

laden with eggs, was relatively high (sample No. 2,

1.3 ± 0.7%, Table 2) in comparison to those of both

sexes (sample No. 1, 0.8 ± 0.1%, Table 2). Furthermore,

the lipid content of S. crosnieri eggs was very high

(sample No. 3, 53.4 ± 0.2%, Table 2). The lipids of the

bodies and eggs (samples No. 1–3) contained a high

level of neutral lipids (mainly TAG, 46.1–58.9%) with

noticeable levels of polar lipids (PE and PC). All PE

Fig. 5 The MS peaks

(5.185 min, Scan No. 352)

of the DMOX derivative of

16:2n-4,7 are M?-305, 290,

276, 262, 248, 236, 222, 208,

196, 182, 168, 154, 140, 126,

113 (base peak), and two pairs

of peaks (M-248/M-236 and

M-208/M-196) are,

respectively, reflected by two

double bonds; D-12 (n-4) and

D-9 (n-7)
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contained noticeable levels of plasmalogen-type PE

(Fig. 4) and the fatty acid composition of PE contained

significant levels of DMA [23, 24].

Fatty Acid Composition in Depot TAG of S. crosnieri

Lipids

More than 50 kinds of fatty acids from C12 to C22 were

determined in S. crosnieri lipids. The fatty acids in the body

TAG (more than 0.3% of TFA) are listed in Table 3. In its

body TAG (samples No. 1–2), 11 dominant fatty acids (each

accounted for more than about 3% of TFA) were detected:

14:0 and 16:0 as saturated fatty acids; 14:1n-9, 16:1n-7,

18:1n-7, and 18:1n-9 as monounsaturated fatty acids

(MUFA); 16:2n-4 (Fig. 5), 18:2n-4 (Fig. 6), 18:2n-7, and

18:3n-4 (Fig. 7) as n-4 family PUFA; and 16:2n-3 (Fig. 8)

as n-3 dienoic acid with noticeable levels (more than about

1% of TFA) of 5 other minor fatty acids: 12:0, 12:1n-8,

13:0, 18:0, and 20:1n-7. Similarly, the same major fatty

acids were observed in its egg TAG (sample No. 3). Nine

dominant fatty acids were detected: 16:0, 16:1n-7, 18:1n-7,

18:1n-9, 16:2n-4, 18:2n-4, 18:2n-7, 18:3n-4, and 16:2n-3 as

n-3 with noticeable levels of the same four minor fatty

acids: 14:0, 14:1n-5, 18:0, and 20:1n-7.

High levels of total MUFA (sample No. 1, 50.1 ± 0.7%

for 15 specimens; sample No. 2, 55.2 ± 2.1% for 2 female

specimens; sample No. 3, 60.4 ± 2.3% for 2 eggs) were

observed in S. crosnieri TAG, while it had comparatively

low levels of saturated fatty acids (sample No. 1, total

saturated fatty acids: 17.2 ± 0.9% for 15 specimens;

sample No. 2, 13.0 ± 1.7% for 2 female specimens; sam-

ple No. 3, 10.7 ± 0.6% for 2 eggs). For example, palmit-

oleic acid 16:1n-7 (22.5–28.8% for the whole body of

samples No. 1–2; 28.9% for the eggs of sample No. 3) and

vaccenic acid 18:1n-7 (11.8–12.0% for the whole body of

samples No. 1–2; 12.2% for the eggs of sample No. 3) were

determined as major MUFA in S. crosnieri body TAG.

In all S. crosnieri TAG (samples No. 1–3), the four n-4

methylene-interrupted PUFA (16:2n-4, 18:2n-4, 18:2n-7,

and 18:3n-4) were observed as major PUFA (Table 3).

Fig. 6 The MS peaks

(8.509 min, Scan No. 723)

of the DMOX derivative of

18:2n-4,7 are M?-333, 318,

304, 290, 276, 264, 250, 236,

224, 210, 196, 182, 168, 154,

140, 126, 113 (base peak), and

two pairs of the peaks (M-276/

M-264 and M-236/M-224) are,

respectively, reflected by two

double bonds; D-14 (n-4) and

D-11 (n-7)
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With the four major n-4 PUFA, various other n-4 methy-

lene-interrupted PUFA and n-7 MUFA were found in all

crab TAG. Furthermore, significant levels of unusual n-3

PUFA 16:2n-3, with trace levels of normal n-3 and n-6

PUFA were found in the S. crosnieri body TAG (samples

No. 1–2). In the egg TAG (sample No. 3), the same n-3,

n-4, and n-6 PUFA were also observed at a similar level

and the high levels of n-7 MUFA were observed in both

body and egg lipids (Table 3).

Fatty Acid Composition in Tissue Phospholipids

of S. crosnieri Lipids

Compared with the fatty acid composition in the TAG

(Table 3), similar saturated fatty acids and MUFA were

determined as dominant in the two major S. crosnieri body

phospholipids (PE and PC): 16:0, 18:0, 16:1n-7, 18:1n-7,

and 18:1n-9. In both PE and PC, 16:0 and 18:0 were major

saturated fatty acids while 14:0, which was a major acid in

the S. crosnieri body TAG, was a minor acid. As for

MUFA in the phospholipids, the same trends between PE

and PC were found. For example, low levels of 14:1n-9

with slightly higher levels of 18:1n-7 and 18:1n-9 with

noticeable levels of 20-carbon n-7 and n-9 MUFA were

found in the phospholipids.

Similar to the major PUFA in the S. crosnieri body

TAG, the same four n-4 methylene-interrupted PUFA

(16:2n-4, 18:2n-4, 18:2n-7, and 18:3n-4) were also

observed as major PUFA in the phospholipids (Table 3).

Furthermore, a tetraenoic fatty acid, 18:4n-4 (Fig. 9) was

found at noticeable levels in the body PE, with small levels

of other various n-4 family PUFA.

In contrast, the levels of n-3 and n-6 PUFA in the

S. crosnieri polar lipids markedly differed from those in its

TAG. In particular, significantly high levels of n-3 and n-6

long-chain PUFA were contained in PE: 20:4n-6 (ARA,

8.7–9.1% in the body PE), 20:5n-3 (EPA, 12.2–14.4% in

the body PE), and 22:6n-3 (DHA, 3.4–4.8% in the body

PE). Furthermore, different from the medium levels of

16:2n-3 in the TAG (4.7–5.3%) without DHA, significant

Fig. 7 The MS peaks

(9.055 min, Scan No. 784)

of the DMOX derivative of

18:3n-4,7,10 are M?-331, 316,

302, 288, 274, 262, 248, 234,

222, 208, 194, 182, 168, 154,

140, 126, 113 (base peak), and

three pairs of the peaks (M-274/

M-262, M-234/M-222, and

M-194/M-182) are,

respectively, reflected by three

double bonds; D-14 (n-4), D-11

(n-7) and D-8 (n-10)
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levels of ARA, EPA, and DHA were characteristically

detected in both phospholipids (Table 3).

In egg PE, the same n-4, n-3, and n-6 PUFA (2.6% for

ARA, 5.4% for EPA, and 4.0% for DHA) were observed.

However, the total n-4 and n-7 PUFA levels in the egg

phospholipids were higher than those in body phospho-

lipids, while the levels of n-3 and n-6 PUFA in the egg

polar lipids were lower than those in the body polar lipids.

Discussion

Lipid Content and Classes of S. crosnieri

The slightly high lipid content of female S. crosnieri sug-

gests that females at spawning season need good nutritional

conditions, and transfer lipids to their eggs (sample No. 3,

53.4 ± 0.2%, Table 2) in a manner similar to marine

common crustaceans [27–29]. The lipid classes of

S. crosnieri, whose body lipids contain a high level of

neutral TAG lipids (sample No. 1–2, Table 2), differed

from those of other vent crustaceans, such as shrimps Mi-

crocaris fortunata and Rimicaris exoculata, which have

high levels of wax esters as depot lipids [30, 31]. In spite of

the difference between crab TAG and shrimp wax esters,

the consistently high levels of both their depot neutral

lipids is a common feature of vent crustaceans, and this

finding suggests similar high nutritional levels, which

imply abundant food resources in the vent habitat. Similar

to other reports about invertebrate PE [32, 33], the S.

crosnieri PE also contained noticeable levels of plasmal-

ogen-type PE. This trend was similar to those in crustacean

lipids whose PE contained comparatively high levels of

plasmalogens (37.5–69.4%) [32].

High Levels of n-7 MUFA in Depot TAG

of S. crosnieri Lipids

Similar to some bacterial fatty acids [34, 35], high levels

of n-7 MUFA were observed in all S. crosnieri TAG. In

Fig. 8 The MS peaks

(5.355 min, Scan No. 371)

of the DMOX derivative of

16:2n-3,6 are M?-305, 290,

276, 262, 250, 236, 222, 210,

196, 182, 168, 154, 140, 126,

113 (base peak), and two pairs

of peaks (M-262/M-250 and

M-222/M-210) are,

respectively, reflected by two

double bonds; D-13 (n-3) and

D-10 (n-6)
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particular, two short-chain n-7 MUFA (16:1n-7 and

18:1n-7: both more than 10% of TFA) were determined as

major MUFA in S. crosnieri body TAG, similar to those

in various vent animal lipids (neutral lipids for shrimp,

R. exoculata [31]; for a clams, Calyptogena spp. [9, 36];

for mussels, Bathymodiolus spp. [10, 36, 37]; and for

gastropods, Ifremeria nautilei [23] and Alviniconcha

hessleri [38]). Similar trends are also found in total lipids

of vent animals (total lipids for crabs, Munidopsis sub-

squamosa [39] and Bythograea thermydron [39]; for

shrimp, M. fortunata [30]; for worms, Ridgea piscesae,

Protis hydrothermica [40], and Riftia pachyptila [39]; for

clam, Calyptogena pacifica [41]; and for mussels,

Bathymodiolus spp. [42]). For adaptation to deep-sea low

temperatures (4.6 �C, Table 1), high levels of MUFA are

more advantageous than are those of saturated fatty acids

[43]. 18:1n-7, which might be directly derived from C2

elongations of 16:1n-7 as a parent acid [1] or by an

exceptional anaerobic pathway of bacteria [34], was

determined as a major MUFA in S. crosnieri, while

stearic acid (18:0) was detected at a low level (0.9–1.4%).

In general, two n-9 MUFA (18:1n-9 and 20:1n-9) are

observed as major MUFA in marine deep-sea animal

lipids [8, 44–46] because almost all animals biosynthesize

long-chain MUFA mainly by derivation from 18:0 with a

reaction of the same D-9 desaturase through a normal

oxygen-dependent pathway [34, 35]. In contrast, some

species of bacteria, such as Thiobacillus A2 [47] and

Paracoccus versutus [48], mainly produce 18:1n-7 in their

lipids. The similarity to the n-7 MUFA in the bacteria, as

well as the significant presence of 18:1n-7 in S. crosnieri

TAG (Table 3), indicate that this crab depends on the

above types of bacterial lipids. It is known that the crab

assimilates several species of sulfur-oxidizing bacteria

[19–21] that inhabit the mat of long, silky setae on the

crab body as exosymbionts. Both ecological and chemical

aspects suggest that one main food source of the crab is

these vent bacteria [19–21].

Fig. 9 The MS peaks

(9.494 min, Scan No. 833)

of the DMOX derivative of

18:4n-4,7,10,13 are M?-329,

314, 300, 286, 272, 260, 246,

232, 220, 206, 192, 180, 166,

153, 136, 126, 113 (base peak),

and three pairs of the peaks

(M-272/M-260, M-232/M-220,

and M-192/M-180) are,

respectively, reflected by three

double bonds; D-14 (n-4), D-11

(n-7) and D-8 (n-10), and a pair

of the peak (M-153/M-136)

shows a D-5 (n-13) double bond
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High Levels of Various n-4 PUFA in S. crosnieri Depot

TAG

Marine animals at the higher trophic levels in the marine

food chain generally contain significant levels of DHA and

EPA even in their TAG [1, 4] because they have a chance

to take these long-chain n-3 PUFA and accumulate them as

needed. Different from the high levels of the n-3 PUFA in

common marine animal TAG, the main PUFA in the

S. crosnieri TAG only consist of short-chain (C14–C18) low

unsaturated (mono, di, and tri) n-4 family methylene-

interrupted PUFA, with trace levels of EPA, 22:5n-3

(docosapentaenoic acid), and DHA. This indicates that the

food source of the crab is primarily bacterial and that the

symbionts supplying nutrition to the crab are able to make

simple MUFA, dienoic acids, and short-chain PUFA.

Four major PUFA in the crab TAG (Table 3) were

16:2n-4 (Fig. 5), 18:2n-4 (Fig. 6), 18:2n-7, and 18:3n-4

(Fig. 7) and these unusual n-4 family PUFA have already

been found in vent shrimps and mussels [10, 30, 31]. For

example, Bathymodiolus mussels, bresilioid shrimp, and

vent worms have the same n-4 and n-7 methylene-inter-

rupted PUFA (16:2n-4, 18:2n-4, 18:2n-7, 18:3n-4, 18:3n-7,

and 20:3n-7) at small levels [10, 31, 40, 42]. As for the

unique n-4 family PUFA in vent crustacean lipids, Pond

et al. [31] found small levels of 18:2n-4 and 18:3n-7 in

bresilioid shrimp and 18:2n-4 in another vent shrimp [30].

All four major n-4 family PUFA with various other n-4

family PUFA and n-7 MUFA were common in some

Bathymodiolus mussels previously reported [10, 42].

Similarly, some vent bivalves have many unknown PUFA

[36–38, 41] whose double bond positions were undeter-

mined. These might correspond to n-4 family PUFA

[9, 10].

In particular, two Bathymodiolus mussels (Bathymodi-

olus japonicus and Bathymodiolus platifrons) have the

same n-4 and n-7 methylene-interrupted PUFA as

S. crosnieri TAG [10]. The similarity of all major fatty

Fig. 10 The MS peaks (18.283

min, Scan No. 1814) of the

DMOX derivative of 20:5n-6,

9,12,15,18 are M?-355, 340,

326, 312, 300, 286, 272, 260,

246, 232, 220, 206, 192, 180,

166, 153, 136, 126, 113 (base
peak), and four pairs of the

peaks (M-312/M-300, M-272/

M-260, M-232/M-220, and

M-192/M-180) are,

respectively, reflected by four

double bonds; D-17 (n-3), D-14

(n-6), D-11 (n-9) and D-8

(n-12), and a pair of the peak

(M-153/M-136) shows a D-5

(n-15) double bond
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acids in TAG between the crab and these mussels suggests

the similarity of their symbionts or a strong trophic rela-

tionship between them. High levels of n-4 PUFA in crab

TAG also suggest that methanotrophic bacterial lipids,

which pass through vent Bathymodiolus mussels, are a

primary source of key nutrition for the crab. If the crab can

prey on polychaetes [20], it can also take parasitic poly-

chaetes from the mussels. Otherwise, S. crosnieri may

directly prey on mussel carcasses or indirectly use nutrition

originating from mussels and their symbionts because

many crabs are regularly observed on B. platifrons beds

(Fig. 3). If not, the lipid characteristics of the chemosyn-

thetic exosymbionts (Beggiatoa-type filamentous bacteria

of the crab) may be implausibly close to those of the

Bathymodiolus endosymbionts [16].

Significant Levels of Unusual n-3 Short-Chain PUFA,

16:2n-3 in S. crosnieri Depot TAG

Different from that of all other marine animals, the fatty

acid composition of S. crosnieri TAG contained significant

levels of unusual short-chain n-3 PUFA (16:2n-3, Fig. 8)

with trace levels of normal n-3 and n-6 PUFA. The exo-

symbiotic bacteria probably biosynthesize the 16 carbon

n-3 fatty acid because in all other organisms have it is at

non-detectable levels and no sufficient sources for the acid

have been reported in the literature. Some vent chemo-

synthetic bacteria produce noticeable levels of various

short-chain n-4 and n-6 fatty acids, such as 16:1n-6, 16:2n-

4, 16:3n-3, 18:1n-6, 18:2n-4, and 18:2n-6 [30, 31, 38].

Therefore, it is thought that the symbionts of S. crosnieri

might be able to make 16:2n-3.

The same n-3 and n-4 PUFA in S. crosnieri egg TAG

observed at a level similar to its body TAG suggests that

the crab transfers various PUFA of the body depot lipids to

its ovary TAG as is (Table 3). However, higher levels of

MUFA (16:1n-7, 18:1n-7, and 18:1n-9) in egg TAG were

found compared with those lower levels of short-chain

fatty acids (12:0, 13:0, 14:0, 12:1n-8, and 14:1n-9) in the

body TAG. This suggests that MUFA are the most

important energy source for the larvae, and that S. crosnieri

selectively accumulates the MUFA, similar to those in

other ordinary deep-sea organisms [27, 28, 44–46].

High Levels of n-4 PUFA in Tissue Phospholipids

of S. crosnieri

Compared with noticeable levels of short-chain fatty acids

(12:0, 13:0, and 14:0) in the TAG, 16:0 and 18:0 were the

major saturated fatty acids in both body PE and PC. This

fact indicates that the crab is able to elongate fatty chains in

its tissues by using C2 elongase.

Similar to S. crosnieri depot TAG, the same four n-4

family PUFA (16:2n-4, 18:2n-4, 18:2n-7, and 18:3n-4) were

observed as major acids in its phospholipids (Table 3).

Furthermore, n-4 tetraenoic PUFA,18:4n-4 (Fig. 9), which

had already been found in the B. platifrons lipids [10], were

observed at noticeable levels in the S. crosnieri body PE

(Table 3). Similar to the high levels of various n-4 family

PUFA in the Bathymodiolus mussel lipids, the crab has high

levels of the same n-4 PUFA both in its depot and tissue

lipids. The crabs inhabit mussel beds, and both the crabs and

mussels accumulate n-4 PUFA in their phospholipids.

High Levels of n-3 and n-6 PUFA in S. crosnieri Tissue

Phospholipids

The n-4 family PUFA, which were found in S. crosnieri

lipids, have been characteristically found in some vent

bivalve lipids [9, 10, 42], entirely different from various n-3

and n-6 PUFA found in the lipids of common crustaceans in

normal marine food webs [27–29]. Contrary to the lipid

profiles of these specific vent bivalves [9, 10, 42], significant

levels of long-chain PUFA (ARA, EPA, and DHA) were

simultaneously found as major PUFA in S. crosnieri PE

(Table 3), which is similar to that in vent crustaceans [30,

31, 39]. Although high levels of n-3 and n-6 PUFA were

found in S. crosnieri polar lipids, its fatty acid composition

differed from those in pelagic marine animals, which have

the same n-3 and n-6 PUFA without n-4 PUFA. Deep-sea

animals require sufficient levels of PUFA in their plasma

membrane lipids to maintain fluidity [40], either because of

the low seawater temperature of the habitat [49, 50] or due to

close packing in membranes under high pressure [2, 51].

S. crosnieri uses both n-4 family PUFA and n-3 and n-6

PUFA in its cellular membrane phospholipids for its plasma

membrane fluidity. It is different from vent bivalves [9, 10,

36, 37, 41, 42], which have small or non-detectable levels of

these n-3 and n-6 PUFA. High levels of total PUFA in crab

phospholipids (44.3–47.7% for PE and 25.0–28.6% for PC)

suggest its adaptation to extremely high pressure and low

seawater temperature (Table 1) because measured seawater

temperatures and depths around the colonies were about

4.5–4.7 �C and more than 950 m, respectively [43, 51].

Furthermore, significantly high levels of ARA, EPA, and

DHA contained in S. crosnieri PE were markedly different

from those in its TAG, which contained only 16:2n-3

without DHA. Some other vent crustaceans also have sig-

nificant levels of these n-3 and n-6 PUFA in their polar lipids

(for vent crabs [39] and for vent shrimps [30, 31]) and these

findings suggest that both high n-3 and n-6 PUFA levels in

their polar lipids is common for vent crustaceans. Although

tubeworms and vent gastropods also contain high levels of

n-3 and n-6 PUFA in their lipids similar to those in the lipids

of vent crustaceans, their n-3 PUFA generally consist of only

Lipids (2011) 46:723–740 737

123



ARA and EPA without DHA [23, 38–40]. These phenomena

imply that crustaceans with their symbionts are able to

produce various n-3 PUFA, while vent mollusks and tube-

worms with their symbionts are unable to biosynthesize

DHA, which is not essential for them.

Biosynthesis of DHA in S. crosnieri tissue Levels

Long-chain n-3 PUFA are often found in the cells of deep-

sea barophilic prokaryotes with high levels of n-7 MUFA

[2, 51]. These barophilic bacteria heterotrophically biosyn-

thesize DHA and EPA by using organic matter from surface

or intestinal matter of deep-sea animals. Compared with the

negligible levels of long-chain n-3 and n-6 PUFA in

S. crosnieri depot TAG, high ARA, EPA, and DHA levels

were found in its polar lipids. This suggests that enzymatic

biosynthesis and chemical modification of these PUFA

occurs at the crab tissue level. Actually, high levels of EPA

and DHA with low levels of 16:2n-3 in PE (12.2-14.4% for

EPA and 3.4-4.8% for DHA) and PC (1.6–2.7% for EPA and

0.5–0.8% for DHA, Table 3) differed markedly from non-

detectable levels of these PUFA (for EPA 0.2–0.2% and

for DHA 0.0–0.2%) with significant levels of 16:2n-3

(4.7–5.3%) in the crab body TAG. This points to active

accumulation or biosynthesis of ARA, EPA, and DHA in

crab polar lipids after intake of short-chain n-3 PUFA, such

as 16:2n-3. Otherwise, similar to deep-sea barophilic bac-

teria, some of the exosymbiotic bacteria might biosynthesize

n-3 and n-6 PUFA in polar lipids for their plasma membrane

fluidity [2, 3, 43, 51, 52]. Similar to pelagic crustaceans [53],

S. crosnieri may biosynthesize DHA, in contrast with low

n-3 PUFA essentiality for vent bivalves, which exclusively

depend on symbiotic organisms making only n-4 family

PUFA [9, 10]. Similarly, this trend is found in significant

DHA levels in other vent crabs [39] and mixotrophic poly-

chaeta [40, 54]. Different from strong trophic linkages

between some vent bivalves and their symbionts through n-4

family PUFA, S. crosnieri utilize nutrition from both sym-

biotic n-3 and n-6 PUFA and n-4 family PUFA of the prey

mussels. This finding suggests similarity of the filamentous

symbionts and chemosynthetic bacteria in vent gastropods

(I. nautilei and A. hessleri) [23, 38] or vent crabs (M. sub-

squamosa and B. thermydron) [39], whose lipids contained

high levels of both n-3 and n-6 PUFA. The unique fatty acid

composition of mixed n-3, n-4, and n-6 PUFA in S. crosnieri

lipids indicates the existence of a specific vent crustacean

utilizing both filamentous symbionts and outside mussel

beds. Compared with high levels of n-3, n-4, and n-6 PUFA

in S. crosnieri body phospholipids, slightly higher levels of

n-4 family PUFA with lower levels of n-3 and n-6 PUFA in

egg PE were found. These findings suggest that the n-3 and

n-6 PUFA were biosynthesized or concentrated in the crab

tissues concerned with PE and the body polar lipids were

transferred to the ovary, similar to its depot lipids. It is

thought that both these normal n-3 and n-6 PUFA with

unusual n-4 family PUFA are important cell membrane

lipids for the crab and its larvae (Table 3).
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Abstract This study was conducted to investigate the

effects of fish oil (FO) supplements on fatty acid compo-

sition and the expression of D6 desaturase and elongase 2

genes in Jade Tiger abalone. Five test diets were formu-

lated to contain 0.5, 1.0, 1.5, 2.0 and 2.5% of FO respec-

tively, and the control diet was the normal commercial

abalone diet with no additional FO supplement. The mus-

cle, gonad and digestive glands (DG) of abalone fed with

all of the five test diets showed significantly high levels of

total n-3 polyunsaturated fatty acid (PUFA), eicosapenta-

enoic acid (EPA), docosapentaenoic acid n-3 (DPAn-3),

and docosahexaenoic acid (DHA) than the control group.

In all three types of tissue, abalone fed diet supplemented

with 1.5% FO showed the highest level of these fatty acids

(P \ 0.05). For DPAn-3 the higher level was also found in

muscle and gonad of abalone fed diet supplemented with

2% FO (P \ 0.05). Elongase 2 expression was markedly

higher in the muscle of abalone fed diet supplemented with

1.5% FO (P \ 0.05), followed by the diet containing 2%

FO supplement. For D6 desaturase, significantly higher

expression was observed in muscle of abalone fed with diet

containing 0.5% FO supplement (P \ 0.05). Supplemen-

tation with FO in the normal commercial diet can signifi-

cantly improve long chain n-3 PUFA level in cultured

abalone, with 1.5% being the most effective supplemen-

tation level.

Keywords Abalone � Muscle � Gonad � Digestive gland �
Fish oil � Fatty acid composition � n-3 Fatty acids �
Gas–liquid chromatography � Gene expression � Desaturase �
Elongase

Abbreviations

FO Fish oil

DG Digestive gland

PUFA Polyunsaturated fatty acid(s)

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid

DPAn-3 Docosapentaenoic acid, n-3

ALA Alpha-linolenic acid

LA Linoleic acid

ARA Arachidonic acid

MUFA Monounsaturated fatty acid(s)

SFA Saturated fatty acid(s)

FAME Fatty acid methyl ester(s)

RT-PCR Real-time polymerase chain reaction

Introduction

The long chain n-3 polyunsaturated fatty acids (PUFA)

particularly, eicosapentaenoic acid (EPA) and docosahex-

aenoic acid (DHA) are associated with a broad range of

health benefits including reducing the risk of coronary
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heart disease [1], lowering blood pressure [2] and plasma

triacylglycerol level [3], reducing the risk of colorectal

cancer [4] and breast cancer [5]. In addition, they have also

been found to play a role in reducing the risk of Alzhei-

mer’s disease [6], depression and schizophrenia [7]. A

more recent study also suggested that long chain n-3 PUFA

have the potential to improve calcium absorption in the

intestine, reduce bone demineralization and inflammatory

factors [8].

Blacklip abalone (Haliotis rubra), greenlip abalone

(H. laevigata) and hybrid abalone (H. laevigata x H. rubra)

are the three main types of abalone farmed in Australia [9], and

like other seafood, they are a good source of long chain n-3

PUFA [10–12]. However, a previous study reported that

cultured Australian blacklip abalone fed an artificial diet

showed lower concentrations and compositions of total n-3

PUFA, EPA, docosapentaenoic acid (DPAn-3) and alpha

linolenic acid (ALA) than wild abalone [12]. Dunstan et al.

[9, 10] found that the muscle of wild adult greenlip abalone

fed a natural diet of macroalgae contained higher EPA,

DPAn-3 and total n-3 PUFA proportion compared to

juvenile cultured hybrid abalone fed artificial diets. Simi-

larly wild adult blacklip abalone fed a natural diet of

macroalgae contained a higher proportion of DPAn-3

compared to hybrid abalone fed artificial diets. In addition

Dunstan et al. [10] reported that muscle of juvenile cul-

tured greenlip and hybrid abalone fed an artificial diet

showed lower levels of EPA, DPAn-3 and total n-3 PUFA

than those fed green algae. Lower level of ALA was also

recorded in juvenile hybrid abalone fed an artificial diet

compared to the juvenile cultured greenlip abalone fed

green algae.

Fatty acid biosynthesis in fish has been well studied and

it has been found that the overall conversion of ALA to

highly unsaturated fatty acids (HUFA) occurs poorly in the

marine species [13, 14]. For abalone, however, there is no

direct evidence on the pathways of fatty acid biosynthesis.

Available information suggested that H. discus hannai may

have the capacity to synthesize EPA and DHA from ALA

through elongation and desaturation [15]. Another study

also suggested that H. fulgens is capable of desaturation

and elongation of ALA to EPA [16]. Fatty acid desaturases

and fatty acid elongases were found to be critical in the

biosynthetic pathways of highly unsaturated fatty acids

from shorter chain PUFA [17]. Desaturases genes have

been cloned and characterized from a number of fish,

including D6 desaturase from rainbow trout [18], and D5

and D6 desaturase from Atlantic salmon [19]. Genes cod-

ing for proteins specifically involved in the elongation of

HUFA biosynthesis have been cloned from a number of

fish including fresh water zebra fish, carp and tilapia, the

salmonoids, rainbow trout and Atlantic salmon, and marine

fish, including cod, turbot and sea bream [20–22].

This study investigated the effects of feed supplemented

with fish oil on fatty acid composition in muscle, gonad

and digestive gland (DG) of cultured adult female jade

tiger hybrid abalone. In addition the effects of FO sup-

plementation on fatty acid D6 desaturase and elongase 2

gene expressions in muscle tissue of this animal were also

studied. These data will provide useful information for

seafood and abalone aquaculture industries. To the best of

our knowledge, there is no information available on

desaturase and elongase gene expression in abalone.

Materials and Methods

Experimental Diets

A commercial diet (Adam and Amos Pty Ltd) of Australian

abalone was used in the formulation of experimental diets.

Diet 1 (control diet) was the normal commercial abalone

diet with no additional fish oil (FO) supplement. Diets 2–6

were supplemented with 0.5, 1, 1.5, 2, and 2.5% FO

respectively. Fatty acid composition and total lipid content

of the experimental diets are shown in Table 1. The control

diet contained 57.6% total saturated fatty acid (SFA), 5.6%

monounsaturated fatty acid (MUFA) and 36.8% polyun-

saturated fatty acid (PUFA). The diets with FO supple-

ments (diets 2–6) contained 21–24.7% total SFA,

18.6–22.9% total MUFA, and 52.3–60.3% total PUFA. The

composition of EPA, DPAn-3, DHA and total n-3 PUFA

of the diets with FO supplement were gradually increased

in the experimental diets. The control diet contained

0.42 g/100 g total lipids while other diets contained lipids

ranging from 1.10 to 2.72 g/100 g. All of these experi-

mental diets were stored at 4 �C until use.

Abalone and Experimental Conditions

Ninety cultured adult Jade Tiger abalone with an average

body weight of 44.0 ± 0.3 g were obtained from Great

Southern Waters abalone farm, Victoria, Australia. Aba-

lone were acclimatized to laboratory conditions and fed a

normal commercial diet for a week before initiation of the

feeding experiments. Each individual abalone was gently

blotted dry on a paper towel, tagged, measured and

weighed, and then five abalone were placed into a 30 L

plastic aquarium supplied with filtered seawater via a flow

through system, and assigned one of the six experimental

diets. There were three replicates for each of the six dietary

treatments. All animals were maintained under a 24 h dark

photoperiod. Temperature was maintained at 16 �C

throughout the feeding trial. Salinity (31–35 ppt), dissolved

oxygen (no less than 6 mg/L), nitrite, ammonia and pH

(7–8) were monitored daily. Aquaria were cleaned three
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times a week. The experimental diets were hand-fed every

day in the evening at a rate of 2% of body weight. At the

end of the experiment, abalone were fasted for 1 day and

collected from their aquaria. They were then measured and

weighed. Fourteen abalone per treatment were sampled to

obtain muscle, gonad and DG tissues for lipid and fatty

acid analyses. Four samples from each treatment group

were used for investigation of gene expression. This

feeding trial was conducted for 90 days.

Analyses of Lipid and Fatty Acids

Five grams of fresh muscle, gonad and digestive gland

(DG) were cut finely and left in chloroform to extract the

lipids overnight in the dark: methanol (2:1, v/v) which

contained 10 mg/L butylated hydroxytoluene was an anti-

oxidant. The lipid extracts were washed according to the

Folch procedure [23]. The solvent containing lipids were

evaporated under vacuum in a rotary evaporator (Heidolph

Standard evaporator, VV2000). The lipid content was

determined gravimetrically [24].

Fatty acid methyl esters (FAME) were prepared by

saponification of approximately 10 mg of lipid, using KOH

(0.68 mol/L in methanol), followed by esterification with

14% boron trifluoride in methanol, with 0.25 mg of trico-

sanoic acid (23:0) added as an internal standard. FAME

were separated by a capillary gas liquid chromatograph

(Varian 3400) equipped with an auto sampler and a flame

ionization detector (FID) using a 50 m 9 0.32 mm (I.D)

fused silica bonded phase capillary column (BPX70, SGE,

Melbourne, Australia). The column oven was programmed

from 140 to 220 �C at 5 �C/min and held for 3 min. The

oven temperature was then increased to 260 �C at a rate of

8 �C/min and held for 8 min. Helium was used as the

carrier gas at a flow rate of 1.6 mL/min and a linear

velocity 43 cm/s. The injector and detector were main-

tained at 250 and 300 �C respectively. Fatty acids were

identified by comparison of retention times with those of

standard mixtures of fatty acid methyl esters (GLC refer-

ence standard 403) and the results were calculated using

response factors derived from chromatograph standards of

known composition (Nu-Chek-Prep, Elysian, MN, USA).

RNA Extraction and Quantitative Polymerase Reaction

After the completion of the feeding trial, muscle samples of

four abalone were randomly selected from each treatment

group. They were then frozen immediately in liquid

nitrogen and stored at -80 �C prior to RNA extraction.

Total RNA was extracted from 50 mg of muscle tissue

using TRI reagent (Molecular Research Center, USA)

according to the manufacturer’s specification. The total

RNA concentration was determined by A260/A280 mea-

surement. One microgram of total RNA was reverse tran-

scribed into cDNA using AMV reverse transcriptase first

strand cDNA synthesis kit (Marligen Biosciences, USA).

The expression of D-6 desaturase and elongase 2 genes in

muscle tissue from abalone fed with the different experi-

mental diets were studied by real-time polymerase chain

reaction (RT-PCR). PCR primers known to be specific for,

D6 desaturase (F 50-ACCTAGTGGCTCCTCTGGTC-30

and R 50-CAGATCCCCTGACTTCTTCA-30, AF301910)

and elongase 2 (F 50-GAACAGCTTCATCCATGTCC-30

and R 50-TGACTGCACATATCGTCTGG-30, AY605100)

were used for PCR amplification of cDNA. ß-actin (F 50-
CAAGCAGGAGTACGACGAGT-30 and R 50-CTGAAG

TGGTAGTCGGGTGT-30, AJ438158) was used as a

housekeeping gene for normalizing mRNA levels of the

Table 1 Fatty acid composition (mol %) and total lipid content

(g/100 g) of experimental diets

Fatty acid Diet

1 2 3 4 5 6

14:0 0.8 2.4 3.5 4.7 4.6 4.5

16:0 55.4 15.7 16.4 15.0 13.0 12.8

17:0 0.3 0.1 0.3 0.3 0.4 0.2

18:0 0.8 2.4 3.5 4.3 4.6 4.9

20:0 0.1 0.2 0.1 0.1 0.1 0.1

24:0 0.2 0.2 0.1 0.3 0.1 0.1

Total SFA 57.6 21.0 23.8 24.7 22.6 22.6

16:1 0.6 3.2 4.3 5.4 5.9 6.3

17:1 0.4 0.9 1.4 1.3 1.4 1.7

18:1n9 3.6 12.0 12.4 12.6 11.1 9.7

18:1n7 0.5 1.2 1.1 1.2 1.1 1.0

20:1 0.5 1.3 2.3 2.4 3.0 3.6

Total MUFA 5.6 18.6 21.5 22.9 22.5 22.3

18:2n6 16.5 36.0 30.4 22.0 20.5 17.6

18:3n3 1.4 3.2 2.9 2.5 3.1 2.8

20:2n6 0.6 0.2 0.2 0.2 0.2 0.2

20:3n6 0.4 0.2 0.2 0.2 0.2 0.2

20:4n6 0.5 1.6 0.6 0.7 0.8 0.9

20:5n3 9.2 9.6 10.2 14.7 16.1 18.2

22:4n6 0.6 0.4 0.6 0.3 0.8 1.0

22:5n6 0.4 0.5 0.6 0.5 0.5 0.5

22:5n3 1.2 1.5 1.5 1.6 2.0 2.1

22:6n3 6.0 7.1 7.5 9.6 10.7 11.6

Total n-3 17.8 21.4 22.1 28.4 31.9 34.7

Total n-6 19.0 38.9 32.6 23.9 23.0 20.4

Total PUFA 36.8 60.3 54.7 52.3 54.9 55.1

n-3/n-6 PUFA 0.9 0.6 0.7 1.2 1.4 1.7

Total lipid (g/100 g) 0.42 1.10 1.59 1.92 2.23 2.72

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA
polyunsaturated fatty acids
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target genes. The amplification of cDNA samples was

carried out using the SYBR green PCR kit. Fluorescent

emission data were captured and mRNA levels were ana-

lyzed using the critical threshold (CT) value [25]. Thermal

cycling and fluorescence detection were conducted using

the Biorad IQ50 sequence detection system (Biorad USA).

Statistical Analyses

Results are presented as means ± SD. The data were tested

for homogeneity of variances using a Levene test. All data

were analysed by one-way analysis of variance (ANOVA)

to determine significance of differences among total lipid

content, fatty acid composition and gene expression of

abalone fed the different experimental diets. Tukey HSD

tests were used for post hoc comparison. P values of less

than 0.05 were considered statistically different. Statistical

analysis was performed using the SPSS package (version

17.0).

Results

The fatty acid composition of muscle, gonad and DG of

Jade Tiger hybrid abalone fed different experimental diets

are given in Tables 2, 3 and 4. In general, fatty acid profiles

Table 2 Fatty acid composition (mol %) and total lipid content (g/100 g wet tissue) of muscle in Jade Tiger abalone fed different experimental

diets for 12 weeks (n = 10)

Fatty acid Diet

1 2 3 4 5 6

14:0 1.3 ± 0.1a 0.9 ± 0.1b 1.3 ± 0.1a 0.8 ± 0.1b 1.3 ± 0.2a 1.3 ± 0.1a

16:0 23.8 ± 1.0a 18.1 ± 0.6b 17.0 ± 0.4bc 16.0 ± 0.4c 18.1 ± 0.4b 17.9 ± 0.4b

17:0 1.3 ± 0.1a 1.8 ± 0.1b 1.0 ± 0.1a 1.0 ± 0.1a 1.0 ± 0.2a 1.0 ± 0.1a

18:0 7.0 ± 0.5a 7.5 ± 0.7a 6.5 ± 0.2b 5.3 ± 0.4c 5.7 ± 0.6c 5.9 ± 0.6bc

20:0 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.1 ± 0.0a

24:0 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a

Total SFA 33.7 ± 1.7a 28.6 ± 1.5b 26.1 ± 0.8c 23.4 ± 1.1d 26.4 ± 1.4c 26.3 ± 1.2c

16:1 1.5 ± 0.1a 1.5 ± 0.2a 1.6 ± 0.1a 1.9 ± 0.2b 1.5 ± 0.1a 1.6 ± 0.1a

17:1 8.0 ± 0.4ac 5.0 ± 0.3b 8.7 ± 0.4ac 4.3 ± 0.3b 7.2 ± 0.3a 8.9 ± 0.5c

18:1n9 6.2 ± 0.4a 6.2 ± 0.4a 5.7 ± 0.3a 6.0 ± 0.4a 5.7 ± 0.2a 5.7 ± 0.2a

18:1n7 4.8 ± 0.4ab 5.1 ± 0.4b 4.4 ± 0.5ab 5.0 ± 0.3b 4.6 ± 0.4ab 4.8 ± 0.2ab

20:1 3.4 ± 0.4a 5.0 ± 0.5b 4.0 ± 0.3a 4.9 ± 0.2b 3.7 ± 0.2a 3.3 ± 0.6a

Total MUFA 23.9 ± 1.7a 22.8 ± 1.8a 24.4 ± 1.6a 22.1 ± 1.4a 22.7 ± 1.2a 24.3 ± 1.6a

18:2n6 6.5 ± 0.3a 6.7 ± 0.8a 7.2 ± 0.6ab 8.3 ± 0.8b 7.7 ± 0.5ab 7.1 ± 0.4ab

18:3n3 0.7 ± 0.1a 0.8 ± 0.1a 1.1 ± 0.1b 1.3 ± 0.1bc 1.1 ± 0.2b 0.8 ± 0.1a

20:2NMI 0.9 ± 0.1a 0.9 ± 0.1a 0.9 ± 0.1a 0.8 ± 0.1a 0.8 ± 0.2a 0.9 ± 0.1a

20:2n6 1.4 ± 0.1a 1.4 ± 0.1a 1.5 ± 0.1ab 1.8 ± 0.2b 1.7 ± 0.2ab 1.3 ± 0.1a

20:3n6 0.6 ± 0.1a 0.7 ± 0.1a 0.7 ± 0.1a 0.8 ± 0.1a 0.8 ± 0.1a 0.6 ± 0.1a

20:4n6 5.3 ± 0.4a 5.2 ± 0.5a 5.2 ± 0.2a 5.7 ± 0.3a 4.5 ± 0.3b 5.3 ± 0.5a

20:5n3 6.9 ± 0.5a 8.6 ± 0.1b 8.9 ± 0.2b 10.4 ± 0.4c 9.5 ± 0.7b 9.3 ± 0.5b

22:2NMI 6.0 ± 0.5a 6.6 ± 0.5b 6.6 ± 0.5b 5.1 ± 0.7c 6.3 ± 0.9ab 6.3 ± 0.9ab

22:4n6 0.4 ± 0.2a 0.4 ± 0.1a 0.3 ± 0.1a 0.3 ± 0.1a 0.4 ± 0.1a 0.3 ± 0.1a

22:5n6 0.9 ± 0.1a 0.9 ± 0.1a 0.8 ± 0.1a 0.8 ± 0.1a 0.9 ± 0.1a 0.9 ± 0.1a

22:5n3 9.8 ± 0.1a 12.0 ± 0.7b 11.9 ± 0.6b 14.3 ± 0.9c 13.3 ± 0.7 cd 12.3 ± 0.5b

22:6n3 2.0 ± 0.2a 3.5 ± 0.3b 3.5 ± 0.2b 4.9 ± 0.1c 4.0 ± 0.3b 3.1 ± 0.4b

Total n-3 19.4 ± 1.0a 25.1 ± 1.3b 25.3 ± 1.1b 30.8 ± 1.5c 27.9 ± 2.1d 25.5 ± 1.5b

Total n-6 15.1 ± 1.3a 15.3 ± 1.5a 15.7 ± 0.9a 17.7 ± 1.7b 16.0 ± 1.4a 15.5 ± 1.3a

Total PUFA 34.5 ± 2.3a 40.4 ± 2.8b 41.0 ± 2.0b 48.5 ± 3.2c 43.9 ± 3.5d 41.0 ± 2.8b

n-3/n-6 1.3 ± 0.1a 1.6 ± 0.1b 1.6 ± 0.1b 1.7 ± 0.1b 1.7 ± 0.1b 1.6 ± 0.1b

Lipid (g/100 g) 1.24 ± 0.02a 1.31 ± 0.02b 1.32 ± 0.03b 1.40 ± 0.05c 1.36 ± 0.04bc 1.34 ± 0.03bc

Values are expressed as means ± SD. Values in the same row with different letters indicate significant differences (P \ 0.05)

SFA saturated fatty acids; MUFA monounsaturated fatty acids; PUFA polyunsaturated fatty acids; NMI non-methylene-interrupted fatty acids
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of abalone tissue reflected the fatty acid profiles of exper-

imental diets (Table 1). Feed supplemented with FO at

levels between 0.5 and 2.5% (diets 2–6) showed significant

effects on n-3 PUFA composition in all three types of

tissues (Tables 2–4). Higher levels of total PUFA, n-3

PUFA, EPA, DPAn-3, and DHA (P \ 0.05) were observed

in all the groups fed with diets supplemented with FO, with

the most significant improvement being recorded from the

group fed the diet containing 1.5% FO supplement (diet 4).

For DPAn-3 the higher level was also found in muscle

and gonad of abalone fed diet supplemented with 2%

FO (diet 5) (P \ 0.05). The higher ALA level was found

in the muscle of abalone fed diets containing 1–2% FO

(diets 3, 4 & 5). In gonad and DG, higher ALA was

recorded in abalone fed diet containing 1.5% FO (diet 4).

FO supplementation also improved the n-3/n-6 PUFA ratio

in all three types of tissue. In muscle tissue all of the five

treatment groups fed the diets with FO supplement showed a

significantly higher ratio (P \ 0.05) than the control group

(Table 2). For gonad, no marked differences were recorded

between the control group and the five treatment groups fed

FO supplement (Table 3). The significantly higher ratio of

n-3/n-6 PUFA in DG (Table 4) was found in abalone fed diets

containing 1.0–2.5% FO supplements (diets 3–6).

There were no significant differences in the total MUFA

composition between the six treatment groups in the

Table 3 Fatty acid composition (mol %) and total lipid content (g/100 g wet tissue) of gonad in Jade Tiger abalone fed the different

experimental diets for 12 weeks (n = 10)

Fatty acid Diet

1 2 3 4 5 6

14:0 6.3 ± 0.3a 4.1 ± 0.4b 4.3 ± 0.3b 2.0 ± 0.2c 4.1 ± 0.4b 2.0 ± 0.3c

16:0 25.1 ± 2.2a 17.3 ± 1.2bc 19.0 ± 1.5c 12.4 ± 1.3d 20.0 ± 2.0c 15.0 ± 1.3bd

17:0 1.2 ± 0.2a 0.8 ± 0.2b 0.7 ± 0.1b 0.8 ± 0.1b 0.8 ± 0.1b 0.7 ± 0.1b

18:0 3.7 ± 0.4a 3.4 ± 0.3a 3.3 ± 0.2a 3.3 ± 0.2a 3.4 ± 0.3a 3.3 ± 0.5a

20:0 0.2 ± 0.0a 0.2 ± 0.0a 0.3 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a

24:0 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a

Total SFA 36.6 ± 3.1a 25.9 ± 2.1b 27.5 ± 2.1b 18.9 ± 1.8c 28.4 ± 2.8b 21.5 ± 2.2c

16:1 1.3 ± 0.1a 3.6 ± 0.2b 3.4 ± 0.2b 2.9 ± 0.2bc 1.9 ± 0.2ac 3.8 ± 0.5b

17:1 1.2 ± 0.0a 2.1 ± 0.3b 2.6 ± 0.2c 2.9 ± 0.1c 1.1 ± 0.0a 3.7 ± 0.1d

18:1n9 14.1 ± 0.9a 10.5 ± 0.7b 4.2 ± 0.2c 6.1 ± 0.5d 9.3 ± 0.8e 9.8 ± 0.8be

18:1n7 10.8 ± 0.7a 7.8 ± 0.5b 15.2 ± 1.2c 5.3 ± 0.3d 7.8 ± 0.4b 8.4 ± 0.4b

20:1 4.0 ± 0.4a 7.4 ± 0.5b 3.9 ± 0.3a 6.9 ± 0.5b 3.5 ± 0.2a 7.2 ± 0.4b

Total MUFA 31.4 ± 2.2a 31.4 ± 2.2a 29.2 ± 2.1ab 24.0 ± 1.6c 23.5 ± 1.5c 33.1 ± 2.2d

18:2n6 7.6 ± 0.7a 12.7 ± 1.0b 12.8 ± 1.0b 20.0 ± 1.8c 18.3 ± 1.2c 14.7 ± 1.4b

18:3n3 0.7 ± 0.2a 1.0 ± 0.1ab 0.8 ± 0.2a 1.7 ± 0.2c 1.3 ± 0.2b 1.2 ± 0.1b

20:2NMI 1.8 ± 0.1a 2.4 ± 0.2b 1.6 ± 0.1a 2.0 ± 0.3ab 1.7 ± 0.1a 1.6 ± 0.1a

20:2n6 2.0 ± 0.2a 2.5 ± 0.2b 2.5 ± 0.1b 2.5 ± 0.1b 2.1 ± 0.1a 2.5 ± 0.1b

20:3n6 0.3 ± 0.0a 0.3 ± 0.0a 0.7 ± 0.1b 0.6 ± 0.1b 0.4 ± 0.0a 0.4 ± 0.0a

20:4n6 2.1 ± 0.2a 2.2 ± 0.2a 1.9 ± 0.2a 2.9 ± 0.4b 2.4 ± 0.2ab 2.7 ± 0.2b

20:5n3 4.5 ± 0.3a 6.5 ± 0.4b 7.3 ± 0.2bd 9.9 ± 0.8c 7.1 ± 0.2b 7.7 ± 0.5d

22:2NMi 5.7 ± 0.3a 5.6 ± 0.5a 6.4 ± 0.4b 6.4 ± 0.5b 5.0 ± 0.4c 5.6 ± 0.7a

22:4n6 0.4 ± 0.0a 0.8 ± 0.1b 0.4 ± 0.1a 0.4 ± 0.1a 0.4 ± 0.0a 0.4 ± 0.0a

22:5n6 2.0 ± 0.3a 1.7 ± 0.3a 1.0 ± 0.1b 1.1 ± 0.1b 0.5 ± 0.1b 1.9 ± 0.2a

22:5n3 2.2 ± 0.2a 4.0 ± 0.2b 3.6 ± 0.4b 5.3 ± 0.3c 5.0 ± 0.3 cd 4.4 ± 0.2bd

22:6n3 1.7 ± 0.1a 2.7 ± 0.2b 2.8 ± 0.2b 4.5 ± 0.3c 3.5 ± 0.2d 3.0 ± 0.2bd

Total n-3 9.2 ± 0.7a 14.4 ± 0.8b 14.5 ± 1.0b 21.1 ± 1.6c 16.9 ± 1.0d 15.7 ± 1.4bd

Total n-6 14.4 ± 1.7a 20.1 ± 1.8b 19.3 ± 1.6b 27.5 ± 2.8c 24.5 ± 1.9d 22.5 ± 2.3de

Total PUFA 23.6 ± 2.4a 34.6 ± 2.6b 33.8 ± 2.6b 48.6 ± 3.4c 41.4 ± 2.9d 38.2 ± 3.6e

n-3/n-6 0.6 ± 0.0a 0.7 ± 0.0a 0.8 ± 0.1a 0.8 ± 0.1a 0.7 ± 0.0a 0.7 ± 0.1a

Lipid (g/100 g) 3.88 ± 0.17a 3.92 ± 0.11a 3.95 ± 0.14a 6.64 ± 0.21b 6.08 ± 0.28c 4.25 ± 0.19a

Values are expressed as means ± SD. Values in the same row with different letters indicate significant differences (P \ 0.05)

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, NMI non-methylene-interrupted fatty acids
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muscle. However, for gonad and DG higher MUFA level

was recorded in abalone fed diet with 2.5% FO supplement

(diet 6) (P \ 0.01). In all three types of tissue, abalone fed

the diets with FO supplements (diets 2–6) showed signifi-

cantly lower SFA than the control group (diet 1) (P \ 0.05)

with diet containing 1.5% FO supplement (diet 4) being the

most effective.

The total lipid content in muscle, gonad and DG are also

shown in Tables 2–4. Muscle of abalone fed the five diets

supplemented with FO contained significantly higher con-

tents of total lipid than the control group (P \ 0.05). The

highest total lipid content was recorded in abalone fed diet

containing 1.5% FO supplement (diet 4) with 1.40 g/100 g,

5.64 g/100 g and 6.05/100 g being recorded in muscle,

gonad and DG respectively while the control group (diet 1)

showed 1.24 g/100 g total lipid in muscle, 3.88 g/100 g in

gonad and 3.44 g/100 g in DG (P \ 0.01).

The expression of fatty acid elongase 2 and D6 desat-

urase genes in muscle tissue from abalone fed diets 1–6 are

shown in Figs. 1 and 2. Values are expressed as arbitrary

units of elongase and desaturase normalized against the

expression levels of b-actin. For D6 desaturase, signifi-

cantly higher expression was observed in the muscle of

abalone fed diet 2 (with 0.5% FO supplement, P \ 0.05).

There were no significant differences between other

treatment groups (Fig. 2). Elongase 2 expression was

Table 4 Fatty acid composition (mol %) and total lipid content (g/100 g wet tissue) of digestive gland in Jade Tiger abalone fed the different

experimental diets for 12 weeks (n = 10)

Fatty acid Diet

1 2 3 4 5 6

14:0 3.3 ± 0.3a 3.0 ± 0.2a 3.0 ± 0.2a 2.5 ± 0.2b 3.8 ± 0.2c 3.1 ± 0.2a

16:0 20.9 ± 1.0a 15.0 ± 1.1b 15.3 ± 0.8b 11.3 ± 1.7c 16.6 ± 2.0bd 18.7 ± 0.5ad

17:0 0.5 ± 0.1a 1.3 ± 0.1b 0.6 ± 0.1a 0.6 ± 0.1a 1.2 ± 0.1b 0.6 ± 0.0a

18:0 3.4 ± 0.2a 3.3 ± 0.2a 4.3 ± 0.4b 3.7 ± 0.2ab 4.1 ± 0.3b 3.4 ± 0.2a

20:0 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a

24:0 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a

Total SFA 28.5 ± 1.8a 23.0 ± 1.1b 23.6 ± 0.5b 18.4 ± 1.6c 26.0 ± 2.1d 26.1 ± 1.8d

16:1 2.2 ± 0.2a 2.5 ± 0.3a 2.2 ± 0.3a 1.5 ± 0.1b 1.5 ± 0.1b 2.4 ± 0.1a

17:1 2.4 ± 0.2a 2.0 ± 0.2a 3.6 ± 0.2b 3.0 ± 0.2c 3.6 ± 0.2b 3.8 ± 0.2b

18:1n9 13.0 ± 0.8a 8.5 ± 0.9b 8.1 ± 0.6b 6.4 ± 0.3c 8.2 ± 0.5b 11.9 ± 0.8d

18:1n7 8.6 ± 0.7a 5.3 ± 0.4b 6.8 ± 0.2c 4.3 ± 0.2d 6.4 ± 0.4c 8.5 ± 0.3a

20:1 7.1 ± 2.8a 11.0 ± 0.9b 8.0 ± 0.6a 7.0 ± 0.2a 7.0 ± 0.2a 7.8 ± 0.2a

Total MUFA 33.3 ± 0.4a 29.4 ± 1.7b 28.6 ± 1.0bc 22.1 ± 1.1d 26.7 ± 1.9c 34.4 ± 1.3f

18:2n6 11.0 ± 0.9ac 16.8 ± 0.3b 11.9 ± 1.0ce 19.0 ± 1.4d 13.0 ± 0.9e 10.0 ± 1.1a

18:3n3 1.1 ± 0.1a 1.5 ± 0.1b 1.5 ± 0.1b 1.7 ± 0.2c 1.5 ± 0.1b 0.9 ± 0.1a

20:2NMI 1.9 ± 0.1a 1.9 ± 0.1a 1.7 ± 0.1a 1.8 ± 0.1a 1.7 ± 0.1a 1.6 ± 1.3a

20:2n6 2.2 ± 0.2a 2.2 ± 0.2a 2.8 ± 0.2b 2.4 ± 0.1a 2.4 ± 0.1a 2.2 ± 0.1a

20:3n6 0.3 ± 0.1a 0.3 ± 0.0a 0.7 ± 0.1b 0.7 ± 0.1b 0.3 ± 0.1a 0.4 ± 0.0a

20:4n6 2.2 ± 0.2a 2.2 ± 0.2a 3.2 ± 0.3b 2.9 ± 0.2ab 3.0 ± 0.2b 3.0 ± 0.1b

20:5n3 5.1 ± 0.4a 7.0 ± 0.5bd 7.0 ± 0.3bd 8.8 ± 0.6c 7.8 ± 0.5d 6.3 ± 0.4b

22:2NMI 6.0 ± 0.3a 5.6 ± 0.1ab 5.7 ± 0.3ab 6.4 ± 0.2a 4.9 ± 0.2b 4.8 ± 0.2b

22:4n6 0.4 ± 0.0a 0.5 ± 0.1a 0.4 ± 0.0a 0.4 ± 0.0a 0.4 ± 0.0a 0.4 ± 0.0a

22:5n6 2.2 ± 0.3a 1.3 ± 0.2b 2.7 ± 0.2c 1.5 ± 0.1b 1.3 ± 0.1b 1.0 ± 0.1b

22:5n3 2.9 ± 0.2a 4.4 ± 0.3b 5.4 ± 0.3c 7.8 ± 0.4d 5.6 ± 0.3c 4.4 ± 0.1b

22:6n3 2.2 ± 0.2a 3.7 ± 0.2b 4.8 ± 0.4c 6.2 ± 0.2d 5.0 ± 0.2c 5.9 ± 0.1c

Total n-3 11.4 ± 1.1a 16.8 ± 0.7b 18.7 ± 1.4bd 24.5 ±1.6c 19.8 ± 1.0d 16.3 ± 0.3b

Total n-6 18.4 ± 1.8a 23.3 ± 0.9b 21.4 ± 1.2c 26.8 ± 1.6d 20.9 ± 1.2bc 17.2 ± 0.3a

Total PUFA 29.8 ± 2.6a 40.1 ± 1.4b 40.1 ± 1.7b 51.3 ± 2.6c 40.7 ± 1.2b 33.5 ± 1.2d

n-3/n-6 0.6 ± 0.0a 0.7 ± 0.0a 0.9 ± 0.0b 0.9 ± 0.1b 0.9 ± 0.1b 0.9 ± 0.1b

Lipid (g/100 g) 3.44 ± 0.09a 3.45 ± 0.10a 3.68 ± 0.16ab 6.05 ± 0.14c 4.07 ± 0.11d 3.83 ± 0.1bd

Values are expressed as means ± SD. Values in the same row with different letters indicate significant differences (P \ 0.05)

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, NMI non-methylene-interrupted fatty acids
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significantly higher in muscle of abalone fed 1.5% FO (diet

4), followed by 2.0% FO (diet 5). No marked differences

were recorded between the treatment groups fed diets

containing 0.5, 1.0 and 2.5% FO (diets 2, 3 & 6) (P [ 0.05)

(Fig. 1).

Discussion

Abalone fed diets with fish oil supplement significantly

improved the levels of total n-3 PUFA, EPA, DPAn-3 and

DHA in Jade Tiger hybrid abalone. These results are

consistent with previous reports on other abalone species,

such as greenlip abalone (Haliotis laevigata) [9], green

abalone (Haliotis fulgens) [16], Donkey ear abalone

(Haliotis asinine Linne) [26] and Haliotis discus hannai

Ino [15]. The present study showed that muscle, gonad

and digestive gland (DG) of Jade Tiger abalone fed diet

supplemented with 1.5% FO (diet 4) contained the

highest levels of total n-3 PUFA, EPA, DPAn-3 and

DHA. This might be attributed to the efficiency in utili-

zation of dietary lipids by abalone. Abalone are herbi-

vores and previous study showed that their lipid

requirement is very low as they are highly efficient in

utilizing lipids [31]. An optimal increase of FO in the diet

has resulted in a higher n-3 PUFA profiles and growth

rate. It has been reported that greenlip abalone showed an

improved composition of long chain n-3 PUFA and

optimal growth when fish oil levels are at 1.0–2.5% in the

diets. Juvenile abalone, Haliotis discus hannai Ino also

showed higher levels of EPA and DHA when diet sup-

plemented with 2% FO [15].

In general the lipid level of balanced diets developed for

abalone ranges from 1.5 to 5.0% [30]. Abalone showed a

poor response to elevated lipid levels due to the lower

capacity of dealing with high dietary oil and this might be

attributed to the low digestibility of lipids in this animal

[9, 16, 27–31]. This probably explains why at higher FO

levels (2 & 2.5% as in diets 5 & 6) in the present study, the

long chain n-3 PUFA, EPA and DHA tended to decrease in

comparison with the effect of diet containing 1.5% FO. The

similar results have also been reported from other herbiv-

orous marine species [33, 34]. In addition a decreased

utilization of dietary fat in juvenile cod (Hexagrammos

otakii Jordan et Starks) with excessive dietary level of long

chain n-3 PUFA has been reported [32]. In green abalone

(Haliotis fulgens), maximum growth rates were obtained

when they were fed a formulated feed containing 1.5%

lipids [16]. The Japanese feed Nihon Kogyo contained only

1.5% lipid but produced significantly increased growth

rates in abalone relative to those with 3% lipid [9]. In

contrast, some species showed an improved growth rate at

the higher lipid levels. In greenlip abalone, growth rates

were improved when abalone fed diets containing 2.6 and

4.2% total lipids. Other diet with total lipid content of 3.8%

also increased growth rates [9]. The dietary lipid level of

3.5% has been considered to be optimum level for Juvenile

Haliotis discus hannai Ino [29]. It appears that the lipid

requirements of abalone might be species specific although

the overall range is lower in comparison with other ani-

mals. In our study the total dietary lipid contents ranged

from 0.42 to 2.92% dry wt. The diet supplemented with

1.5% FO had 1.92% of total lipid and this probably is the

optimal lipid level for Jade Tiger hybrid abalone and thus

achieved the best outcome.

Study also showed that, addition of marine or vegetable

oils to commercial abalone diets should be limited to 3% in

order to maintain the optimal digestibility of nitrogen and

Fig. 1 Effect of experimental diets on expression of fatty acid

elongase 2 gene in the muscle of Jade Tiger abalone. Data are

presented as means ± SME (n = 4). Different letters above the bars
indicate significant differences (P \ 0.05)

Fig. 2 Effect of experimental diets on expression of fatty acid D6

desaturase gene in the muscle of Jade Tiger abalone. Data are

presented as means ± SME (n = 4). Different letters above the bars
indicate significant differences (P \ 0.05)
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amino acids, and gross energy [34]. Formulated abalone

diets from around the world contain a wide range of total

lipid content (1–11% wet wt) [9]. In these diets, a large

variation in fatty acid composition was evident. The diets

containing high lipid level and no fish products are not

recommended [9].

Abalone require n-3 and n-6 PUFA as essential fatty

acids [46] with the n-3/n-6 ratio providing a broad indi-

cation of fatty acid utilization within the tissues. The foot

muscle contained a high proportion of n-3 PUFA; whereas

n-6 PUFA were more prominent in the gonad and DG. One

of the abundant fatty acids in the diet, LA only formed a

moderate component of the fatty acid fraction in the

muscle but was more common in the gonad and DG. In the

muscle, arachidonic acid (ARA, 20:4n-6) composition was

higher but a lower level was found in the gonad and DG. In

all three tissues the proportion of EPA was present in

similar abundance, resulting in a relatively high EPA: ARA

ratios in the gonad and DG. Dunstan et al. [9] reported that

most of the tissue ARA originated from dietary linoleic

acid (LA). Our results showed a similar trend. Although a

high level of ARA may not be required for muscle growth,

it may be required for oogenesis and embryogenesis. In

agreement with our present results, Nelson et al. [45] also

observed a higher ARA level in the muscle of Haliotis

fulgens than in the gonad and DG. One of the less abundant

n-3 PUFA in the diet, DPAn-3 formed a major component

of n-3 PUFA fraction in the muscle but was less prominent

in the gonad and DG. These results suggest that abalone

may require less DPAn-3 in the gonad and DG to meet

their physiological needs in comparison with muscle. Other

possible explanation is that DPAn-3 in the gonad and DG

may be converted to DHA through desaturase and elongase

at a higher rate than in the muscle tissue. However further

study is required to compare the level of gene expression in

different tissues. Lower composition of DPAn-3 in the

gonad and DG has also been reported for female green

abalone [45], greenlip and blacklip abalone [47]. In gen-

eral, the variation in LA, ARA, and DPAn-3 were largely

responsible for the differences in n-3/n-6 ratio in tissues of

Jade Tiger abalone. This may explain the differential pro-

portion of n-3/n-6 ratio between the tissues in the present

study. In our study all the five diets supplemented with FO

have improved the n-3/n-6 PUFA ratio in the muscle. This

is in agreement with the reports that muscle n-3/n-6 ratio is

affected by dietary n-3 levels [9, 16, 35–44]. As muscle is

widely used for human consumption, the higher n-3/n-6

PUFA ratio will improve the nutritional value of cultured

abalone.

Previous studies showed that cultured abalone contained

less long chain n-3 PUFA than wild abalone. The results of

our study demonstrated that the muscle of abalone fed with

diet containing 1.5% FO supplement can reach similar

amounts of EPA, DPAn-3 and total n-3 PUFA as those in

wild abalone [10, 12]. Dunstan et al. [10] reported that the

muscle of wild greenlip abalone contained 0.2% DHA,

14.1% DPAn-3, 9.9% EPA, and 25.1% total n-3 PUFA,

while wild blacklip abalone contained 0.3% DHA, 13.5%

DPAn-3, 6.8% EPA, and 22.2% total n-3 PUFA. The study

by Su et al. [12] also showed the similar composition of

fatty acids in the muscle of wild blacklip abalone with

DHA, DPAn-3, EPA, and total n-3 PUFA at 0.4, 10.1, 8.8

and 20.5% of total fatty acids, respectively. As shown in

Table 2, we found that DHA, DPAn-3, EPA and total n-3

PUFA levels were at 4.9, 14.3, 10.4 and 30.8% of total

fatty acids respectively in the muscle of abalone fed a diet

with a 1.5% FO supplement. These results are comparable

with the published data on wild abalone. In addition a

higher DHA level was observed in all three types of tissue

from our study. Thongrod et al. [26] showed that cultured

abalone (H. asinina, Linne) fed a diet supplemented with

FO contained similar long chain n-3 PUFA to wild-caught

abalone. The higher DHA level recorded in the present

study might be attributed to the higher DHA levels in the

experimental diets than in the natural macroalgae diets

reported in the previous studies [10, 12, 45]. The macro-

algae diet of the adult wild greenlip and blacklip abalone

contained 0.7% DHA and produced only 0.2% to 0.4%

DHA in the muscle tissue [9, 10, 12]. Uki et al. [27] found

that the level of DHA in abalone tissue increased when

abalone were fed a diet containing more DHA although

DPAn-3 remained the most abundant long chain n-3 PUFA

[46]. The higher DHA level in our study also implicates

that Jade Tiger abalone can accumulate DHA directly from

dietary sources and may also have the ability to bio-convert

18-carbon n-3 PUFA, such as ALA, to EPA and DHA to a

certain extent. The low level of ALA in abalone tissue at

the present study supports this possibility. Wei et al. [15]

suggested that H. discus hannai has the capability to syn-

thesize EPA and DHA from ALA through elongation and

desaturation. A similar study by Durazo-Beltran et al. [16]

with H. fulgens also suggested that abalone is capable of

desaturation and elongation of ALA to EPA.

Data presented here represent new information on the

D6 desaturase and elongase 2 gene expression in abalone.

The expression of D6 desaturase and elongase 2 involved

in the highly unsaturated fatty acid biosynthetic pathway

varied in muscle of abalone fed with the different experi-

mental diets (Figs. 1, 2). Elongase 2 gene expression was

significantly increased in abalone fed 1.5% FO. The

increase in elongase 2 gene expression positively coincides

with the highest EPA, DPAn-3 and DHA levels in muscle

of abalone fed with this diet. This may indicate the

metabolism of ALA and further suggests that abalone have

the ability to convert ALA to EPA, DPAn-3 and DHA to a

certain extent. The highest level of elongase gene
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expression in the abalone fed with 1.5% FO diet may also

relate to the direct conversion of EPA to DPAn-3 and then

DHA. Dietary EPA bypass the initial rate limiting D6

desaturase step in the n-3 long chain PUFA biosynthetic

pathway and this may lead to DPAn-3 and DHA being

synthesized. Abalone fed the diet with the highest level of

FO supplement (2.5%) did not produce the highest level of

elongase 2 expression. This may suggest that abalone have

a limited capacity to utilize and/or a limited requirement

for long chain n-3 PUFA [9] and an elevated level of these

fatty acids in the diet may decrease elongase 2 expression.

Conflicting results have been reported on fatty acid elongase

gene expression in salmon liver with the replacement of die-

tary FO with vegetable oil [17, 52]. Fatty acid elongase gene

expression increased in liver with graded replacement of lin-

seed oil [17]. However, in a more recent trial, a high level of

elongase gene expression in salmon fed FO compared to

salmon fed with vegetable oil has been reported [52]. This is in

agreement with our findings that, FO inclusion in abalone

increased elongase 2 expression.

Gene expression of D6 desaturase showed a significant

increase in muscle of abalone fed the diet containing the

0.5% FO supplement. This result does not coincide with

the highest EPA, DPAn-3 and DHA levels in abalone

muscle. Previous studies demonstrated that dietary con-

centrations of substrates such as ALA had a positive cor-

relation with the expression of the fatty acid desaturase

gene [17, 48]. The reason that the diet containing 0.5% FO

(diet 2) increased expression of desaturase compared to the

control diet in the present study may also relate to the high

level of ALA in the diet. The high level of dietary n-6

PUFA relative to n-3 PUFA in the diet containing 0.5%

FO, contributed to a high n-6/n-3 ratio, particularly LA to

ALA ratio in the diet. This may have resulted in a smaller

rise in EPA, DPAn-3 and DHA levels in tissue due to the

competitive inhibitory effect of n-6 and n-3 at the level of

initial desaturation reaction. Miller et al. [48] also sug-

gested that increased n-6 PUFA in fish fed a diet containing

a high level of n-6 PUFA is probably associated with the

markedly higher n-6/n-3 fatty acid ratio in the white muscle

and liver of fish and increased competition between n-6 and

n-3 PUFA for desaturase enzymes. It is also known that the

conversion rate of ALA to long chain n-3 PUFA is affected

by the fatty acid composition of the diet. In particular the

presence of LA has been demonstrated to compete with the

ALA for the desaturase and elongase enzymes [14, 49].

Our results suggest that essential fatty acids such as ALA

can be metabolized into EPA, DPAn-3 and DHA. Also,

EPA may be converted to DPAn-3 and DPAn-3 to DHA to

certain extent. This process involves sequential desaturase

(adding double bonds) and chain elongase (adding carbon

atoms to the hydrocarbon backbone [50]. The enzymatic

competition between n-6 and n-3 PUFA require dietary

balance in the precursor fatty acids, as an overabundance in

one will lead to a relative deficiency in the metabolites of

the other and vice versa [14, 49].

Studies also showed that dietary fatty acids, environ-

mental factors, and the life cycle can affect elongase and

desaturase activity [17, 51, 52]. Each step along the long

chain n-3 PUFA pathway depends on the amount of sub-

strate. Therefore, increased elongase 2 and D6 desaturase

gene expression could be influenced by increased dietary

concentrations of substrate ALA. The elongase and desat-

urase genes also act upon the n-6 pathway. However, fatty

acid profiles and the D6 desaturase and elongase 2 gene

expression of this study indicate that there is a preference

for the n-3 pathway. Available information suggested that

abalone have the capacity to synthesize EPA and DHA

from ALA through elongation and desaturation [15, 16].

These few studies were all based on the feeding trial which

involved only dietary lipid sources. Our results on the D6

desaturase and elongase 2 gene expression in abalone

provide further evidence on biosynthesis pathway of long

chain n-3 PUFA. Although actual enzymatic activities of

both genes were not measured, studies on several fish

species have shown that expression of D6 desaturase and

elongase mRNA correlated with their enzymatic activities

[53–55]. To the best of our knowledge, this is the first study

on abalone gene expression. Future studies on the gene

expression in other tissues/organs such as the DG as well as

the analysis of actual enzymatic activities of both D6

desaturase and elongase 2 are required to further support

the suggestion of HUFA biosynthesis activities within the

muscle.

In conclusion, the present study demonstrated that sup-

plementation with FO in the normal commercial diet of

abalone can increase the level of long chain n-3 PUFA in

cultured abalone. FO supplementation at a concentration of

1.5% appears to achieve the best outcome. The study also

found that Jade Tiger abalone fed a diet containing 1.5%

FO supplement contained similar amounts of EPA, DPAn-

3 and total n-3 PUFA, and even higher DHA than in

wild-caught abalone. In addition, the expression of D6

desaturase and elongase 2 genes in muscle of Jade Tiger

abalone could be enhanced with FO supplementation.

Elongase 2 expression in the muscle of abalone fed with

the diet containing 1.5% FO supplement coincided with the

level of long chain n-3 PUFA in the tissue. Overall, these

findings suggest that abalone have the ability to synthesize

the highly unsaturated fatty acids in their tissues and fur-

ther studies to detail the activity of elongation/desaturation

pathway is warranted.
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Abstract Fish oils are rich in omega-3 long-chain poly-

unsaturated fatty acids (n-3 LC-PUFA), predominantly

20:5n-3 and 22:6n-3, whereas vegetable oils contain abun-

dant C18-PUFA, predominantly 18:3n-3 or 18:2n-6. We

hypothesized that replacement of fish oils with vegetable

oils would increase the oxidative stability of fish lipids.

Here we have used the long established and easily culti-

vated FHM cell line derived from the freshwater fish species

fathead minnow (Pimephales promelas) to test this

hypothesis. The FHM cells were readily able to synthesize

20:5n-3 and 24:6n-3 from 18:3n-3 but 22:6n-3 synthesis

was negligible. Also, they were readily able to synthesize

20:3n-6 from 18:2n-6 but 20:4n-6 synthesis was negligible.

Mitochondrial b-oxidation was greatest for 18:3n-3 and

20:5n-3 and the rates for 16:0, 18:2n-6, 22:6n-3 and 18:1n-9

were significantly lower. Fatty acid incorporation was pre-

dominantly into phospholipids (79–97%) with very little

incorporation into neutral lipids. Increasing the fatty acid

concentration in the growth medium substantially increased

the concentrations of 18:3n-3 and 18:2n-6 in the cell

phospholipids but this was not the case for 20:5n-3 or

22:6n-3. When they were subjected to oxidative stress, the

FHM cells supplemented with either 20:5n-3 or 22:6n-3

(as compared with 18:3n-3 or saturated fatty acids) exhib-

ited significantly higher levels of thiobarbituric reactive

substances (TBARS) indicating higher levels of lipid per-

oxidation. The results are discussed in relation to the effects

of fatty acid unsaturation on the oxidative stability of cel-

lular lipids and the implications for sustainable aquaculture.

Keywords Aquaculture � b-oxidation � Cell culture �
Fish oil replacement � Lipid peroxidation � Phospholipids �
Polyunsaturated fatty acids
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EPA Eicosapentaenoic acid
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LC-PUFA Long-chain polyunsaturated fatty acids (carbon

chain length CC20 with C3 double bonds)
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PtdEtn Phosphatidylethanolamine

Ptd2Gro Cardiolipin

PtdIns Phosphatidylinositol

PtdOH Phosphatidic acid

PtdSer Phosphatidylserine

PUFA Polyunsaturated fatty acids

SDS Sodium dodecyl sulphate

STA Stearic acid

TBA Thiobarbituric acid

TBARS Thiobarbituric acid reactive substances

TLC Thin-layer chromatography

TN Total neutral lipids

T/V Trypsin/versene

Introduction

Fisheries and aquaculture are major contributors to world

food security with C15% of animal protein for human

consumption being derived from these sources in recent

years [1]. Traditionally, feeds for farmed fish have con-

tained high proportions of fish oil derived from wild-

catch fisheries. However, in the 10 years prior to 2007,

wild-catch fisheries production has remained static

whereas aquaculture production has almost doubled [1].

Thus, there has been considerable interest in the

replacement of fish oils with more sustainable oils [2, 3].

The preferred candidates have been vegetable oils from

oilseed plants. However, while these are rich in C18

polyunsaturated fatty acids (PUFA), they are completely

lacking in the omega-3 long-chain PUFA (n-3 LC-PUFA)

that are abundant in fish oils. These n-3 LC-PUFA give

seafood its reputation as a health food. In particular,

eicosapentaenoic acid (EPA, 20:5n-3) and docosahexae-

noic acid (DHA, 22:6n-3) have been shown to be bene-

ficial in the prevention of cardiovascular disease,

rheumatoid arthritis, inflammatory bowel disease, child-

hood learning and behavior disorders and adult psychi-

atric and neurodegenerative illnesses [4].

The fatty acid profile of fish flesh generally reflects the

fatty acid profile of their diet [5]. Therefore, the dietary

substitution of fish oils with vegetable oils reduces the n-3

LC-PUFA content of fish flesh thereby reducing its human

health value [6–10]. In freshwater fish and salmonids (e.g.

trout and salmon), this may be partially offset by their

varying ability to synthesize LC-PUFA from C18 PUFA but

in marine fish this is not the case [11–14]. Marine fish

appear to be poorly able to synthesize LC-PUFA from C18

PUFA and this may reflect the relative abundance of pre-

formed LC-PUFA, particularly 22:6n-3, in the marine food

web [5]. Although freshwater fish and salmonids have

some capacity to synthesize LC-PUFA from C18 PUFA,

this is insufficient to compensate for a decreased dietary

intake of LC-PUFA.

The generally accepted pathway for the synthesis of LC-

PUFA from C18 PUFA in fish, as in mammals, is a series of

desaturation and elongation steps in the endoplasmic

reticulum followed by chain shortening in the peroxisomes

(Fig. 1). In particular, the synthesis of 22:6n-3 from

18:3n-3 involves a D6 desaturation step followed by a

chain elongation step, a D5 desaturation step and two

consecutive chain elongation steps before a second D6

desaturation step and the final chain shortening step.

Recent studies indicate that the C18 and C20 elongation

steps are catalysed by an ELOVL5-like elongase whereas

the C22 elongation step is catalysed by an ELOVL2-like

elongase [15, 16]. Studies with fish cell lines indicate that

freshwater fish and salmonids have substantial activities of

the desaturase and elongase enzymes required to synthesize

20:5n-3 from 18:3n-3 whereas for marine fish there is an

apparent limitation at either the C18 elongation or the D5

desaturation step [11–14]. In contrast, synthesis of 22:6n-3

appears to be limited in all fish species.

Fish lipids are highly susceptible to peroxidative dete-

rioration because of the high proportions of LC-PUFA they

contain and this explains the shorter shelf life of fish flesh

products as compared with terrestrial animal meat products

[17]. The C18 PUFA abundant in vegetable oils, 18:2n-6

and 18:3n-3, contain 2 and 3 double bonds, respectively,

whereas the LC-PUFA abundant in fish oils, 20:5n-3 and

22:6n-3, contain 5 and 6 double bonds, respectively. Lipid

peroxidation occurs when reactive oxygen species (ROS)

attack PUFA at their double bonds setting off a chain

reaction of hydrogen abstraction and lipid radical forma-

tion. This is particularly damaging to cell membranes

because of the close proximity of fatty acids in the

phospholipid bilayer [17]. Thus, a cell culture model would

be useful to precisely define the effects of fish oil

replacement at the cellular level.

The abundance of individual fatty acids in cellular lip-

ids, particularly phospholipids, is affected by their uptake

and esterification into the different lipid classes as well as

by their mitochondrial b-oxidation for energy generation

and their possible desaturation and/or elongation to form

LC-PUFA [5]. Thus, all of these factors need to be con-

sidered when developing a cell culture model. Here we

have used the long established and easily cultivated FHM

cell line derived from the freshwater fish species fathead

minnow (Pimephales promelas). In particular we have

investigated the capacity of the cell line to synthesize LC-

PUFA from C18 PUFA, to metabolize various fatty acids by

b-oxidation and to incorporate various fatty acids into

cellular lipids. Finally, we have investigated the impact of

fatty acid unsaturation on the susceptibility of the cells to

lipid peroxidation.
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Materials and Methods

Cells, Media and Standard Culture Conditions

A stock culture of the FHM cell line derived from fathead

minnow (Pimephales promelas) was obtained from the

Australian Animal Health Laboratory (CSIRO Livestock

Industries, Geelong, Victoria, Australia) and the species of

origin was confirmed by polymerase chain reaction (PCR)

using the mitochondrial cytochrome oxidase subunit I

(cox1) primers of Ward et al. [18]. For routine culture, the

FHM cells were maintained in 75 cm2 flasks containing

20 ml Leibovitz’s L-15 medium supplemented with anti-

biotics (100 IU ml-1 penicillin, 100 lg ml-1 streptomy-

cin) and 10% (v/v) foetal bovine serum (FBS). To

subculture or harvest the cells, the medium was decanted,

the cell monolayer was rinsed with phosphate buffered

saline without Ca2? or Mg2? (PBSA) and the cells were

detached with T/V solution containing 0.05% (w/v) trypsin

and 0.02% (w/v) ethylenediamine tetraacetic acid (EDTA)

in PBSA. For the experiments with [1-14C]-labelled fatty

acids, the cells were cultured to 80% confluence in 75 cm2

flasks containing 20 ml L-15 medium supplemented with

5% (v/v) FBS. The medium was then replaced with 10 ml of

fresh medium containing no FBS and the [1-14C]-labelled

fatty acids as complexes with fatty acid free-bovine serum

albumin (FAF-BSA). The complexes were prepared as

described by Ghioni et al. [19]. For the experiments with

unlabelled fatty acids, the cells were cultured to 80% con-

fluence in 75 cm2 flasks containing 20 ml L-15 medium

supplemented with 10% (v/v) FBS and then they were

subcultured (at a split ratio of 1 to 12) into 25 cm2 flasks

containing 10 ml L-15 medium supplemented with 2%

(v/v) FBS and the unlabelled fatty acids as complexes with

FAF-BSA. The complexes were prepared as described by

Best et al. [20] with a molar ratio of fatty acid to BSA of 4:1.

For all experiments, the culture temperature was 25 �C and

the incubation period with either the [1-14C]-labelled or the

unlabelled fatty acids was 24 h.

LC-PUFA Synthesis Assay Using [1-14C]-labelled

Fatty Acids

The FHM cells were incubated for 24 h in 75 cm2 flasks

containing 1 lCi (2 lM) [1-14C]-labelled 18:2n-6, 18:3n-3

or 20:5n-3 in 10 ml L-15 medium containing no FBS. At

the end of the 24-h incubation, the cells were detached with

T/V solution and washed with FAF-BSA to remove any

residual labelled fatty acid. Total lipids were extracted

from the cell pellets by the addition of 5 ml ice-cold

chloroform/methanol (2:1, v/v) containing 0.01% (v/v)

butylated hydroxytoluene (BHT) followed by 1 ml 0.88%

(w/v) KCl. The method was essentially that of Folch et al.

[21] with the modifications described by Tocher et al. [22].

Fatty acid methyl esters (FAME) were prepared by incu-

bating the lipid extract overnight at 50 �C with 1 ml of

toluene and 2.5 ml of 1% (v/v) H2SO4 in methanol. The

method was essentially that of Christie [23]. At the end of

the incubation, the FAME were extracted by the addition of

2 ml of 2% (w/v) KHCO3 followed by 5 ml isohexane/

diethyl ether (1:1, v/v) containing 0.01% (v/v) BHT. The

mixture was centrifuged at 500g and the upper layer was

re-extracted with 5 ml isohexane/diethyl ether (1:1, v/v)

containing no BHT. The upper layers were combined and

the solvent was evaporated under a stream of N2. The dried

FAME were dissolved in 100 ll isohexane containing

0.01% (w/v) BHT and separated by thin-layer chromatog-

raphy (TLC) on 20 9 20 cm TLC plates which had been

impregnated with 2 g AgNO3 in 20 ml acetonitrile before

being dried/activated at 110 �C for 30 min. The TLC plates

were developed in toluene/acetonitrile (95:5, v/v). The

method was essentially as described by Wilson and Sargent

[24]. Autoradiography was performed and the areas of

silica containing the individual PUFA were scraped into

18:2n-6 18:3n-6  20:3n-6 20:4n-6 22:4n-6 24:4n-6 24:5n-6
Δ6 ELOVL5 Δ5 ELOVL5 ELOVL2 Δ6

LNA ARA

18:3n-3 18:4n-3 20:4n-3 20:5n-3 22:5n-3 24:5n-3   24:6n-3
Δ6           ELOVL5 Δ5          ELOVL5        ELOVL2 Δ6

22:5n-620:2n-6

Short

22:6n-3
DHA

Short

     20:3n-3

ALA              EPA

Fig. 1 The generally accepted pathway for the synthesis n-3 and n-6

LC-PUFA from their C18 fatty acid precursors in fish (adapted from

Miller et al. [2]) showing the alternative reactions when D6 fatty acyl

desaturase activity is limiting (broken lines). D5 D5 fatty acyl

desaturase, D6 D6 fatty acyl desaturase, ARA arachidonic acid, ALA
a-linolenic acid, DHA docosahexaenoic acid, ELOVL2 fatty acyl

elongase 2, ELOVL5 fatty acyl elongase 5, EPA eicosapentaenoic

acid, LNA linoleic acid, short peroxisomal shortening of LC-PUFA
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scintillation vials and radioactivity determined using a

scintillation counter as previously described [25].

b-Oxidation Assay Using [1-14C]-labelled Fatty Acids

The FHM cells were incubated for 24 h in 75-cm2 flasks

containing 0.5 lCi (1 lM) [1-14C]-labelled 16:0, 18:1n-9,

18:2n-6, 18:3n-3, 20:5n-3 or 22:6n-3 in 10 ml L-15 med-

ium containing no FBS. At the end of the incubation,

0.5 ml of the medium was removed for scintillation

counting and the cells were detached with T/V solution and

washed as described above. The washed cell pellets were

resuspended in 1 ml PBS and homogenized to disrupt the

cells. Acid soluble products were obtained by adding

100 ll of 6% (w/v) FAF-BSA and 1.0 ml ice-cold 4 M

HClO4 to 500 ll each of the growth medium and the cell

homogenate and then centrifuging to remove the precipi-

tated material. An aliquot of the supernatant (500 ll) was

mixed with 4 ml scintillation fluid and radioactivity

determined using a scintillation counter as previously

described [25].

Incorporation of [1-14C]-labelled Fatty Acids

into Various Lipid Classes

The FHM cells were incubated for 24 h in 75 cm2 flask

containing 1.0 lCi (2 lM) [1-14C]-labelled 16:0, 18:1n-9,

18:2n-6, 18:3n-3, 20:5n-3 or 22:6n-3 in 10 ml L-15 med-

ium containing no FBS. At the end of the 24-h incubation,

the cells were harvested and total lipid was extracted as

described above. To separate the various lipid classes, the

total lipid was dissolved in 100 ll chloroform/methanol

(2:1, v/v) and applied to a high performance-thin layer

chromatography (HPTLC) plate. The plate was developed

in methyl acetate/isopropanol/chloroform/methanol/0.25%

(w/v) aqueous KCl (25/25/25/10/9, by volume) as descri-

bed by Vitiello and Zanetta [26]. The separated lipids were

stained with iodine and the corresponding bands of silica

were scraped into scintillation vials. Scintillation fluid

(2.5 ml) was added and radioactivity determined using a

scintillation counter as above.

Incorporation of Unlabelled Fatty Acids into the FHM

Cell Phospholipids

The FHM cells were incubated for 24 h in 25-cm2 flasks

containing 10 ml L-15 medium supplemented with 2% (v/v)

FBS and various concentrations of unlabelled 18:3n-3,

18:2n-6, 20:5n-3, 20:4n-6 or 22:6n-3. At the end of the

incubation, the cells were harvested and total lipid was

extracted from approximately 106 cells according to the

method of Folch et al. [21]. The phospholipids were

separated from the neutral lipids by TLC with petroleum

ether/glacial acetic acid (3:1, v/v) and then they were

transmethylated by incubation with 1% (v/v) H2SO4 in

methanol for 3 h at 70 �C. The resulting FAME were

extracted in heptane and analyzed by gas chromatography

using a Hewlett-Packard 6890 gas chromatograph (Hewlett

Packard, Palo Alto, CA, USA) fitted with a flame ionisation

detector and a BPX-70 50 m capillary column coated

with 70% (v/v) cyanopropyl polysilphenylene-siloxane

(0.25 mm film thickness and 0.32 mm internal diameter,

SGE, Australia). The carrier gas was helium at a flow rate

of 2.0 ml min-1 and the split-ratio was 20:1. The injection

port temperature was 250 �C and the detector temperature

was 300 �C. The column temperature was increased from

140 to 220 �C at a rate of 4 �C min-1 and then held at

220 �C for up to 3 min. The identity of each fatty acid peak

in the chromatogram was ascertained by comparison with

an authentic lipid standard (Nu-Chek Prep, Inc., MN,

USA). The amount of each fatty acid was quantified by

comparing its peak area with the peak area of a hepta-

decaenoic acid (17:0) internal standard added prior to lipid

extraction.

Effect of Fatty Acid Unsaturation on Cell Viability

and Lipid Peroxidation

The FHM cells were seeded into 6-well plates at a density

of 5 9 105 cells per well in L-15 medium containing 2%

(v/v) FBS. The cells were allowed to attach overnight and

then they were incubated for 24 h with fresh medium

containing 2% (v/v) FBS and 20 lM 16:0, 18:0, 18:3n-3,

20:5n-3 or 22:6n-3 coupled with FAF-BSA in a 4:1 fatty

acid to BSA ratio. At the end of the incubation period, the

cell monolayer was rinsed twice with PBSA and then lipid

peroxidation was induced by treating the cells for 1 h with

500 lM cumene hydroperoxide plus 100 nM hemin in

PBSA. Following this treatment, the cell monolayer was

rinsed twice with PBSA and the cells were subjected to

either the Neutral Red (NR) cell viability assay [27] or the

thiobarbituric acid reactive substances (TBARS) assay for

lipid peroxidation [28]. Briefly, the NR cell viability assay

involved incubating the cells for 3 h in NR dye diluted in

L-15 containing 10% (v/v) FBS and then fixing them in

10% (w/v) CaCl2:4% (v/v) formaldehyde before solubi-

lizing the incorporated dye with 50% (v/v) ethanol:1%

(v/v) acetic acid and reading the absorbance at 550 nm.

Viable cells take up the dye whereas non-viable cells do

not. For the TBARS assay, the cells were lysed with 1%

(w/v) sodium dodecyl sulphate (SDS), the cell lysates were

mixed 1:1 with the TBARS reagent and the mixture was

incubated for 2 h at 75 �C before removing any insoluble

material by centrifugation and reading the fluorescence
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using excitation/emission wavelengths of 540/590 nm. The

TBARS reagent contained 25 mM thiobarbituric acid

(TBA), 15% (w/v) trichloroacetic acid and 0.005% (w/v)

BHT dissolved in 1 M HCl.

Statistical Analyses

Statistical analyses were performed using SPSS software.

The Levene statistic was calculated to test for homogeneity

of variances and means were compared using one-way

ANOVA followed by Tukey’s post-hoc test. Differences

where the P value was [0.05 were considered to be

significant.

Results

Effect of the FBS Concentration in the Growth Medium

on the Fatty Acid Composition of the FHM Cell

Phospholipids

The fatty acid composition of the FHM cell phospholipids

closely resembled that of the FBS in the growth medium,

with the exceptions that 16:0 and 18:0 were less abundant

and 18:1n-9 was more abundant (Table 1). Increasing the

concentration of FBS in the growth medium from 2 to 20%

(v/v) significantly increased the concentrations of 22:5n-3,

22:6n-3 and 20:4n-6 in the cell phospholipids (Fig. 2).

Metabolism of [1-14C]-labelled Fatty Acids

by the FHM Cells

Radioactivity from [1-14C]18:3n-3 was readily recovered in

20:4n-3, 20:5n-3, 22:5n-3 and 24:6n-3 but there was rela-

tively little recovery in 22:6n-3 (Table 2). Thus, the cells

expressed considerable desaturase and elongase activity but

only limited peroxisomal chain shortening activity. This

was confirmed by supplying the cells with [1-14C]20:5n-3.

A somewhat different pattern was observed when the cells

were supplied with [1-14C]18:2n-6. In this case, the label

was incorporated predominantly into 20:3n-6. This indi-

cated considerable D6 desaturase activity to yield 18:3n-6

followed by elongase activity to yield 20:3n-6 but limited

D5 desaturase activity to yield 20:4n-6. Thus, the FHM

D5 desaturase apparently preferred the n-3 over the n-6

substrate.

The capacity of the FHM cells to metabolise fatty acids

by mitochondrial b-oxidation was also investigated

(Fig. 3). This showed that 18:3n-3 and 20:5n-3 were more

readily oxidized than 16:0, 18:2n-6 or 22:6n-3 which in

turn were more readily oxidized than 18:1n-9. This result

was consistent with the high retention levels for 18:1n-9 in

the cell phospholipids (Table 1).

Incorporation of [1-14C]-labelled Fatty Acids into Lipid

Classes in the FHM Cells

Total incorporation into all lipid classes was similar for

18:1n-9, 18:2n-6 and 20:5n-3 but significantly greater for

18:3n-3 and significantly less for 16:0 and 22:6n-3

(Table 3). The lower incorporation rate for 16:0 was con-

sistent with its lower steady state level in the FHM cell

phospholipids as compared with FBS (Table 1). This

contrasts with the higher steady state level for 18:1n-9

which was apparently due to a lower rate of b-oxidation.

For all of the fatty acids tested, the majority of the label

(79–97%) was incorporated into phospholipids with very

little incorporation into neutral lipids. For 16:0, 18:1n-9

Table 1 Fatty acid composition of foetal bovine serum (FBS) and the

phospholipids of FHM cells maintained in L-15 medium containing

10% (v/v) FBS

Fatty acid Fatty acid composition

(% of total fatty acids)

FBS FHM cells in

L-15 ? 10% FBS

14:0 0.8 1.3

16:0 (PAM) 23.0 17.8

18:0 (STA) 18.8 9.0

Total saturatesa 45.3 32.0

16:1n-9 0.9 2.0

16:1n-7 1.3 2.2

18:1n-9 (OLA) 15.3 24.1

18:1n-7 2.0 7.9

Total monounsaturatesb 23.5 42.4

18:2n-6 (LNA) 7.6 1.8

18:3n-6 0.3 0.4

20:2n-6 0.2 0.4

20:3n-6 3.4 3.0

20:4n-6 (ARA) 9.9 8.4

Total n-6 PUFAc 23.3 15.3

18:3n-3 (ALA) 0 0.2

20:5n-3 (EPA) 0.3 0.2

22:5n-3 (DPA) 3.7 1.5

22:6n-3 (DHA) 4.0 2.9

Total n-3 PUFAd 8.1 4.9

Total PUFA 31.4 20.2

n-3/n-6 0.35 0.32

Data are expressed as % of total fatty acids. For FBS, the data are the

means of 3 separate batches. For the FHM cells, the data are the mean

of 3 replicate flasks; a also includes 15:0, 17:0, 20:0, 22:0 and 24:0;
b also includes 20:1, 22:1 and 24:1; c also includes 22:4n-6; d also

includes 18:4n-3 and 20:4n-3

PAM palmitic acid, STA stearic acid, OLA oleic acid, LNA linoleic

acid, ARA arachidonic acid, ALA a-linolenic acid, EPA eicosapenta-

enoic acid, DHA docosahexaenoic acid,
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and 18:2n-6, most of the label (44–50%) was incorporated

into phosphatidylcholine (PtdCho) with phosphatidyletha-

nolamine (PtdEtn) ranked second. For 18:3n-3 and 20:5n-3,

the ranking was reversed with the greatest incorporation

into PtdEtn followed by PtdCho. For 22:6n-3, the pattern

was different again with the greatest incorporation into

PtdEtn followed by phosphatidylserine (PtdSer) and then

PtdCho. Thus, the lower overall incorporation of 22:6n-3

into total lipids was associated with lower incorporation

into PtdCho and higher incorporation into PtdSer. In

addition, as the unsaturation of the fatty acids increased,

there was a trend away from incorporation into PtdCho.

Effect of Concentration on the Accumulation

of Unlabelled Fatty Acids in the FHM Cell

Phospholipids

Figure 4 shows the effects of increasing concentrations

of 18:3n-3 or 18:2n-6 in the growth medium on their

accumulation in the cell phospholipids. In both cases,

accumulation in the cell phospholipids paralleled the

increase in concentration in the growth medium up to a

concentration of 5 lM but above this concentration an

incorporation threshold was reached. The accumulation of

18:3n-3 was roughly paralleled by an accumulation of

20:3n-3, the direct elongation product of 18:3n-3. Thus, D6

desaturase activity, which would have produced 18:4n-3,

appeared to be limiting. In contrast, 18:2n-6 was a poor

substrate for direct elongation as evidenced by limited

accumulation of 20:2n-6. However, 20:3n-6 accumulation

was significant and this is consistent with the earlier

observation of limited D5 desaturase activity towards

20:3n-6 in the [1-14C]-labelling experiment (Table 2).

Further metabolism of 18:3n-3 to produce 20:5n-3 and

22:6n-3 or of 18:2n-6 to produce 20:4n-6 was negligible.

This was surprising given the results of the [1-14C]-labelling

experiment which showed significant synthesis of 20:5n-3

from 18:3n-3 (Table 2). To determine whether this apparent

anomaly was due to limited incorporation of higher con-

centrations of LC-PUFA into the cellular phospholipids, the

FHM cells were supplied with various concentrations of

either 20:5n-3, 20:4n-6 or 22:6n-3 (Figs. 5, 6). Incorporation

of 20:5n-3 into the cell phospholipids increased approxi-

mately linearly with the increase in the concentration in the

growth medium up to a concentration of 5 lM whereas at

higher concentrations it reached a plateau. The accumulation

of 20:5n-3 was paralleled by an accumulation of 22:5n-3, the

direct elongation product of 20:5n-3. Further metabolism of

Fig. 2 The effect of increasing FBS concentration in the growth

medium on the PUFA content of the FHM cell phospholipids. The

growth medium contained 2% (v/v) BSA, 2 lM 18:3n-3 and

increasing concentrations of FBS and the cells were cultured for

24 h at 25 �C. Each data point represents the mean of 3 flasks and the

vertical bars represent the standard error of the mean. For each fatty

acid, data points with different letters represent values that are

significantly different from one another at the P = 0.05 level

Table 2 Metabolism of [1-14C]-labelled 18:3n-3, 20:5n-3 and 18:2n-6

by desaturation and elongation in FHM cells

Fatty acid Substrate

[1-14C]18:3n-3 [1-14C]20:5n-3 [1-14C]18:2n-6

18:3n-3 14.5 ± 0.7 – –

20:3n-3 7.7 ± 0.3 – –

18:4n-3/24:5n-3 9.9 ± 0.5 – –

20:4n-3 18.3 ± 0.3 – –

22:4n-3 1.9 ± 0.2 – –

20:5n-3 22.1 ± 0.8 42.7 ± 1.6 –

22:5n-3 15.2 ± 0.5 26.9 ± 0.7 –

24:5n-3 –a 8.3 ± 1.3

22:6n-3 1.0 ± 0.1 3.2 ± 0.7 –

24:6n-3 9.4 ± 0.6 18.9 ± 0.5

18:2n-6 – – 53.4 ± 1.4

20:2n-6 – – 6.7 ± 0.3

18:3n-6 – – 7.1 ± 1.0

20:3n-6 – – 26.8 ± 1.0

22:3n-6 – – 1.6 ± 0.2

20:4n-6 – – 4.5 ± 0.3

a Indicates not applicable. Data are expressed as percentage of total

radioactivity recovered in total lipid and are means ± SD (n = 4)
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20:5n-3 to produce 22:6n-3 by chain shortening was

negligible.

Incorporation of 20:4n-6 was less straightforward

(Fig. 5). At lower concentrations up to 5 lM, there was

some evidence of increasing incorporation with increasing

concentration in the medium. However, at higher concen-

trations in the medium (5–20 lM) there was no increase in

incorporation of 20:4n-6 into the cells. This was not

unexpected given that the cells were cultured in the pres-

ence of 2% (v/v) FBS which is relatively rich in 20:4n-6

and therefore the capacity of the cell phospholipids to

incorporate 20:4n-6 may already have reached its maxi-

mum level.

Incorporation of 22:6n-3 into the cell phospholipids

reached its maximum level at a very low concentration of

only 2 lM in the growth medium (Fig. 6). This was lower

than the concentration of approximately 5 lM observed for

20:5n-3. This was consistent with the 14C-labelling data

which showed significantly lower incorporation of 22:6n-3

into total lipid (Table 3). Interestingly, there was also some

evidence for retro-conversion of 22:6n-3 to 20:5n-3

(Fig. 6).

Effect of Fatty Acid Unsaturation on Cell Viability

and Lipid Peroxidation

There was no significant difference in cell viability

between any of the fatty acid treatments except for the

treatment with 18:0 which showed significantly higher cell

viability (Fig. 7). For TBARS, the concentration was sig-

nificantly greater in the cells supplemented with either

20:5n-3 or 22:6n-3 as compared with the cells supple-

mented with either 16:0, 18:0 or 18:3n-3. Thus, increasing

fatty acid unsaturation increased the susceptibility of the

cells to lipid peroxidation but did not decrease cell

viability.

Discussion

The aim of this study was to develop a cell culture model

for the impact of fish oil replacement with vegetable oils on

the oxidative stability of fish lipids. Fish oils are rich in

LC-PUFA with 5 or 6 double bonds whereas vegetable oils

are rich in C18 PUFA with only 2 or 3 double bonds [3] and

since the fatty acid composition of fish lipids reflects the

fatty acid composition of their diet and fatty acid suscep-

tibility to peroxidation increases with increasing unsatura-

tion, we hypothesized that replacing LC-PUFA with C18

PUFA would increase the oxidative stability of fish lipids.

Previous studies had shown that fish cells in culture have

decreased proportions of n-3 LC-PUFA in their lipids as

compared with whole fish or fish fillets and this was

Fig. 3 b-oxidation activity of the FHM cell line with various fatty

acids. The cells were incubated for 24 h at 25 �C with 1 lCi (2 lM)

of the [1-14C]-labelled fatty acids in L-15 medium containing no FBS.

Data points with different letters represent values that are significantly

different from one another at the P = 0.05 level

Table 3 Incorporation of [1-14C]-labelled fatty acids into total lipid and lipid classes in FHM cells

Substrate

[1-14C]16:0 [1-14C]18:1n-9 [1-14C]18:2n-6 [1-14C]18:3n-3 [1-14C]20:5n-3 [1-14C]22:6n-3

Total incorporation (pmol mg-1 protein) 315 ± 12a 382 ± 37b 432 ± 36b 561 ± 13c 430 ± 13b 239 ± 24d

Incorporation into lipid classes (% of total)

PtdCho 48.7 ± 3.5ab 50.2 ± 3.0a 43.8 ± 1.7b 38.8 ± 0.4c 31.8 ± 2.2d 18.8 ± 0.3e

PtdEtn 16.2 ± 1.6a 21.5 ± 0.5b 18.2 ± 0.2a 40.3 ± 0.8c 52.9 ± 1.9d 49.7 ± 0.7e

PtdSer 5.3 ± 0.1a 6.1 ± 0.8ab 6.8 ± 0.3b 6.9 ± 0.3b 7.0 ± 0.4b 23.5 ± 0.7c

PtdIns 5.7 ± 0.2a 8.3 ± 0.9b 12.2 ± 1.9c 2.7 ± 0.1d 3.7 ± 0.2ad 3.3 ± 0.2d

PtdOH/Ptd2Gro 2.9 ± 1.4a 2.0 ± 0.3a 10.7 ± 0.3b 7.1 ± 0.8c 1.5 ± 0.1a 1.5 ± 0.1a

CerPCho 13.4 ± 3.4a 5.2 ± 3.0b 2.9 ± 1.0bc 1.0 ± 0.3bc 0.5 ± 0.2c 0.5 ± 0.1c

TN 7.7 ± 0.2a 6.7 ± 0.2b 5.4 ± 0.3c 3.3 ± 0.0d 2.7 ± 0.2e 2.7 ± 0.1e

Data are the means ± SD (n = 4). Within each row, values sharing the same superscript are not significantly different at the P = 0.05 level

CerPCho sphingomyelin, PtdCho phosphatidylcholine, PtdEtn phosphatidylethanolamine, PtdIns phosphatidylinositol, PtdOH phosphatidic

acid, PtdSer phosphatidylserine, Ptd2Gro cardiolipin, TN total neutral lipids
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attributed to the low concentrations of n-3 LC-PUFA in the

mammalian serum which is the usual source of fatty acids

for cells in culture [13, 22, 29]. The present study con-

firmed this and in particular we found that the proportions

of the beneficial n-3 LC-PUFA, 20:5n-3 and 22:6n-3, were

much lower in the FHM cells in culture than in fish tissues

in general.

The effects of fish oil replacement on the fatty acid

profile of fish flesh are determined by fatty acid metabolism

and incorporation into cellular lipids. Previous studies had

shown that cell lines derived from fresh water or anadro-

mous fish species (Atlantic salmon, rainbow trout and

common carp) were readily able to synthesize 20:5n-3

from 18:3n-3 whereas cell lines derived from carnivorous

marine fish species (turbot and gilthead sea bream) were

not [11–14]. In turbot this was attributed to low C18 to C20

elongase activity whereas in gilthead sea bream it was

attributed to low D5 desaturase activity. Importantly, none

of these cell lines could synthesize significant quantities of

22:6n-3. In the present study, the FHM cell line was readily

able to synthesize 20:5n-3, 22:5n-3 and 24:6n-3 from

18:3n-3 and/or 20:5n-3 but 22:6n-3 synthesis was negli-

gible. Thus, the FHM cell line expressed substantial D5 and

D6 desaturase activities as well as C18-20, C20-22 and C22-24

elongase activities but negligible peroxisomal chain

shortening activity. This was similar to cell lines from

other freshwater fish species.

The FHM cells were also readily able to desaturate

18:2n-6 to 18:3n-6 and further elongate this to 20:3n-6 but

they synthesized little 20:4n-6. This suggested limited D5

desaturase activity towards n-6 fatty acids, which was in

contrast to the results obtained with the n-3 substrates.

Thus, the D5 desaturase of the FHM cell line appeared to

prefer n-3 over n-6 fatty acids. Previous studies with cell

lines from Atlantic salmon, rainbow trout, turbot and gilt-

head sea bream also showed limited D5 desaturase activity

towards 20:3n-6 [11–13]. Thus, this appears to be a general

phenomenon for fish cell lines regardless of whether they

originate from freshwater, anadromous or marine fish

species.

Fatty acid utilization via b-oxidation in the FHM cells

was investigated by supplying them with [1-14C]-labelled

16:0, 18:1n-9 18:2n-6, 18:3n-3, 20:5n-3 or 22:6n-3. The

b-oxidation rates were similar for 16:0, 18:2n-6 and 22:6n-3

but significantly lower for 18:1n-9 and significantly higher

for 18:3n-3 and 20:5n-3. In a previous study with Atlantic

salmon hepatocytes isolated from fish fed a fish oil-based

diet, b-oxidation rates were similar for 16:0 and 18:2n-6,

Fig. 4 The effect of increasing 18:3n-3 or 18:2n-6 concentration in

the growth medium on the PUFA content of the FHM cell

phospholipids. The growth medium contained 2% (v/v) BSA and

increasing concentrations of either 18:3n-3 or 18:2n-6 and the cells

were cultured for 24 h at 25 �C. Each data point represents the mean

of 3 flasks and the vertical bars represent the standard error of the

mean. For each fatty acid, data points with different letters represent

values that are significantly different from one another at the

P = 0.05 level
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slightly lower for 18:1n-9 and much lower for 18:3n-3,

20:5n-3 and 22:6n-3 [30]. Feeding the fish a predominantly

vegetable oil-based diet significantly increased the

b-oxidation of 18:1n-9, 18:2n-6, 18:3n-3 and 20:5n-3 but

the rank order was still similar. Clearly the metabolism of

primary hepatocytes is likely to be different to that of cells

maintained in culture for long periods of time and therefore

more work needs to be done to understand b-oxidation in

fish cell lines. In particular, the rates measured using

Fig. 5 The effect of increasing 20:5n-3 or 20:4n-6 concentration in

the growth medium on the PUFA content of the FHM cell phospho-

lipids. The growth medium contained 2% (v/v) BSA and increasing

concentrations of either 20:5n-3 or 20:4n-6 and the cells were cultured

for 24 h at 25 �C. Each data point represents the mean of 3 flasks and

the vertical bars represent the standard error of the mean. For each

fatty acid, data points with different letters represent values that are

significantly different from one another at the P = 0.05 level

Fig. 6 The effect of increasing 22:6n-3 concentration in the growth

medium on the PUFA content of the FHM cell phospholipids. The

growth medium contained 2% (v/v) BSA and increasing concentra-

tions of 22:6n-3 and the cells were cultured for 24 h at 25 �C. Each

data point represents the mean of 3 flasks and the vertical bars
represent the standard error of the mean. For each fatty acid, data

points with different letters represent values that are significantly

different from one another at the P = 0.05 level

Fig. 7 The effect of increasing fatty acid unsaturation on cell

viability and lipid peroxidation in the FHM cells. The cells were

supplied with the various fatty acids at a concentration of 20 lM in

L-15 medium containing 2% (v/v) FBS. The control contained

ethanol at the concentration present in the fatty acid supplements.

Three separate flasks of cells were analyzed for each data point and

the columns represent the mean while the vertical bars represent the

standard deviation. For the TBARS assay, * indicates a significant

difference (at the P = 0.05 level) between the results for 20:5n-3 and

22:6n-3 and the results for the other fatty acids. For the NR assay

* indicates a significant difference (at the P = 0.05 level) between

the results for 18:0 and the results for the other fatty acids
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radiolabelled substrates may be affected by the pool sizes

of unlabelled substrates in the cells due to dilution of the

label. The FHM cell phospholipids were particularly rich in

16:0 and 18:1n-9, with moderate levels of 18:2n-6 and

22:6n-3 and low levels of 18:3n-3 and 20:5n-3. Thus, the

b-oxidation rates for 16:0 and 18:1n-9, in particular, may

have been underestimated. In addition, the incorporation of

22:6n-3 into total cellular lipids was significantly lower

compared with the other fatty acids and this may have

resulted in an underestimation of the b-oxidation rate for

this fatty acid as well. Overall, therefore, the FHM cells

were readily able to oxidize all six of the different fatty

acids supplied to them.

The incorporation of fatty acids into cellular lipids in the

FHM cells was studied in two different ways, firstly using a

trace (2 lM) concentration of [1-14C]-labelled fatty acids

and secondly using increasing concentrations of unlabelled

fatty acids in the range 1–20 lM. Previous studies with fish

cell lines and trace concentrations of [1-14C]-labelled

18:2n-6, 18:3n-3 and 20:5n-3 had shown that the label was

incorporated predominantly (mostly [90%) into phospho-

lipids, especially PtdCho and PtdEtn, with very little

incorporation into neutral lipids [11, 13, 14]. The FHM cell

line behaved the same way. In addition, we found that

[1-14C]-labelled 16:0, 18:1n-9 and 22:6n-3 were also

incorporated predominantly into phospholipids. Interest-

ingly, there was substantial incorporation of [1-14C]-

labelled 22:6n-3 into PtdSer and less incorporation into

PtdCho than for the other fatty acids. This has also been

observed for cell lines from rainbow trout, Atlantic salmon

and turbot [31–33]. PtdSer is less abundant than PtdCho in

fish cell lines in general [13, 14] and this may explain the

lower level of incorporation of [1-14C]-labelled 22:6n-3

into total lipid observed in the present study.

Increasing the concentration of unlabelled 18:3n-3 in the

culture medium from 1 to 20 lM resulted in a roughly

corresponding increase in the concentration of this fatty

acid in the FHM cell phospholipids but there was no cor-

responding increase in the conventional desaturation/elon-

gation products 20:5n-3, 22:5n-3 or 24:6n-3. Instead, there

was an accumulation of 20:3n-3. This fatty acid is

produced by the direct elongation of 18:3n-3. Thus, D6

desaturase activity apparently limited the flux through the

conventional pathway as the 18:3n-3 concentration was

increased above the trace concentration used in the [1-14C]-

labelling experiments. This was in contrast to the results of

previous studies with rainbow trout and Atlantic salmon

cell lines supplied increasing concentrations of unlabelled

fatty acids [34, 35]. In those studies, increasing the con-

centration of unlabelled 18:3n-3 from 5 to 50 lM resulted

in a greater increase in 20:5n-3 than 20:3n-3. The main

difference between the present and the previous studies is

that the previous studies analyzed total lipid whereas in the

present study we analyzed phospholipids. Thus, there may

have been incorporation into neutral lipids which was not

detected in the present study. Tocher et al. [34] noted that

there were no large increases in neutral lipids in either

rainbow trout or turbot cell lines supplied fatty acids at

concentrations up to 20 lM however lipid droplets did

appear when the concentration was increased above

50 lM. Thus, in the future, it will be interesting to inves-

tigate the incorporation of fatty acids into neutral lipids in

the FHM cells and compare this with their incorporation

into phospholipids to determine the relative distributions as

fatty acid concentrations are increased.

Incorporation of 18:2n-6 into the FHM cell phospho-

lipids with increasing concentrations of this fatty acid in

the growth medium showed a similar pattern to that

observed with 18:3n-3 except that 20:3n-6 was the major

desaturation/elongation product incorporated. This is

produced by the conventional D6 desaturation of 18:2n-6

to yield 18:3n-6 followed by the conventional elongation

of 18:3n-6 to yield 20:3n-6. Thus, the result obtained with

unlabelled 18:2n-6 was similar to that obtained with

labelled 18:2n-6 and this confirmed that D5 desaturase

was the limiting step in n-6 LC-PUFA synthesis in the

FHM cell line. This was consistent with the results of

previous work with other freshwater and anadromous fish

cell lines [34, 35]. Taking the results with 18:3n-3 and

18:2n-6 together, it suggests that fish cells in culture are

suitable for the study of the effects of increasing con-

centrations of C18 PUFA derived from vegetable oils.

However, in order to have a control representative of a

fish oil-based diet, it will be necessary to supply the

cultured cells with either 20:5n-3 or 22:6n-3 to signifi-

cantly raise the levels of these fatty acids in the cellular

lipids. Thus, this was also investigated.

When the FHM cells were supplied with increasing

concentrations of 20:5n-3, there was a corresponding

increase in the concentration of this fatty acid in their

phospholipids but only up to a culture medium concen-

tration of 10 lM. Above this concentration, the incorpo-

ration of 20:5n-3 into the cell phospholipids did not change

significantly. Thus, incorporation of 20:5n-3 reached a

plateau at a lower concentration than incorporation of

either of the C18 fatty acids. This was in contrast to the

results obtained with a cell line from turbot, a marine fish

species [34]. In that case 20:5n-3 incorporation continued

increasing up to a culture medium concentration of at least

50 lM. Perhaps this reflects a greater capacity for incor-

poration of 20:5n-3 in marine fish than in freshwater fish

but it should also be noted that total lipid was analyzed in

the previous study whereas only phospholipids were ana-

lyzed in the present study. The direct incorporation of

22:6n-3 into the FHM cell phospholipids was also inves-

tigated. This reached a plateau at a very low concentration

762 Lipids (2011) 46:753–764

123



of only 2 lM in the culture medium. This has not been

studied before and it clearly warrants further investigation.

In general fish flesh products (i.e. seafood) have a

shorter shelf life than terrestrial animal meat products and

this is due to the greater susceptibility of fish flesh to lipid

peroxidation as a result of the higher proportions of LC-

PUFA in fish lipids [17]. Thus, it can be hypothesized that

feeding farmed fish vegetable oils with their abundance of

either 18:3n-3 or 18:2n-6 as opposed to fish oils with their

abundance of 20:5n-3 and 22:6n-3 will result in extended

shelf life. To test this hypothesis in our in vitro system, we

enriched the FHM cells with either saturated fatty acids

(16:0 or 18:0), PUFA (18:3n-3) or LC-PUFA (20:5n-3 or

22:6n-3) and then subjected them to oxidative stress to

stimulate lipid peroxidation. The cells enriched with 20:5n-

3 or 22:6n-3 had significantly higher concentrations of

TBARS than the cells enriched with 16:0, 18:0 or 18:3n-3.

TBARS is a commonly used indicator of lipid peroxidation

in fish [17]. Thus, increasing the unsaturation of the FHM

lipids increased the susceptibility of the cells to lipid per-

oxidation. Therefore in this respect, the cells are a good

model for the effects of dietary fish oil replacement on the

flesh quality of farmed fish. Previous studies with Atlantic

salmon fed diets containing either fish oil, vegetable oil or

oils enriched with either 20:5n-3 or 22:6n-3 showed that

increasing dietary unsaturation increased indicators of

oxidative stress and apoptosis in liver and white adipose

tissue [36, 37]. In particular, fish fed diets enriched with

either 20:5n-3 or 22:6n-3 had greater activities of the

antioxidant enzyme superoxide dismutase and the apopto-

sis marker caspase 3 as well as reduced integrity of their

mitochondria as evidenced by almost undetectable levels of

b-oxidation of 14C-palmitoyl CoA. More direct evidence

for the effect of dietary fatty acid unsaturation on the

oxidative stability of fish lipids comes from a study with

grass carp fed diets containing either lard, plant oil or fish

oil [38]. In that study, TBARS concentration in the plasma

of the fish increased with increasing dietary lipid content

and also with increasing unsaturation of the dietary oil. It

has also been shown that supplementing the growth med-

ium with the antioxidant a-tocopherol (vitamin E)

decreased the longer term inhibitory effect of 20:5n-3

supplementation on the growth of a turbot cell line [39].

In conclusion, the FHM cells had substantial capacity to

synthesize 20:5n-3 from 18:3n-3 but only limited capacity

to synthesize 22:6n-3. In addition they had substantial

capacity to synthesize 20:3n-6 from 18:2n-6 but only

limited capacity to synthesize 20:4n-6. Together the data

indicated limited chain shortening activity in the peroxi-

somes and limited D5 desaturase activity especially

towards 20:3n-6 but also towards 20:4n-3. At a trace

(2 lM) concentration, fatty acid incorporation into total

lipid was greatest for 18:3n-3 followed closely by 18:2n-6

and 20:5n-3 with incorporation of 22:6n-3 being substan-

tially less. Fatty acid incorporation into phospholipids

reached a plateau at much lower concentrations for 20:5n-3

and 22:6n-3 than for 18:3n-3 and 18:2n-6 indicating that

the cell membranes had limited capacity for incorporation

of 20:5n-3 and 22:6n-3 presumably because of the need to

maintain appropriate levels of fluidity. Thus, dietary fish oil

replacement with vegetable oils may result in substantial

displacement of LC-PUFA by C18 PUFA in fish cell

membranes. Despite the limited capacity of the cell

membranes to incorporate either 20:5n-3 or 22:6n-3, the

FHM cells still showed greater susceptibility to lipid per-

oxidation when the culture medium was supplemented with

LC-PUFA as compared with either 18:3n-3 or saturated

fatty acids. Thus, the FHM cell line can be a useful model

for the effects of dietary fish oil replacement on lipid

stability and shelf life in farmed fish.
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Abstract Liquid chromatography–electrospray tandem

mass spectrometry (LC/ESI–MS/MS) was used to analyze

phospholipids from three species of the anaerobic beer-

spoilage bacterial genus Pectinatus. Analysis of total lipids

by HILIC (Hydrophilic Interaction Liquid Chromatogra-

phy) column succeeded in separating diacyl- and plas-

malogen phospholipids. Plasmalogens were then analyzed

by means of the ESI–MS/MS and more than 220 molecular

species of four classes of plasmalogens (PlsCho (choline

plasmalogen), PlsEtn (ethanolamine plasmalogen), PlsGro

(glycerol plasmalogen), and PlsSer (serine plasmalogen))

were identified. Major molecular species were c-p19:0/15:0

PlsEtn and PlsSer, which accounted for more than 4% of

the total lipids.

Keywords Pectinatus � Plasmalogens � Liquid

chromatography–electrospray tandem mass spectrometry �
HILIC column

Abbreviations

CID Collision-induced dissociation

DMSZ Deutsche Sammlung von

Mikroorganismen und Zellkulturen

(German Collection of Microorganisms

and Cell Cultures)

ECL Equivalent chain length

FA Fatty acid(s)

FAME Fatty acid methyl ester(s)

GC-MS Gas chromatography–mass

spectrometry

HILIC Hydrophilic Interaction Liquid

Chromatography

LC/ESI–MS/MS Liquid chromatography–electrospray

ionization tandem mass spectrometry

PtdOH Phosphatidic acid

PtdIns Phosphatidylinositol

PlsCho Choline plasmalogen

PlsEtn Ethanolamine plasmalogen

PlsGro Glycerol plasmalogen

PlsSer Serine plasmalogen

RIBM Research Institute of Brewing and

Malting

RSD Relative standard deviation

TLC Thin layer chromatography

Introduction

Microbial contamination that can occur during the brewing

process can negatively affect the process of beer produc-

tion and the quality of the final product. The contaminants

can include, besides the so-called wild yeasts and molds, a
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number of bacterial genera [1–3]. Improvements in beer

handling and bottling technology have resulted in a sig-

nificant reduction in the oxygen content during the process

and in packaged beer, which has permitted the growth

of anaerobic beer-spoilage bacteria such as Pectinatus,

Megasphaera, Selenomonas and Zymophilus [1–5].

These anaerobic beer-spoilage bacteria belong to the

class Clostridia and the family Veillonellacea; despite their

phylogenetic affiliation to Gram-positive bacteria the cells

stain Gram-negative or Gram-variable [6, 7]. The bacteria

Pectinatus and Zymophilus have been isolated only from

breweries, and their natural environment is still unknown

[5, 6, 8].

The anaerobic beer-spoilage bacterium Pectinatus has

become a serious problem in the brewing industry because

it can cause strong turbidity and sediment in beer and

produces unpleasant volatile compounds, mostly acids, e.g.

acetic, propionic, succinic, butyric, valeric and caproic acid

and also acetoin and hydrogen sulfide [1–3]. As a result,

bacterial spoilage activity can completely damage the beer

taste and quality and thus cause serious financial problems

to the brewery.

Detection of these spoilage bacteria in breweries is still

based on traditional incubation on special diagnostic/

selective media [2, 3], which is very time-consuming. For

example, development of turbidity in beer forcing tests

takes 4–6 weeks [5, 6]. Using the SMMP-medium (a

selective medium for Megasphaera and Pectinatus) the

incubation takes up to 14 days [5]. Further alternatives are

fatty acids or O-alk-10-enyl chains analysis [3], epifluo-

rescence microscopy, immunofluorescence [6] or modern

genetic methods such as PCR [5], fluorescence in situ

hybridization [6] or oligonucleotide microarrays [9].

Plasmalogen is any derivative of sn-glycero-3-phos-

phoric acid that contains an O-alk-10-enyl residue (some-

times named vinyl ether moiety or enol ether moiety, see

Fig. 1) attached to the glycerol moiety at sn-1 position and

a polar head made of a nitrogenous base, a glycerol, ino-

sitol, etc. moiety.

Plasmalogens are among the most specific lipids since

their occurrence is limited to strictly anaerobic bacteria

[10] and they are not present in aerobic or facultatively

anaerobic bacteria. They have been exceptionally found

also in fungi [11] while their presence in higher plants is a

matter of contention [12, 13]. By contrast, they are com-

mon constituents of animal lipids from invertebrates to

humans [14]. They are found mostly as PlsCho (choline

plasmalogen), PlsEtn (ethanolamine plasmalogen), PlsGro

(glycerol plasmalogen), and PlsSer (serine plasmalogen),

etc. (Fig. 1).

Analysis of plasmalogens makes use of their vinyl ether

bond at the sn-1 position, which is liable to acid-catalyzed

hydrolysis. The presence of mere traces of an acid causes

hydrolysis resulting in a lysophospholipid and a fatty

aldehyde. Following their separation by, e.g., TLC, fatty

aldehydes can be determined by GC–MS. Another possi-

bility is the removal of the polar moiety of the molecule by

phospholipase C and identification of alkyl-acyl, alkenyl-

acyl and diacyl-glycerols by HPLC or, after derivatization

of the free hydroxyl group, by GC [15]. All these methods

are time- and labor-demanding. Another possibility, which

has rather rarely been mentioned in the literature, is the

separation of intact plasmalogens from diacylphospholipids

by HPLC on diol columns [15]. The authors [16–18] have

always used an HPLC column with a diol bonded sta-

tionary phase and a highly complex organic phase con-

sisting of up to six solvents [17] and, in addition, elution

with a nonlinear gradient. The mobile phase also contained

a buffer composed of an organic acid (acetic or formic) and

base (ammonia, ammonium acetate or triethylamine). The

elution order of individual phospholipids was different but,

fortunately, plasmalogen was always eluted ahead of the

corresponding diacyl-derivative.

Amphiphilic molecules such as phospholipids can be

separated on a HILIC (Hydrophilic Interaction Liquid

Chromatography) column, although it has more often been

used for separating water-soluble analytes [19]. Separation

of phospholipids on a HILIC column is described in only a

few papers, with relatively controversial results concerning

especially the elution of individual phospholipid classes.

Thus Schwalbe-Herrmann has described an elution order of

PtdGro, PtdEtn and PtdCho [20], whereas Kamleh reported

on the order PtdCh, PtdSer and PtdGro [21] and Scherer

obtained the sequence PtdGro and PtdOH [22]. To our

knowledge, our paper is the first to describe gradient HILIC

separation of at least five phospholipid classes including

plasmalogens.

Identification of intact plasmalogens has already been

described by, e.g., Hsu et al. [23–26] who reported on ESI–

MS or ESI–MS/MS identification as lithiated adducts, e.g.

Fig. 1 The structures of plasmalogens. The explanation is in the

abbreviations, the structures of the major ions is in Tables 2, 3, 4

and 5
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[M ? Li]? molecular ions and their cleavage to give char-

acteristic fragments that allow identification of individual

molecular species. The CID spectra of [M ? H]? and

[M ? Na]? ions of PtdCho and PtdEtn are rather uninfor-

mative regarding the nature and position of the fatty acyl

substituents in lipids [27]. In the presence of lithium salts,

PtdCho and PtdEtn form [M ? Li]? ions which, upon CID,

produce product ion spectra that contain diagnostic fragment

ions for both the polar head group and the fatty acyl groups.

This report is part of our investigation of analysis bac-

terial lipids within the framework of a comprehensive

program on the analysis and biosynthesis of lipids [28, 29].

In this article, we present for the first time separation of

intact plasmalogen phospholipids from diacyl phospholip-

ids of anaerobic bacteria, and identification and quantita-

tion of individual molecular species of four plasmalogens,

i.e. PtdEtn, PtdGro, PtdSer, and PtdCho by LC-ESI/MS2

from the three strains of bacterium Pectinatus.

Experimental

Bacterial Strains

Pectinatus frisingensis DSM 20465 and P. cerevisiiphilus

DSM 20467 were purchased from the DSMZ Collection

(Deutsche Sammlung von Mikroorganismen und Zellk-

ulturen, Braunschweig, Germany). P. frisingensis RIBM

2-86 was obtained from the RIBM Collection (Research

Institute of Brewing and Malting, Prague, Czech Republic).

All strains originated from brewery environment.

Cultivation and Extraction of Bacterium Strains

Pectinatus strains were grown in a modified MRS broth

(medium according to de Man, Rogosa, and Sharpe, Merck,

Darmstadt, Germany) supplemented with cysteine hydro-

chloride (0.5 g/L) and sodium thioglycollate (0.5 g/L), pH

5.6–5.7, for 48 h at 28 �C. Cultivation was performed

under aerobic conditions (300 mL of modified MRS broth

in 500-mL Erlenmeyer flasks, the surface of the medium

was covered with sterile mineral oil to ensure anaerobio-

sis). No anaerobic atmosphere is needed if the medium is

freshly prepared, is not stirred, the transfer of culture by

pipette is quick and the inoculum is placed in the bottom of

the test tube. After cultivation, the biomass was transferred

to new tubes, chilled on ice and harvested immediately by

centrifugation (10 min/6,000 rpm/0 �C). The tubes with

pellets were placed on dry ice and stored frozen until

freeze-dried. The yields of biomass and their lipid com-

ponents are given in Table 1.

The extraction procedure was based on the method

of Bligh and Dyer [30], except that 2-propanol was

substituted for methanol, since 2-propanol does not serve

as a substrate for phospholipases [31]. The alcohol–water

mixture was cooled and one part chloroform was added and

the lipids were extracted for 30 min. Insoluble material was

sedimented by centrifugation and the supernatant was

separated into two phases. The aqueous phase was aspi-

rated off and the chloroform phase was washed three times

with two parts 1 M KCl each. The resulting chloroform

phase was evaporated to dryness under reduced pressure.

First, total lipid extracts were applied to the Sep-Pak

Cartridge Vac 35 cc (Waters; with 10 g of aminopropyl-

silica-based polar bonded phase), and from the cartridge

were subsequently eluted nonacidic lipids with 40 mL of

chloroform–methanol (7:3), and acidic lipids with 30 mL

of chloroform–methanol-concentrated aqueous ammonia

(70:30:2) containing 0.4% (w/v) ammonium acetate. The

eluate was reduced in volume and subjected to semipre-

parative HILIC or LC–MS. No alkyl acyl species were

present.

LC–MS Analysis and Semipreparative HILIC

The HPLC equipment consisted of a 1090 Win system, a

PV5 ternary pump and an automatic injector (HP 1090

series, Hewlett Packard, USA). Gradient chromatographic

separation was performed on a Merck ZIC�-HILIC HPLC

column, with 3.5 lm 100 Å and 2.1 9 250 mm. The

injection volume was 5 lL, and the column was main-

tained at 50 �C. The mobile phase consisted of (a) aceto-

nitrile/water (8:2) with buffer (10 mM ammonium formate,

0.5 mM LiOH and 0.5 mM AcOLi) and (b) acetonitrile/

water (5:5) with buffer (20 mM ammonium formate,

0.5 mM LiOH and 0.5 mM AcOLi). A gradient elution

was performed with 100% A for 1 min, a step to 75% A

until 5 min, a linear decrease to 50% A until 25 min, 50%

A up to 10 min, and re-equilibration to 100% A for less

than 5 min. The flow rate was set to 180 lL/min. The

efficiency of the column was approximately 25,000 plates/

250 mm.

Table 1 Yields of biomass, total lipids and phospholipids of Pec-
tinatus frisingensis DSM 20465, P. cerevisiiphilus DSM 20467, and

P. frisingensis RIBM 2-86

RIBM

2-86

DSM

20465

DSM

20467

Biomass in mg 306.0 407.0 469.0

Total lipids in mg 12.3 13.7 14.1

Total lipids in % 4.0 3.4 3.0

Phospholipids in mg 5.9 7.1 7.5

Phospholipids in % of total lipids 48.0 52.0 23.0

Data were obtained by weighing and by means of a Sep-Pak Cartridge

with an aminopropylsilica-based polar bonded phase
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The detector was an Applied Biosystems Sciex API

4000 mass spectrometer (Applied Biosystems Sciex,

Ontario, Canada) using electrospray mass spectra. The

ionization mode was positive, the nebulizing gas (N2)

pressure was 345 kPa and the drying gas (N2) flow and

temperature were 9 L/min and 300 �C, respectively. The

electrospray needle was at ground potential, whereas the

capillary tension was held at 3,900 V. The cone voltage

was kept at 240 V. The mass resolution was 0.1 Da and the

peak width was set to 6 s. For an analysis, total ion currents

(full scan) were acquired from 200 to 1,100 Da.

CID ions mass spectra were acquired by colliding the

Q1 selected precursor ions with Ar gas as a collision target

gas and applying a collision energy of 50 eV in Q2. The

scanning range of Q3 was m/z 150–1,100 with a step size of

m/z 0.3 and a dwell time of 1 ms. A peak threshold of 0.3%

intensity was applied to the mass spectra. The instrument

was interfaced to a computer running Applied Biosystems

Analyst version 1.4.1 software.

The liquid chromatograph was the semipreparative

Gradient LC System G-1 (Shimadzu, Kyoto, Japan) with

two LC-6A pumps (0.5 mL/min), an SCL-6A system

controller, an SPD ultraviolet detector, an SIL-1A sample

injector and a C-R3A data processor, with semipreparative

normal phase HPLC ZIC�-HILIC 250 9 10 mm, 5 lm,

200 Å column. The gradient was as described above, with

a flow rate of 4.5 mL/min, and was monitored by a variable

wavelength detector at 210 nm (HP 1040 M Diode Array

Detector).

Isolation of Aldehydes and Fatty Acids

from Plasmalogens

In order to hydrolyze plasmalogens, the eluted compounds

from semipreparative HILIC (* 10–100 lg) were treated

with 90% acetic acid at 37 �C for 18 h and dried under

reduced pressure. The products were dissolved in a small

volume of chloroform and subjected to thin-layer

chromatography on silica gel G, eluted by chloroform–

methanol–7 M ammonia 60:35:5 (v/v/v) mixture and spots

were located by spraying with water. The aldehydes,

derived from the alk-l-enyl groups, and lysophospholipids

were extracted from the plates with chloroform–methanol

1:2 (v/v). The fatty aldehydes were stored in hexane at

-20 �C until analyzed. The lysophospholipid was heated at

75 �C in the presence of 10% NaOH and 50% methanol

(1 mL) for 3 h. The hydrolysate was cooled, extracted

twice with petroleum ether, and then adjusted to pH 3 with

concentrated HCl. The acidified solution was extracted

three times with diethyl ether (1 mL) and the combined

extracts were then washed with water, and the sample was

concentrated under nitrogen. The fatty acids were then

methylated with diazomethane [32].

GC–MS

Gas chromatography–mass spectrometry of FAME and

free aldehydes was done on a GC–MS system consisting of

a Varian 450-GC, a Varian 240-MS ion trap detector with

electron impact ionization, and a CombiPal autosampler

(CTC, USA). The sample was injected onto a 25 m 9

0.25 mm 9 0.1 lm Ultra-1 capillary column (Supelco,

Czech Republic) under a temperature program: 5 min at

50 �C, increasing at 10 �C/min to 280 �C and 15 min

at 280 �C. Helium was the carrier gas at a flow of

0.52 �C/min. All spectra were scanned within the range

m/z 50–500.

Results

Cells of three strains of genus Pectinatus were cultivated as

described in Experimental and were harvested in log phase

when the optical density of the culture was maximal. The

time of cultivation was 48 h. The yield of lyophilized cells

is shown in Table 1, which also gives the yield of lipids

obtained by the Bligh–Dyer [30] extraction of lyophilized

cells. Part of total lipids was fractionated by means of

cartridges with aminopropyl silica-based polar bonded

phase, which were rinsed in a chloroform–methanol mix-

ture and phospholipids were further eluted by a mixture of

chloroform–methanol–concentrated aqueous ammonia.

The HILIC employing a column with sulfobetaine group

(3-(trimethylammonio)propane-1-sulfonate) with a zwit-

terionic character phase is suitable for separating phos-

pholipids as well as their plasmalogen forms thanks to the

use of an appropriate mobile phase, i.e. a buffer containing

ammonium formate. This prevents acid hydrolysis of the

enol bonds. Baseline resolution was achieved between all

identified lipid classes, with partial resolution between al-

kenylacyl and diacyl phospholipids (Fig. 2) and Fig. 1 in

Supplemental, describing the separation of five standards

(16:0–18:1 PtdCho, 16:0–18:1 PtdEtn, 16:0–18:1 PtdSer,

16:0–18:1 PtdOH, and 16:0–18:1 PtdGro). The identities of

alkenylacyl- and diacyl-phospholipid peaks were con-

firmed after HILIC separation followed by ESI–MS/MS,

see below.

Baseline was stable and retention times of all identified

classes of phospholipids were well reproducible, with

standard deviations ± 0.05 min for the commercially

obtained standards 1-O-10-(Z)-octadecenyl-2-(9Z-octade-

cenoyl)-sn-glycero-3-phosphoethanolamine (p18:0/9Z-18:1-

PtdEtn) and ± 0.07 min for 1-O-10-(Z)-octadecenyl-2-(9Z-

octadecenoyl)-sn-glycero-3-phosphocholine (p18:0/9Z-18:1-

PtdCho).

Under these conditions, the main phospholipid classes

were separated well. PtdGro was eluted first, followed by
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PtdEtn, PtdCho, PtdSer, PtdOH, and PtdIns (Fig. 2).

Because different molecular species within a class have the

same polar head, their retention times in HILIC are very

similar. The differences in retention times for compounds

within one class are less than that between two different

classes. The different molecular species can be determined

by MS/MS.

As mentioned in the Introduction, mass spectrometry

fragmentation of diacylphospholipids has already been

described but the situation with plasmalogen phospholipids

is different. ESI tandem mass spectra of phospholipids as

monolithiated [M ? Li]? adduct molecular ions, arising at

about 1 mM lithium salt concentrations in the mobile

phase, show rich fragmentation, i.e. loss of some different

neutral moieties, chiefly substituents at sn-3 or sn-2 posi-

tion, exceptionally sn-1 (1-O-alk-10-enyl) of plasmalogen.

The corresponding ions are given in Tables 2, 3, 4 and 5.

Apart from these ions that occur regularly in all four

plasmalogens, some plasmalogens give rise to specific ions

that can serve for direct identification of the given plas-

malogen. Fast and exact identification was based on the

separation by HILIC column and identification of phos-

pholipids as monolithiated adducts, which allows for a

ready identification of plasmalogens even in very low

concentrations of about *0.7 ng/ll.

The most abundant phospholipid was PtdEtn (29.7%

total lipids) including its plasmalogen form (PlsEtn;

24.2%). Structural characterization of PlsEtn is complicated

by numerous homologues that consist of various isomers

(Fig. 3). Identification of individual molecular species was

based on tandem MS. For example, the MS/MS spectrum of

ion at m/z 678 of lithiated molecular species c-p17:0/15:1

PlsEtn showed the most abundant ion at m/z 635 ([M ?

Li-43]?), i.e. ion with the structure shown in Fig. 4 and

Table 2. Other ions present in the spectrum are formed by

cleavage of neutral molecules, see e.g. ions at m/z 555

[M ? Li-123]?, m/z 549 [M ? Li-129]?, m/z 532

[M ? Li-141]? and m/z 531 [M ? Li-147]?, arising from

neutral losses; for structures see Table 2.

Two ions with moderate abundance at m/z 383, repre-

senting combined losses of aziridine and the sn-1 alk-10-
enyl as an alcohol, i.e. C15H29CH = CHOH and ion at m/z

291, representing the combined losses of lithium 2-ami-

noethyl hydrogenphosphate (for the structure see Table 2)

and the sn-2 fatty acid, i.e. pentadecenoic acid, were

identified. The nature of the fatty acid at sn-2 was further

verified by the presence of the acylium ion at m/z 240.

Based on the above ions it is thus possible to determine in

this plasmalogen the bond of the alkenyl ether at sn-1 as

well as the fatty acid at sn-2. The mass spectrum displays,

below m/z 200, a dominant ion at m/z 148, which, though it

does not provide information about the pPE structure, is

nevertheless characteristic for PlsEtn and naturally also

PtdEtn. This ion is not shown in the spectrum.

Identification of molecular species with the same

molecular mass, i.e. isobaric species, was more compli-

cated but not unfeasible, see Fig. 5. This can be best

illustrated on two cases. First the mixture of two molecular

species, i.e. c-p17:0/c-19:0 (5.5% of total PlsEtn) and

c-p19:0/c-17:0 (4.8% of total PlsEtn), exhibits ions

[M ? Li-neutral molecules]?, i.e. ions at m/z 691, 673,

611, 605, 593, and 587, which only confirm the structure of

both molecular species and do not permit an even semi-

quantitative estimate of their abundances. This estimate

was only possible based on the cluster of cluster of

four ions, i.e. two pairs (losses of aziridine with the sn-1

Fig. 2 HILIC/APCI-MS

chromatogram of the

phospholipids from Pectinatus
frisingensis DSM 20465,

analyzed by a linear gradient

semipreparative normal phase

HPLC ZIC�-HILIC

250 9 10 mm, 5 lm, 200-Å

column, with a flow rate of

4.5 mL/min, and monitored by a

variable wavelength detector at

210 nm
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alk-10-enyl and combined losses of lithium 2-aminoethyl

hydrogen phosphate with the sn-2 fatty acid. The abun-

dance of ions at m/z 439 and 409, or those at m/z 319 and

291, enabled us to determine the semiquantitative abun-

dances of individual molecular species.

The same holds for four molecular species, i.e. a most

complex mixture of positional isomers containing these

four molecular species, i.e. p15:0/c-17:0, p17:0/15:1,

c-p17:0/15:0, and c-p19:0/13:0. Based on losses of aziri-

dine with the sn-1 alk-10-enyl and combined losses of

lithium 2-aminoethyl hydrogen phosphate with the sn-2

fatty acid we could again determine the percent abun-

dances. Further molecular species of next plasmalogens

were identified similarly.

Like with the PlsEtn, also the tandem MS/MS spectrum

of p17:0/15:0-PlsSer having [M ? Li]? ion at m/z 726

contains prominent ions at m/z 541 and at m/z 535 arising

from loss of phosphoserine as free acid and as a lithium

salt, respectively (see Table 3). ESI spectrum of PlsGro is

shown in Fig. 2 in Supplemental. The ion at m/z 639 (726-

aziridine carboxylic acid) having medium abundance, and

ions at m/z 397 (639-R2COOH) and at m/z 415 (639-

R2
0CH = CO) resulting from loss of the 15:0-fatty acid

moiety and the corresponding loss of fatty acyl ketene,

respectively, provide information needed for assignment of

the sn-2 position of the fatty acyl substituents on the

glycerol backbone. The ion at m/z 628 corresponding to

loss of the phosphoric acid originated by rearrangement in

which the anionic site of the serine head group makes a

nucleophilic attack on C-3 of the glycerol backbone, fol-

lowed by expulsion of the phosphoric acid. The mass

spectrum also features an ion at m/z 484 arising from

[M ? Li]? loss of the fatty acid group. The presence of ion

at m/z 281 confirms the position of the alkenyl ether at

sn-1. The structure of fatty acid bonded to glycerol back-

bone was again confirmed by the presence of ion [R2CO]?

Table 2 Some important ions

observed in the product ion

spectrum of the [M ? Li]? of

molecular species c-p17:0/15:1-

PlsEtn at m/z 678

Though Hsu and Turk [24]

describe a linear structure of

neutral fragments, i.e.

(HO)P(O)(OCH2CH2NH2), a

cyclic structure gives a better fit

(see the neutral loss products in

the paper by Zemski Berry and

Murphy [50])

Data were obtained by RP-

HPLC/ESI-tandem MS/MS

operated in positive ionization

mode

PlsEtn m/z for c-p17:0/15:1-PlsEtn

[M+Li]
NH

+-

678 - 43 = 635

[M+Li]+- -H2O 
NH

678 - 43 - 18 = 617

*[M+Li]+-

P

HN

OHO

O

678 - 123 = 555

*[M+Li]+-

P

HN

OLiO

O

678 - 129 = 549

[M+Li] OH

HO

O

P

O

NH2

+-

678 - 141 = 537

[M+Li]+-
LiO

P

O

O

NH2

OH

678 - 147 = 531

[M+Li]+- -R1CH=CHOH 
NH

678 - 43 - 252 = 383

[M+Li]+-
LiO

P

O

O

NH2

OH -R2COOH 

678 - 147 - 240 = 291

R2CO? 223
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at m/z 225. Further, the spectrum displayed an ion at m/z 192

corresponding to a lithiated phosphoserine ion via cleavage

of the C3-OP bond. This ion (not shown in our spectrum) is

characteristic only for PtdSer and therefore also for PlsSer.

The qualitative and quantitative abundance of molecular

species having the same summary formula and thus the

same molecular weight, i.e. c-p19:0/18:1 and p18:1/c-19:0,

was analyzed as described with PlsEtn. Hence we can

determine the abundance of two ions at m/z 423 and at

m/z 409, i.e. ion with structure [M-aziridine carboxylic

acid-fatty acid]? and two appropriate ions at m/z 335 and at

m/z 321 with structure [M-phosphoserine as lithium salt-

R1
0CH = CHOH]?. Semiquantitative abundance of three

or four molecular species with the same summary formula,

e.g. c-p19:0/15:0, p18:1/16:1, c-p17:0/17:0, and p17:0/

c-17:0, was estimated as described above with PlsEtn.

The c-p17:0/15:1 PlsCho molecular species having

[M ? Li]? ion at m/z 720 yields a prominent product ion at

m/z 661 caused by loss of N(CH3)3 (Table 4). For the ESI

spectrum of PlsCho from Pectinatus frisingensis see Fig. 3

in the Supplemental Material. This m/z 661 [M ? Li-59]?

ion yields ions of m/z 537 [M ? Li-183]? and m/z 531

[M ? Li-189]? resulting from losses of ethylene phosphate

and lithium ethylene phosphate, respectively. Identification

of the fatty acid substituent at sn-2 is based on the occurrence

of the m/z 472 ion [M ? Li-R2COOLi]? that is produced by

loss of lithium pentadecanoate from m/z 720, and a promi-

nent ion of m/z 291 [531-C16H31COOH]? caused by loss of

pentadecenoic acid from m/z 531. The pentadecanoate

moiety is clearly identified by the presence of the acylium

ion at m/z 223 [C16H31CO]?. Weak ions at m/z 468 and 409,

which identify the 1-O-heptadecenyl moiety, arise by loss of

the 1-alkenyl moiety as an alcohol (C13H27CH = CHOH)

from m/z 720 and 661, respectively, and further dissociation

of the latter ion yields a weak ion at m/z 395.

The last plasmalogen was identified as PlsGro; its ESI

spectrum is shown in Fig. 4 in Supplemental. The tandem

MS/MS spectrum of an ion [M ? Li]? at m/z 793 indicates

Table 3 Some important ions

observed in the product ion

spectrum of the [M ? Li]? of

molecular species p17:0/15:0

PlsSer at m/z 726

Data were obtained by RP-

HPLC/ESI-tandem MS/MS

operated in positive ionization

mode

PlsSer m/z for p17:0/15:0 PlsSer

[M+Li]+-

HN

COOH

726 - 87 = 639

[M ? Li]?-H3PO4 726 - 98 = 628

[M+Li]+-

HOOC

O

P

OH

NH2

O

OH

726 - 185 = 541

[M+Li]+-

HOOC

O

P

OLi

NH2

O

OH

726 - 191 = 535

[M ? Li]?-R2COOH 726 - 242 = 484

[M+Li]+-

HN

COOH
-R´2CH=C=O

726 - 87 - 224 = 415

[M+Li]+-

HN

COOH
-R2COOH 

726 - 87 - 242 = 397

[M+Li]+-

HOOC

O

P

OLi

NH2

O

OH

-R´1CH=CHOH

726 - 191 - 214 = 321

R2CO? 225
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the structure of p19:0/c-19:0 PlsGro. Loss of dihydroxy-

cyclopropane from this [M ? Li]? ion gives rise to a

prominent ion at m/z 719, see Table 4. Loss of fatty acid

from this ion yields in turn an ion at m/z 423, which is

important for the diagnostics of the structure of fatty acid at

sn-2. Also the ion at m/z 497, arising by a mere loss of fatty

acid from the [M ? Li]?, determines the structure of fatty

acid at sn-2. Like PtdSer, also PtdGro molecule undergoes

a rearrangement with a concomitant expulsion of phos-

phoric acid, giving rise to the ion [M ? Li-H3PO4]? at

m/z 695. As mentioned in the Introduction, many ions are

common for all phospholipids; in the case of PtdGro these

are the ions arising by splitting of the polar part of mole-

cule form sn-3 of glycerol backbone, i.e. ions at m/z 621

and at m/z 615. These ions arise by the splitting of glyc-

erophosphoric acid (systematic name is 2,3-dihydroxypro-

pyl dihydrogen phosphate) or its lithium salt [M ? Li-172]?

and [M ? Li-178]?, respectively. For structure of both ions

see Table 5.

The remaining two phospholipids, i.e. PtdOH and

PtdIns, in which no plasmalogens have been found, were

identified based on literature data, see below. After iden-

tifying all four plasmalogens we performed quantitation of

fatty acids and phospholipids in the three strains of genus

Pectinatus.

Phospholipids were further separated by semipreparative

HILIC, see Experimental. The major phospholipids were

PtdGro, PtdEtn, PtdCho, and PtdSer, including their plas-

malogens; PtdIns was present in minor amounts. Five

peaks were not identified, see Fig. 3.

The content of fatty acids determined by GC–MS in the

three species of Pectinatus is given in Table 6. The fatty

acids included saturated ones from C11 to C18, as well as

monoenoic ones and also two acids having a cyclopropane

ring in the midchain position. The quantitative proportion

of FA in different phospholipids of one species, as well as

in individual strains did not substantially differ.

A similar situation was found in the case of aldehydes

arising by mild acidic hydrolysis; an interesting feature was

the minor proportion of octadecenal in all three PlsEtn.

Discussion

The comparison of our results with the literature data is

difficult or nearly impossible. As was found already in the

Table 4 Some important ions

observed in the product ion

spectrum of the [M ? Li]? of

molecular species c-p17:0/15:1-

PlsCho at m/z 720

Data were obtained by RP-

HPLC/ESI-tandem MS/MS

operated in positive ionization

mode

PlsCho m/z for c-p17:0/15:1-PlsCho

[M ? Li]?-NMe3 720 - 59 = 661

[M+Li]+-
N+ O-

720 - 103 = 617

[M+Li]+-NMe3- O

P

O O

OH

720 – 59 - 124 = 537

[M+Li]+-NMe

O O

OLi
O

P

3-

720 – 59 - 130 = 531

[M+Li]+-NMe3- -H2O 

O O

P

O
OLi

720 – 59 - 130 - 18 = 513

[M ? Li]?- R01CH = CHOH 720 - 252 = 468

[M ? Li]?-R2COOLi 720 - 248 = 472

[M ? Li]?-NMe3- R01CH = CHOH 720 - 59 - 252 = 409

[M+Li]+- 
N+ O-

-R´2CH=C=O 

720 - 103 - 222 = 395

[M+Li]+-NMe3- -R2COOH 

O O

O
OLi

P

720 - 59 - 130 - 240 = 291

R2CO? 223
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1960s, fatty acids with a cyclopropane ring are very sus-

ceptible to acidic conditions that cause cleavage of the ring.

This was documented in 1965 by Nesbitt and Lennarz [33]

who therefore saponified cells of the genus Proteus by 10%

NaOH and methylated free FA by diazomethane. This

approach, which was used also by other authors [34],

avoided the cleavage of the cyclopropane ring. As noted in

1989 by Christie in his book, ‘‘Cyclopropane fatty acids of

bacterial origin are more susceptible to chemical attack,

e.g. cyclopropane ring is disrupted by acidic conditions,

and lipid samples containing such acids are best transe-

sterified with basic reagents; the free fatty acids can be

methylated safely with diazomethane’’ [35]. The dramatic

drop in the content of cyclopropane FA under acidic con-

ditions when preparing FAME was recently amply docu-

mented by Basconcillo and McCarry [36]. The table

published in their paper shows that basic hydrolysis and

acid esterification of FA from the bacterium Sinorhizobium

meliloti brings about a drop of cis-11,12-C19:0cyclo from 31

to 2.5% total FA, i.e. by more than one order of magnitude.

Table 5 Some important ions

observed in the product ion

spectrum of the [M ? Li]? of

molecular species p19:0/c-19:0-

PlsGro at m/z 793

Data were obtained by RP-

HPLC/ESI-tandem MS/MS

operated in positive ionization

mode

PlsGro m/z for p19:0/c-19:0-PlsGro

[M+Li]+-

OH

OH

793 - 74 = 719

[M ? Li]?-H3PO4 793 - 98 = 695

[M+Li]+-

HO O

P

OH

OH

O

OH

793 - 172 = 621

[M+Li]+-

HO O

P

OLi

OH

O

OH

793 - 178 = 615

[M ? Li]?-R2COOH 793 - 296 = 497

[M+Li]+-

OH

OH -R2COOH 

793 - 74 - 296 = 423

R2CO? 279

Fig. 3 ESI spectrum of PlsEtn

from Pectinatus frisingensis
DSM 20465. MS was run by

using the electrospray mode and

set to scan from 200 to

1,100 kDa. Only the most

relevant part of the mass

spectrum is shown

(550–800 kDa). Adduct ions in

the form of [M ? Li]? are seen

throughout the spectrum
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Accordingly, Moore et al. [37], who used basic hydrolysis

and acid-catalyzed esterification, found no cyclopropane FA

in Pectinatus. Gonzalez et al. [38], who erroneously iden-

tified the species P. portalensis, also failed to find any cyclo-

FA, not even in the previously described P. frisingensis or

P. cerevisiiphilus. Moreover, their data showed completely

baffling differences between the contents of FA in individual

species. Johnston and Goldfine [39], who analyzed the

related genus Megasphaera, realized that the chromato-

graphic peak of monoenoic FAME could contain cyclo-

propane FAME and found that, following catalytic reduction

that disrupts the cyclopropane ring, major c-17:0 acyl chain

peak decreased from 60.5 to 2.9% of total FA. This means

that it was in fact a mixture of two FA, i.e. cyclo-17:0 and

17:1 in a ratio of about 20:1, not a pure 17:1.

Unusual ions arising from 9-methoxy acids and found in

the MS spectrum by Helander and Haikara [3] led to the

conclusion that these acids were artificially created during

methanolysis from cyclopropane acids. The substantial

differences between FAME prepared by methanolysis and

those prepared by saponification can thus be explained by

the degradation of cyclopropanoic acids.

Even when using reaction conditions preventing degra-

dation of cyclopropane FA, the experimenter is faced with

two other problems. As has been known for several dec-

ades [35], the ECL values of C18 cyclopropane FAME and

corresponding C18 monoenoic methyl esters are approxi-

mately equal, see, e.g., Fig. 2 in the paper by Helander and

Haikara [3]. Moreover, cyclopropanoid FAME are not

readily distinguished by MS from monoenoic FAME with a

Fig. 4 The MS/MS spectrum of

lithiated molecular species

c-p17:0/15:1 PlsEtn obtained in

ESI. The ion at m/z 678.6 was

selected for fragmentation. This

ion was further fragmented with

CID resulting in the presented

spectrum. Fragment identities

and their structures are

explained in Table 2

Fig. 5 Tandem MS/MS of the

mixture of two molecular

species—c-p17:0/c-19:0 and

c-p19:0/c-17:0 PlsEtn.

Quantification of isobaric

species of plasmalogens was

based on six ions, i.e. ions at

m/z 251 and 279 [RCO]?,

m/z 291.3 and 319.3 [M ?

Li-147-R02COOH]?, and

m/z 411.4 and 439.4 [M ?

Li-43-R01CH = CHOH]?
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similar total number of carbon atoms, apparently because

on ionisation the cyclopropane ring opens up to form some

degradation products [40, 41]. Much better results are

obtained with picolinyl ester derivatives (see Harvey [42]

and also our two mass spectra given in Figs. 5 and 6 of

Supplemental).

Most authors analyzing the Pectinatus FA failed to

employ optimum conditions and the reliability of their data

is therefore questionable. The same holds for monoenoic

and cyclopropanoic aldehydes.

Quantification of individual classes of phospholipids

including plasmalogens is based on the total ion current of

commercially available standards. The calibration curves

of four standards, i.e. PtdCho, PlsCho, PtdEt and PlsEtn

(9Z-18:1/9Z-18:1-PtdCho, p18:0/9Z-18:1-PlsCho, 9Z-18:1/

9Z-18:1-PtdEtn, and p18:0/9Z-18:1-PlsEtn) showed that

these molecular species have a linear response in the range

of nearly four orders of magnitude, i.e. from 1 lmol/mL to

10 mmol/mL (i.e. *0.7 lg/mL to *7 mg/mL). The worst

values of % RSD (relative standard deviation) were

obtained for the lowest and the highest chromatographic

peaks. This could be due to the signal being too weak (a

low signal to noise ratio) or to a charge space phenomenon

caused by the accumulation of too many ions in the mass

spectrometer (in the case of the highest chromatographic

peak, i.e. at a high concentration of the compound). The

samples were therefore appropriately diluted to an optimal

concentration (100 lmol/mL) to avoid the loss of signal

from the lowest chromatographic peak and limit the charge

space phenomenon for the highest chromatographic peak.

This compromise maximizes reproducibility. Unfortu-

nately, PlsGro and PlsSer are not commercially available

but both these plasmalogens can be assumed to have a very

similar mechanism of ionization (see above) allowing thus

also the same quantification by means of the total ion

current. Comparison of relative concentrations of individ-

ual FAME calculated from GC/MS and from HPLC/MS-

APCI of TAGs is given in Table 1 in Supplemental.

The quantification of single ion molecular species was

much more complicated. Based on the measurements of

commercially available standards PlsCho and PlsEtn

and the corresponding homologs PtdCho and PtdEtn

(i.e. 9Z-18:1/9Z-18:1-PtdCho and 9Z-18:1/9Z-18:1-PtdEtn,

respectively) we found that the abundant ions at m/z 425

[M ? Li-43-R01CH = CHOH]? and at m/z 305 [M ? Li-

147-R02COOH]? in PlsEtn and ions at m/z [M ? Li-43-

R1COOH]? and [M ? Li-43-R2COOH]? in PtdEtn, and

also ions [M ? Li-59-R1COOH]? and [M ? Li-59-R2

COOH]? in PtdCho and ions at m/z 465 ([M ? Li-59-R01
CH = CHOH]?) and at m/z 395 ([M ? Li-103-R02

Table 6 Fatty acid content of the three strains of Pectinatus frisingensis DSM 20465, P. cerevisiiphilus DSM 20467, and P. frisingensis RIBM

2-86

P. frisingensis RIBM 2-86 P. cerevisiiphilus DSM 20467 P. frisingensis DSM 20465

PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho

11:0 18.1 16.4 16.5 22.6 17.4 16.8 17.1 21.1 14.7 12.2 14.2 13.8

12:0 0.8 0.3 0.4 0.8 1.2 0.0 0.0 1.5 0.8 0.3 0.8 0.4

13:0 6.2 6.8 5.3 8.6 6.3 6.7 5.1 8.5 6.5 6.9 8.2 5.6

14:0 1.7 0.6 1.0 1.6 2.1 0.2 0.5 2.2 1.8 0.6 1.5 1.1

15:0 27.1 26.2 17.6 15.1 25.9 27.2 18.3 14.3 26.3 31.4 27.5 28.6

16:0 1.8 0.3 2.2 1.5 2.2 0.0 1.8 2.2 1.9 0.3 1.4 2.3

17:0 5.0 3.9 4.7 2.0 5.2 3.7 4.5 2.6 5.3 4.0 1.9 5.0

18:0 1.2 2.0 1.6 1.7 1.6 1.6 1.1 2.3 1.3 2.0 1.6 1.7

15:1 5.9 3.0 5.8 7.4 6.0 2.7 5.7 7.4 6.2 3.0 7.1 6.1

16:1 0.8 1.1 1.3 4.0 1.2 0.7 0.8 4.4 0.8 1.1 3.8 1.4

c-17:0 10.6 16.0 14.9 16.6 10.4 16.5 15.4 15.7 10.5 12.2 11.4 11.6

18:1 4.8 8.7 6.2 5.7 5.0 8.8 6.1 5.9 5.0 8.8 5.4 6.6

c-19:0 16.0 14.7 22.5 12.4 15.5 15.1 23.6 11.9 18.9 17.2 15.2 15.8

p15:0 4.6 0.0 5.3 2.3 3.2 2.1 7.2 2.4 4.9 0.0 2.4 5.5

p17:0 16.0 11.2 18.7 12.4 14.8 18.6 6.8 10.6 27.8 11.4 12.8 22.7

c-p17:0 34.2 33.2 20.9 23.8 25.9 25.8 29.7 30.1 27.6 25.4 24.6 21.6

p18:1 0.0 20.2 3.6 19.4 4.9 10.2 12.6 6.3 0.2 20.5 20.0 3.7

c-p19:0 45.2 35.4 51.5 42.1 51.2 43.3 43.7 50.6 39.5 42.7 40.2 46.5

0.0 = less than 0.1%

Data were obtained by GC–MS of fatty acid methyl esters, the structure of unsaturated fatty acids was determined by the mass spectra of

picolinyl esters

Lipids (2011) 46:765–780 775

123



CH = C=O]?) in PlsCho show a linear response in an

interval of more than three orders of magnitude, i.e. from 5

to 10 mmol/mL. Individual molecular species of plasmal-

ogens were therefore quantified based on the above ion.

Because of the lack of commercial standards of PlsGro and

PlsSer we again used the assumption of a very similar

mechanism of ionization. More exact quantification would

require either the use of two-dimensional HPLC (normal

and reversed phase HPLC) or acquisition (synthesis) of

appropriate standards, i.e. different molecular species of

PlsSer and PlsGro.

As already mentioned in the Introduction and in the

paragraph describing the occurrence of fatty acids in Pec-

tinatus and related bacteria, the determination of both

qualitative and quantitative proportions of FA is highly

questionable. To our knowledge, no paper devoted to

identification and quantitation of molecular species of

plasmalogens in Pectinatus has as yet been published. The

results of our analyses of these molecular species are

shown in Table 7. Although the molecular species of

individual classes of phospholipids have been described in

bacteria such as Escherichia coli [43] or Corynebacterium

[44], these bacteria are taxonomically relatively distant

from Pectinatus. The taxonomically nearest bacterial genus

that has been described in the literature is Clostridium,

which also belongs to anaerobes and is taxonomically

classed to the same order (Clostridiales), although to a

different family (Clostridiaceae) [45].

Both our literature survey and a recent review [15] point

to the scarcity of data on the analysis of molecular species

of phospholipids, especially of plasmalogens in bacteria.

Only a single study by Hsu and Turk [43] reported on the

analysis of cardiolipin from E. coli using modern tech-

niques, identified cardiolipin and described the quantitative

analysis of isobaric molecular species.

Only six molecular species of O-alanylphosphatidyl-

glycerol and six molecular species of phosphatidyletha-

nolamine were identified in the genus Clostridium, which

Table 7 The content of molecular species of plasmalogens in the three strains of Pectinatus frisingensis DSM 20465, P. cerevisiiphilus DSM

20467, and P. frisingensis RIBM 2-86

Molecular species P. frisingensis RIBM 2-86 P. cerevisiiphilus DSM 20467 P. frisingensis DSM 20465

PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho

p15:0 /11:0 0.8 0.0 0.0 0.5 0.0 0.7 0.3 0.8 0.6 0.4 1.2 0.5

p17:0 /11:0 2.9 1.8 1.8 2.8 1.4 4.1 1.8 3.1 2.6 3.1 1.2 2.2

c-p17:0 /11:0 6.2 5.4 5.4 5.4 3.1 4.1 3.5 3.0 4.5 4.3 5.1 6.4

p18:1 /11:0 0.0 3.3 3.3 4.4 2.5 0.0 2.8 0.5 0.9 1.7 2.2 1.3

c-p19:0 /11:0 8.2 5.8 5.8 9.5 5.2 5.8 5.7 6.4 8.9 7.3 7.5 10.7

p15:0 /12:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

p17:0 /12:0 0.1 0.0 0.0 0.1 0.0 0.2 0.1 0.1 0.2 0.0 0.0 0.2

c-p17:0 /12:0 0.3 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.3 0.0 0.0 0.5

p18:1 /12:0 0.0 0.1 0.1 0.2 0.1 0.0 0.2 0.0 0.1 0.0 0.0 0.1

c-p19:0 /12:0 0.4 0.1 0.1 0.3 0.1 0.3 0.3 0.2 0.6 0.0 0.0 0.8

p15:0 /12:0 0.3 0.0 0.0 0.2 0.0 0.3 0.2 0.3 0.2 0.1 0.4 0.2

p17:0 /13:0 1.0 0.8 0.8 1.1 0.8 1.8 1.0 1.3 0.9 1.2 0.3 0.9

c-p17:0 /13:0 2.1 2.3 2.3 2.0 1.8 1.8 2.0 1.2 1.6 1.7 1.5 2.6

p18:1 /13:0 0.0 1.4 1.4 1.7 1.4 0.0 1.6 0.2 0.3 0.7 0.6 0.5

c-p19:0 /13:0 2.8 2.4 2.4 3.6 2.9 2.6 3.3 2.6 3.2 2.9 2.2 4.3

p15:0 /14:0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.1

p17:0 /14:0 0.3 0.1 0.1 0.2 0.1 0.5 0.2 0.2 0.3 0.0 0.0 0.2

c-p17:0 /14:0 0.6 0.2 0.2 0.4 0.2 0.5 0.4 0.2 0.5 0.1 0.1 0.7

p18:1 /14:0 0.0 0.1 0.1 0.3 0.1 0.0 0.3 0.0 0.1 0.0 0.1 0.1

c-p19:0 /14:0 0.8 0.2 0.2 0.7 0.3 0.7 0.6 0.5 1.1 0.1 0.2 1.1

p15:0 /15:0 1.2 0.0 0.0 0.3 0.0 1.3 0.7 1.6 0.8 0.6 1.3 0.3

p17:0 /15:0 4.3 2.9 2.9 1.9 3.6 7.3 3.5 6.5 3.8 5.1 1.2 1.5

c-p17:0 /15:0 9.3 8.7 8.7 3.6 8.0 7.3 6.8 6.2 6.7 7.0 5.4 4.3

p18:1 /15:0 0.0 5.3 5.3 2.9 6.4 0.1 5.5 1.1 1.3 2.8 2.3 0.9

c-p19:0 /15:0 12.2 9.3 9.3 6.4 13.4 10.4 11.1 13.3 13.3 11.8 8.4 7.2

p15:0 /16:0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.1 0.1
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belongs to the same order as the genus Pectinatus,

although the polar lipids of C. perfringens were analyzed

by LC/MS with electrospray ionization. The assumed

presence of plasmalogens was based only on a TLC plate

treated with HCl vapors, lyso-phosphatidylethanolamine

being derived by acid hydrolysis of the plasmalogens of

PtdEtn [46].

A later work on C. tetani identified phospholipids such

as PtdEtn, PtdGro, cardiolipin and EtnPGlcNAcdir-

adylglycerol. FA on sn-1/sn-2 were determined only in

Table 7 continued

Molecular species P. frisingensis RIBM 2-86 P. cerevisiiphilus DSM 20467 P. frisingensis DSM 20465

PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho

p17:0 /16:0 0.3 0.0 0.0 0.2 0.0 0.5 0.2 0.5 0.3 0.0 0.1 0.2

c-p17:0 /16:0 0.6 0.1 0.1 0.4 0.1 0.5 0.3 0.5 0.6 0.0 0.5 0.7

p18:1 /16:0 0.0 0.1 0.1 0.3 0.1 0.0 0.3 0.1 0.1 0.0 0.2 0.1

c-p19:0 /16:0 0.8 0.1 0.1 0.6 0.1 0.8 0.6 1.1 1.1 0.0 0.8 1.1

p15:0 /17:0 0.2 0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.2 0.1 0.3 0.1

p17:0 /17:0 0.8 0.4 0.4 0.2 0.5 1.5 0.2 1.1 0.8 0.7 0.3 0.3

c-p17:0 /17:0 1.7 1.3 1.3 0.5 1.0 1.5 0.5 1.1 1.3 1.0 1.3 0.8

p18:1 /17:0 0.0 0.8 0.8 0.4 0.8 0.0 0.4 0.2 0.3 0.4 0.6 0.2

c-p19:0 /17:0 2.3 1.4 1.4 0.8 1.7 2.1 0.8 2.3 2.7 1.6 2.0 1.3

p15:0 /18:0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.1 0.1

p17:0 /18:0 0.2 0.2 0.2 0.2 0.2 0.4 0.2 0.4 0.2 0.3 0.1 0.2

c-p17:0 /18:0 0.4 0.7 0.7 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.3 0.7

p18:1 /18:0 0.0 0.4 0.4 0.3 0.4 0.0 0.3 0.1 0.1 0.2 0.1 0.1

c-p19:0 /18:0 0.5 0.7 0.7 0.7 0.9 0.5 0.6 0.8 0.8 0.7 0.5 1.2

p15:0 /15:1 0.3 0.0 0.0 0.2 0.0 0.3 0.2 0.3 0.2 0.1 0.4 0.2

p17:0 /15:1 0.9 0.3 0.3 0.9 0.3 1.7 0.9 1.4 0.9 0.5 0.4 0.8

c-p17:0 /15:1 2.0 1.0 1.0 1.8 0.8 1.7 1.7 1.3 1.6 0.7 1.7 2.2

p18:1 /15:1 0.0 0.6 0.6 1.4 0.6 0.0 1.4 0.2 0.3 0.3 0.7 0.5

c-p19:0 /15:1 2.7 1.1 1.1 3.1 1.3 2.4 2.9 2.8 3.1 1.2 2.5 3.7

p15:0 /16:1 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.1

p17:0 /16:1 0.1 0.1 0.1 0.5 0.1 0.2 0.5 0.3 0.2 0.1 0.1 0.5

c-p17:0 /16:1 0.3 0.4 0.4 1.0 0.3 0.2 0.9 0.3 0.3 0.2 0.2 1.3

p18:1 /16:1 0.0 0.2 0.2 0.8 0.2 0.0 0.8 0.1 0.1 0.1 0.1 0.3

c-p19:0 /16:1 0.4 0.4 0.4 1.7 0.5 0.3 1.5 0.7 0.6 0.3 0.3 2.2

p15:0 /c-17:0 0.5 0.0 0.0 0.4 0.0 0.5 0.3 0.6 0.3 0.3 1.1 0.4

p17:0 /c-17:0 1.7 1.8 1.8 2.1 1.4 2.9 1.5 2.6 1.5 3.1 1.0 1.7

c-p17:0 /c-17:0 3.6 5.3 5.3 4.0 3.1 2.9 2.8 2.5 2.7 4.3 4.6 4.7

p18:1 /c-17:0 0.0 3.2 3.2 3.2 2.5 0.0 2.3 0.4 0.5 1.7 1.9 1.0

c-p19:0 /c-17:0 4.8 5.7 5.7 7.0 5.2 4.1 4.6 5.4 5.3 7.1 6.7 7.9

p15:0 /18:1 0.2 0.0 0.0 0.1 0.0 0.2 0.1 0.4 0.2 0.2 0.4 0.1

p17:0 /18:1 0.8 1.0 1.0 0.7 1.0 1.4 0.7 1.5 0.7 1.6 0.4 0.6

c-p17:0 /18:1 1.6 2.9 2.9 1.4 2.2 1.4 1.3 1.4 1.3 2.3 1.8 1.8

p18:1 /18:1 0.0 1.8 1.8 1.1 1.8 0.0 1.1 0.2 0.2 0.9 0.8 0.4

c-p19:0 /18:1 2.2 3.1 3.1 2.4 3.8 2.0 2.2 3.1 2.6 3.8 2.7 2.9

p15:0 /c-19:0 0.7 0.0 0.0 0.3 0.0 0.9 0.4 0.9 0.5 0.3 1.7 0.3

p17:0 /c-19:0 2.6 1.6 1.6 1.5 2.0 5.3 1.9 3.6 2.3 2.8 1.6 1.3

c-p17:0 /c-19:0 5.5 4.9 4.9 3.0 4.4 5.2 3.7 3.4 3.9 3.9 7.0 3.6

p18:1 /c-19:0 0.0 3.0 3.0 2.4 3.5 0.0 3.0 0.6 0.8 1.4 3.0 0.7

c-p19:0 /c-19:0 7.2 5.2 5.2 5.2 7.3 7.5 6.1 7.3 7.9 6.5 10.3 6.0

Data were obtained from ESI spectra
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seven out of 35 molecular species of PE and PG, no data on

their quantitative proportions being given [47].

The high variability of bacteria can be illustrated in the

paper [48] in which plasmalogens were identified in C.

tetani ATCC 454 but not in strain ATCC 10779. The

authors again identified plasmalogen forms of PtdEtn,

PtdGro, cardiolipin, etc., but acyls at the sn-1 and sn-2

positions were determined in only 7 of them, again with no

quantification.

An excellent paper on phospholipids and also plasmal-

ogens of lower organisms was published in Parasitology

[49]. Many hundreds of molecular species of phospholipids

were identified in parasitic protist species Trypanosoma

brucei, which included, e.g., 128 molecular species of

PtdEtn, out of which 15 were plasmalogens.

Conclusion

The HILIC/ESI-MSn method used here efficiently sepa-

rated plasmalogens and all other phospholipids usually

found in anaerobic bacteria by a single chromatographic

run. We determined more than 200 lipid molecular species

from four lipid classes with one injection on an HILIC

column, which is nearly ideal for separating amphiphilic

compounds such as phospholipids with excellent repro-

ducibility, high sensitivity (from 1 lmol/mL) and dynamic

range (4 orders of magnitude). This column was used for

both analytical determination and semipreparative isolation

of alkenyl-acyl- and diacyl-phospholipids. Irrespective of

the class of phospholipids, plasmalogen is eluted first and

this is followed by a nearly baseline-separated corre-

sponding diacyl-phospholipid. The elution can be per-

formed conveniently by an aqueous phase with a buffer

compatible with ESI.

Simultaneous detection of intact plasmalogens together

with other phospholipid classes (odd-chains fatty acids,

aldehydes) offers a valuable tool for the study of phos-

pholipids. The fragmentation processes observed by tan-

dem MS of plasmalogens generate unique determinants of

the identities of the 1-O-alk-1-enyl chains at the sn-1

position and the fatty acid esterified at the sn-2 position of

the glycerol backbone.

Tandem MS of plasmalogen molecules as lithiated

adduct ions offers an optimum means for structural char-

acterization. The structure of plasmalogen molecules can

be easily determined from the positive ESI showing

abundant fragment ions with different polar head groups,

fatty acid constituents and regiospecificity. The [M ? Li]?

ions of plasmalogens that have undergone consecutive

losses of the fatty acid substituent at sn-2 and the polar

head group, i.e. the [M ? Li–R2COOH–polar head

group]? ions greatly aid in the differentiation of the

plasmenyl- and diacyl-phospholipid subclasses, including

PtdEtn, PtdCho, PtdGro and PtdSer. Thus, structures of

plasmalogens with isobaric isomers in mixtures can be

unambiguously unveiled.

We believe that the method will be valuable for studying

phospholipid profiles in different biological samples.
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Abstract Human cerumen was separated by column

chromatography into the following groups of compounds:

hydrocarbons, squalene, wax esters and cholesterol esters,

triacylglycerols, free fatty acids, free fatty alcohols,

monoacylglycerols, free cholesterol, free sterols, and free

hydroxy acids. The groups of compounds obtained were

examined in detail by gas chromatography and gas chro-

matography–mass spectrometry. In total, about one thou-

sand compounds have been identified.

Keywords Cerumen � Ear wax � Lipids � ECL values �
ACL values

Abbreviations

ACL Alcohol chain length

APCI Atmospheric pressure chemical ionization

CC Column chromatography

DMDS Dimethyl disulfide

ECL Equivalent chain length

FAME Fatty acid methyl ester

GC–MS Gas chromatography/mass spectrometry

HPLC High performance liquid chromatography

I Kováts index

PTLC Preparative thin layer chromatography

RF Retention factor

TAG Triacylglycerol(s)

TLC Thin layer chromatography

UV Ultra violet

Introduction

Cerumen is the secretory product of the sebaceous and

ceruminal glands in the outer third of external auditory

canal and it is the main component of earwax. Other

components of earwax are sheets of desquamated keratin

squames, sweat, sebum, and various foreign substances

(hair spray, shampoo, shaving cream, bath oil, cosmetics,

dirt, etc. [1, 2]. A number of scientists have dealt with its

chemical composition. Several papers have been focused

on investigation of proteins [3–6], amino acids [3, 7–9],

and other nitrogen-containing compounds [3, 10], sugars

[9, 11], and glycopeptides [12–14]. Several elements (Na,

K, Ca, Mg, P and Cu) were identified and the presence of

volatile products was mentioned as well [15]. A majority of

papers have been focused on the investigation of lipids,

which represent major components of ear wax (up to 64%)

[4, 16]. Nakamichi [17] described the presence of a large

quantity of glycerol esters and cholesterol esters, and

Nakashima [3] identified several fatty acids, triacylglyce-

rols, and cholesterol. Nitta and Ikai [18] found short chain

fatty acids (C4–C6). Wheatley [19] was the first one who

identified squalene in human cerumen, but he also

Electronic supplementary material The online version of this
article (doi:10.1007/s11745-011-3564-y) contains supplementary
material, which is available to authorized users.
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described [20] the presence of hydrocarbons, wax alcohols,

cholesterol, and sterol-like substances. Akobjanoff et al.

[21] found cholesterol and fatty acids. For the first time,

gas chromatography was used by Haahti et al. [22, 23] for

identification of fatty acids, squalene, cholesterol, alcohols,

and esters. Sumiko and Akikatsu [8] used fractionation into

different solvent systems for separation the cerumen

components, and described the presence of free cholesterol

and its esters, triacylglycerols and phospholipids. Kataura

[24] used column chromatography on silica gel for isola-

tion of several groups of compounds (cholesterol, triacyl-

glycerols, fatty acids and unidentified lipids). Kataura and

Kataura [25] isolated cholesterol esters, triacylglycerols,

diacylglycerols, monoacylglycerols, free fatty acids, and

unidentified polar lipids by column chromatography on

silica gel. Aitzetmüller and Koch [26] found by HPLC of

methylated and non-methylated chloroform extracts that

cerumen contains lipid classes similar to sebum. Gershbein

et al. [27] used alumina for fractionation of the groups of

compounds. Saponified part of human cerumen was sepa-

rated into hydrocarbons (with squalene as the main com-

ponent), cholesterol, alcohols, and fatty acids. Lipid

composition of earwax in connection to hircismus (strong

odor) was studied by Inaba et al. [28]. Bortz et al. [29] also

studied the hydrocarbon content in cerumen. However,

Harvey [30] published so far the most detailed analysis of

cerumen by application of a GC–MS analysis. Human

cerumen was saponified, and the compounds were analyzed

by GC-MS after derivatization. Nearly 200 compounds

were found in a chromatogram, and nearly one half of them

were identified. In view of the fact that a majority com-

pounds were present both free and bonded, it has not been

possible to characterize their ‘‘origin’’. Bortz et al. [1]

solved this handicap: They separated the human cerumen

into the individual groups of compounds (squalene, cho-

lesterol esters, wax esters, triacylglycerols, fatty acids,

cholesterol, ceramides, and cholesterol sulfate) using pre-

parative chromatography, however, they did not perform a

more detailed analysis of these product groups.

For quantitative evaluation of sebum lipid components,

nuclear magnetic resonance was also used [31]. The com-

position of cerumen was also investigated by using flash

pyrolysis–gas chromatography–mass spectrometry analysis

[32]. Simple aromatic hydrocarbons were found together

with non-branched chain aliphatic hydrocarbons, several

diterpenoids and steroid compounds including cholesterol.

Due to the destructive character, this method may be only

used for fingerprinting of cerumens from different origin.

Besides the human cerumen, lipids in cow’s cerumen

[33], in dog’s cerumen [34–36], and complex carbohy-

drates in the ceruminous glands of the goats [37] were

studied. Cerumen was also studied from a microbiology

point of view [38–40]). Its bacteriostatic and fungistatic

properties were described in the 1960s [22, 35, 36, 41–48].

A considerable number of people suffer from cerumen

secretion, which may result in serious health problems.

Absence of cerumen may lead to infection, in that, cerumen

plays an antibacterial role through physically protecting the

external auditory canal skin, establishing a low pH and an

inhospitable environment for pathogens and producing

antimicrobial compounds such as lysozyme, so that its

absence leaves the canal vulnerable to infection [48].

Cerumen represents a complex mixture of at least one

thousand compounds the systematic analysis of which has

not been done yet. In this paper, we present a detail anal-

ysis of non-polar lipids of human cerumen achieved by

current analytical methodology.

Experimental

Collection of Materials

Ear wax (1.323 g) was collected twice a week from both

ears of a healthy individual (a male, 65 years old) by

means of a small wooden spatula (approx. 200 doses col-

lected throughout 1 year, each approx. 6.6 mg), and it was

kept at -18 �C up to the work-up. One of the authors of

this work was the volunteer to have ear wax collected and,

therefore, no special regulations for including humans in

this research were needed.

Column Chromatography (CC)

Ear wax (1.323 g) was adsorbed on silica gel (6.5 g,

60–120 lm) and chromatographed on a column (2.5 9

31 cm) containing silica gel Pitra (Technical support

laboratories of IOCB, Czech Republic; 80 g, 60–120 lm,

water content 12%). Preparation of silica gel for chroma-

tography was made by its 48-h extraction of silica gel with

methanol/chloroform (1:1, v/v) in a Soxhlet apparatus,

followed by drying, activating at 120 �C for 24 h, and

finally by controlled deactivating the purified silica gel by

adding water (12%, w/w). The components were eluted

with a mixture of light petroleum-diethyl ether (concen-

tration of diethyl ether increased continuously from 0 to

100%, v/v), and then with a mixture of chloroform–meth-

anol (1:1 v/v). All solvents were distilled before using. The

mixture was separated into 35 fraction [(25–100 ml, total

solvent volume 1,750 ml (light petroleum-diethyl ether),

and 1,000 ml (chloroform–methanol)]. Eluted compounds

were monitored using thin-layer chromatography (TLC)

and fractions containing compounds with the same RF were

combined.
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Thin-layer Chromatography (TLC)

Analytical TLC was carried out on glass plates (36 9

76 mm) coated with Adsorbosil-Plus, layer thickness

0.2 mm (Applied Science Laboratories, USA) with gypsum

(12%, w/w). Visualization of the spots was achieved by

heating the plates sprayed with conc. sulfuric acid.

Preparative TLC (PTLC) was carried out on glass plates

(20 9 20 cm) coated with the same silica gel as in ana-

lytical TLC. Visualization of the bands were achieved by

spraying with Rhodamine 6G (Merck, Germany, 0.05% in

ethanol), UV 235 nm. The chromatographic bands con-

sisting of group of compounds were scraped off and

transferred into small columns (8 mm i.d.) filled with silica

gel (0.3 g, 25–50 lm), eluted with freshly distilled dry

diethyl ether (15 ml), and evaporated to dryness.

Gas Chromatography (GC)

GC was performed on a 5890A gas chromatograph

(Hewlett-Packard, USA) equipped with a flame ionization

detector and split/splitless injector, the carrier gas was

hydrogen. The following programs (a)–(f) were used for

the columns DB-1 and DB-WAX (J&W Scientific, USA,

length 30 m, I.D. 0.25 mm, film thickness 0.25 lm):

DB-1: (a) injector and detector temperatures 250 �C,

oven temperature 140 �C (0 min), then increased at a rate

of 5 �C min-1 to 320 �C (20 min or more), 90 kPa, u

45 cm s-1 (at 150 �C), split ratio 39:1; (b) injector and

detector temperatures 250 �C, oven temperature 200 �C,

86 kPa, u 40 cm s-1, split ratio 35:1; (c) injector temper-

ature 280 �C, detector and oven temperatures 270 �C,

83 kPa, u 35.6 cm s-1, split ratio 25:1.

DB-1 ms: (d) injector and detector temperatures 260 �C,

oven temperature 240 �C (0 min), then increased at a rate

of 1 �C min-1 to 340 �C (15 min), u 61 cm s-1 at 260 �C,

split ratio 29:1.

DB-WAX: (e) injector temperature 220 �C, detector

temperature 250 �C, oven temperature 140 �C (0 min),

then increased at a rate of 5 �C min-1 to 230 �C (20 min or

more), 90 kPa, u 46.2 cm s-1 (at 150 �C), split ratio 36:1;

(f) injector and detector temperatures 250 �C, oven tem-

peratures 200 �C, u 40 cm s-1, split ratio 35:1.

Gas Chromatography–Mass Spectrometry

Gas Chromatography–Mass Spectrometry (GC–MS) was

performed on a gas chromatograph (CE 8000 series, Fi-

sons, Milan, Italy) coupled with a mass detector (Fisons

MD 800 VG Masslab, Manchester, UK) working in elec-

tron ionization mode. DB-5 ms and DB-WAX columns

(30 m 9 0.25 mm 9 0.25 lm, J & W Scientific) with

helium flow 0.95 ml min-1 (at 140 �C) were used.

Chromatographic conditions: injector temperature 250 �C,

interface temperature 200 �C, oven temperature 140 �C

(0 min), then increased at a rate of 5 �C min-1 to 320 �C

(30 min or more for DB-5 ms) and to 230 �C (50 min for

DB-WAX), split ratio 50:1. The National Institute of

Standards and Technology (NIST) Library was used for

identification of some compounds.

High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) was

performed on a liquid chromatograph (Thermo Separation

Products, San Jose, USA), which consisted of a SCM 1000

vacuum membrane degasser, a P 4000 quaternary gradient

pump, an AS 3000 autosampler) and an LCQ classic ion

trap mass spectrometer (Thermo Finnigan, San Jose, USA).

The system was controlled by an SN 4000 control unit

(Thermo Separation Products, San Jose, USA) and a PC

using Xcalibur Software (Thermo Finnigan). TAG were

separated on two Nova-Pack C18 stainless steel columns

(length 300 mm, i.d. 3.9 mm, film thickness 4 lm (Waters,

USA) connected in series. The mobile phase was a mixture

of acetonitrile (A) and 2-propanol (B). The linear gradient

from 0 to 70% of B in 108 min (1 mL min-1) was followed

by a linear gradient to 80% of B (130 min, 0.7 mL min-1).

The columns were kept at 30 �C during analysis. The

mobile phase was mixed post-column in a low dead-volume

T-piece with 100 mM ammonium acetate prepared in

2-propanol/water (1:1, v/v), flow rate 10 lL min-1. The full

scan mass spectra were recorded in the range of m/z

75–1,300. The temperatures of the vaporizer and heated

capillary were set to 400 and 200 �C, respectively. The

corona discharged current was 4.5 lA, capillary voltage

and tube lens offset were 3 and 10 V, respectively. TAG

were quantified from reconstructed chromatograms calcu-

lated for [M ? H]? and [M ? NH4]? ions [49].The mass

spectra (MS) were interpreted by software program Trig-

lyAPCI developed specially for interpretation of APCI mass

spectra of TAG isolated from various natural sources [50].

Transesterification

A mixture of TAG (1.5 mg) was dissolved in a mixture of

chloroform/methanol (2:3 (v/v), 250 ll) in a sealed glass

vial. Acetyl chloride (29.4 ll) was added and the vial was

sealed and heated in a water bath at 70 �C for 90 min. The

reaction mixture was neutralized with silver carbonate

(57.1 mg). This procedure prevents the loss of volatile fatty

acid methyl esters (FAME). After centrifugation, the

supernatant was directly analyzed by GC or GC–MS.

Using this method, fatty acid methyl esters were more

easily prepared also from the free fatty acids and from free

hydroxy acids [51, 52].
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Calculation of Kováts Retention Indexes (I), Equivalent

Chain Length Values and Alcohol Chain Length Values

Calculation of the I, equivalent chain lengths (ECL) and

alcohol chain lengths (ACL) values was made by using

the method described earlier [53, 54], using the reference

compounds (n-alkanes, fatty acids methyl esters, 1-alka-

nols) co-injected with a sample. The number of experi-

mental points (n) was a minimum of 5, remote

experimental points were automatically excluded using

the Dixon test (significance level p = 0.01).

Results

By means of gradient CC on silica gel, cerumen was sep-

arated into the following well-defined groups of com-

pounds: aliphatic hydrocarbons, squalene, wax esters and

cholesterol esters, triacylglycerols, free fatty acids, free

fatty alcohols, monoacylglycerols, free cholesterol, free

sterols, and free hydroxy acids (Table S1). These groups of

compounds were then analyzed separately, and identified

by GC and GC–MS techniques. The composition of these

fractions is described below in the Discussion section, and

the quantitative data are summarized in Tables S1–S8,

located in the supplements.

Discussion

Hydrocarbons

The fractions 1–4 appeared as one spot at TLC (hexane,

RF = 0.98). The main part is formed by a homologous

series of n-alkanes (C14–C47) with almost identical

quantity of odd and even homologs (1.18:1). The bran-

ched and unsaturated hydrocarbons were present in small

quantities (Fig. S1) and were not analyzed in details.

Wheatley [20] mentioned hydrocarbons in cerumen for

the first time in 1954. Due to the fact that the content of

the minor quantity of alkanes could not be analyzed at

that time, it has been supposed that he detected squalene

[19], the content of which is much higher. Later, Bortz

et al. [29] investigated the content of alkanes in a human

skin surface lipid layer and in the ear wax. Although the

composition of these alkanes strongly resembles petro-

leum waxes, it has been proposed that they are biosyn-

thetic products of human skin. Hydrocarbons found in

human cerumen are not environmental contaminants

[29]. The presence of hydrocarbons had been reported by

Harvey [30], however, without analytical details.

Squalene

The fractions 5–11 appeared as one spot at TLC (hexane,

RF = 0.28). The RF value of this fraction was identical

with that of squalene (2,6,10,15,19,23-hexamethyl-

2,6,10,14,18,22-tetracosahexaene). Gas chromatography

analysis resulted in finding one main peak (98.3%), the

Kováts retention index (I = 2819.03) of which was found

identical with that of the reference compound (I =

2819.09) [DB-1, program (c)]. The mass spectra were also

found to be identical. Squalene forms almost 1% of the

cerumen (Table S1).

Wax Esters and Cholesterol Esters

The fractions 14 and 15 appeared as one spot at TLC

(hexane/diethyl ether 93:7, RF = 0.78). Their RF value was

identical with that of stearyl palmitate. The chromatogram

(DB-1, program (a) and DB-1 ms column, program

(d) showed approximately 135 peaks, of which about 100

peaks (84 area %) represented the wax esters, 36 peaks (16

area %) represented cholesterol esters. Wax esters were

analyzed by GC–MS. They formed a homologous series of

the saturated and unsaturated, even and odd higher esters in

the range from C23 to C41 with a maximum C36:1. Based on

a detailed analysis of the mass spectra [55, 56], one single

GC peak of aliphatic esters always represents at least three

isomers. The position of the ester functionality in the

molecule has a low influence on the retention behavior at

the GC, and a majority of the isomers could not be sepa-

rated [57]. In total, about 550 esters (Table S2) were

identified; their relative content has not been given because

it rarely exceeded an area of 1%.

After transesterification of an aliquot part of the esters,

three groups of compounds were found: methyl esters of acids

(RF = 0.62), aliphatic alcohols (RF = 0.15) and cholesterol

(RF = 0.09) (TLC in hexane/diethyl ether 93:7). Each of the

identified groups of compounds was isolated by PTLC and

subsequently analyzed by GC and GC–MS.

The acid fraction (as methyl esters) consisted of a

homologous series of saturated and unsaturated fatty acids

(Table S3). Their identification was performed both by

measurement of ECL values [53, 54] and by mass spec-

trometry of dimethyl disulfide (DMDS) adducts [58, 59].

Saturated acids formed a homologous series (C12–C34;

33.2%) with prevalent hexadecanoid acid (16:0, 9.0%). To

a lesser extent, n-acids with odd C-atoms are present

(4.2%), predominant 15:0 (3.0%) and branched iso-acids

(7.9%) and anteiso-acids (5.2%). Monoenic fatty acids

(C13–C32, 64.1%) form more than one half of all the acids.

Based on retention times and mass spectra, one can deduce

784 Lipids (2011) 46:781–788

123



that some unsaturated homologs are branched (9.4%,

shown in the Tables with the prefix br-). A small quantity

of dienoic acid 18:2 n-6 acid (2.4%) was also identified.

Several unidentified minor peaks (0.3%) were also present

in the chromatogram.

The alcohol fraction consisted of a homologous series

of saturated and unsaturated 1-alkanols and 1-alkenols

(Table S4). Their identification was performed both by

measurement of the ACL values, and by mass spectrometry

of underived alcohols and their DMDS adducts [60]. The

ACL values were introduced for easier identification of

unknown alcohols. The ACL value is analogous to the

equivalent chain length value (ECL). Saturated non-bran-

ched chains of 1-alkanols were used in the measurement and

calculation of the ACL values instead of methyl esters of

saturated fatty acids used in the measurement and calculation

of the ECL values. It was found that the ACL values for

iso- and anteiso- alcohols are identical with the ECL values

of the corresponding fatty acids methyl esters. As an exam-

ple, several pairs of ECL values for methyl esters and ACL

values for the corresponding alcohols are given: i-14:0

(13.6470; 13.6508), i-15:0 (14.6447; 14.6475), a-15:0

(14.7296; 14.7310), i-16:0 (15.6437, 15.6450); i-18:0

(17.6411; 17.6412), i-20:0 (19.6397; 19.6417), i-22

(21.6376; 21.6404), and a-22 (21.7238; 21.7197). It should

be noted that the ECL values were measured in 1996 [54]

while the ACL values were calculated only recently (2009)

from another column [DB-1, program (b)].

Saturated alkanols form a homologous series (C12–C30,

73.2%) with prevailing 1-octadecanol (18:0, 8.8%). It is

worth mentioning that there are high proportions of alkanols

with odd C-atoms (8.4%) and branched iso-alkanols (17.3%)

and anteiso- alkanols (17.2%). Unsaturated alcohols form

a homologous series (C18–C31, 24.3%) with prevalent

1-icosenols (20:1, 8.9%). Some of them are branched (5.6%).

Several minor peaks were not identified (2.6%).

In the case of alcohols, the DMDS derivatization under

conditions described in the literature [58] was not quanti-

tative and the unreacted alcohols made the identification of

products difficult. Therefore, the procedure was modified

(70 �C, 5 h in a sealed vial), and under those conditions the

yield was almost 100%.

Cholesterol was represented by one peak by GC and its

Kováts retention index (I = 3093.45) was identical with

that of standard cholesterol [I = 3093.43; DB-1, program

(c)]. Both the RF value at TLC (RF = 0.30, hexane/diethyl

ether 7:3) and the mass spectrum were identical with those

of the reference.

Triacylglycerols

The fractions 19 and 20 gave one spot at TLC, its RF value

was identical with that of tripalmitin (TLC in hexane/

diethyl ether, 93:7, RF = 0.34). A more detailed analysis

was done by HPLC. 95 peaks were found in the chro-

matogram, but only 19 peaks represented individual tria-

cylglycerols. The remaining 76 peaks were mixtures of two

or more compounds. The applied method enabled assigning

positions of fatty acids in TAG [49, 50] (Table S5). More

than 200 TAG were identified in total with over 120

present in significant amounts (printed in bold).

The acids were determined by means of the ECL values

of their methyl esters and by GC–MS after transesterifi-

cation of the original TAG. Acids formed a homologous

series of saturated and unsaturated fatty acids (Table S6).

Saturated acids (C12–C30, 62.1%) with prevalent 16:0

(26.9%) contain considerable part of n-acid with odd

C-atoms (12.1%), and branched iso-acids (5.2%) and

anteiso-acids (3.5%). Monounsaturated acids (C12–C22)

were found at a level of 28.5% and the 18:2n-6 and

2-hydroxyhexadecanoic acids were found in quantities of

0.33 and 1.29%, respectively. Several minor peaks

remained unidentified (4.8%).

Free Fatty Acids, Free Alcohols and Monoacylglycerols

Fractions 23–26 contained a mixture of free fatty acids and free

alcohols together with a small quantity of monoacylglycerols.

PTLC enabled separation of monoacylglycerols (hexane/die-

thyl ether mixture, 80:20, RF = 0.05). A GC chromatogram

[DB-1 program (a)] showed 2 peaks in a 1:1 ratio, which were

determined as 2-monopalmitin (2-hexadecanoylglycerol) and

2-monostearin (2-octadecanoylglycerol).

To enable separation of free fatty acids from free alco-

hols, the mixture was esterified, and the fatty acid methyl

esters were separated from the free alcohols subsequently

by means of PTLC. Each fraction was then analyzed by

GC, GC–MS and GC–MS of DMDS derivatives.

Free fatty acids form a series of odd and even homologs

(C12:0 to C34:0, 58.6%) (Table S7) with two maxima at

C16:0 (19.0%) and at C24:0 (5.3%), but iso- and anteiso-fatty

acid content was 4.1 and 3.0%, respectively. A smaller

content was formed by the monounsaturated acids, namely

37.8%, with some of them being branched. The 18:2n-6

fatty acid formed only 1.2%. Several minor peaks were not

identified (2.5%).

Free alcohols form a homologous series of saturated

(75.4%) and unsaturated (14.9%) alcohols in the range of

C12–C31 (Table S8). A high content of iso- and anteiso-

fatty acids (19.4 and 16.0%, respectively) was found

analogously as already mentioned in the fraction of alco-

hols originating from the wax esters. The content of

unsaturated alcohols (15.0%) is lower than the content of

alcohols from wax esters. Identification of the peaks was

made by GC–MS analysis of free and derived alcohols in

combination with the ACL values.
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Free cholesterol

Fractions 27 and 28 were characterized as a single spot in the

TLC (hexane/diethyl ether 7:3). The RF value = 0.30 was

identical with that of cholesterol used as a reference. The

main peak (97.4%, Kováts retention index I = 3093.59) was

identical with that of the standard [I = 3093.43; DB-1,

program (c)] and it was confirmed by its mass spectrum. A

minor peak (2.6%) was identified as 3b-cholest-7-en-3-ol,

which was the main peak in fractions 29 and 30.

Free Sterols

Fractions 29 and 30 were characterized by the RF value

identical with the RF value of b-sitosterol (3b-stigmast-5-

en-3ol; TLC in hexane/diethyl ether 7:3). The GC analysis

showed two peaks: the first (minor) peak was identified as

cholesterol (3b-cholest-5-en-3-ol; I = 3094.14), the sec-

ond one (main peak) was identified as 3b-cholest-7-en-3-ol

(I = 3138.78).

Free Hydroxy Acids

Based on a GC analysis (Fig. S2), fraction 31 contained

mainly two peaks in a 8.4 : 1 ratio, which were charac-

terized by their Kováts indexes (I1 = 2080.79 and

I2 = 2091.24, [DB-1, program (b)]. Their mass spectra

indicated two isomeric C17 hydroxy acids bearing a single

double bond. The structures of both hydroxy acids were

suggested on the basis of molecular peaks of free acids

(m/z = 284) and their methyl esters (m/z = 298). The

hydroxy acids were eluted from the silica gel column after

the free fatty acid fraction, which indicates higher polarity

of these products in comparison with free fatty acids. Their

longer retention time in comparison with that of free fatty

acid fraction supports the suggested structures of unsatu-

rated hydroxy acids over saturated epoxy acids with iden-

tical molecular peaks. The yield of hydroxy acids was low,

which fact prevented their derivatization for assigning the

double bond location, and hydroxyl group location in the

acid chains.

Conclusion

The data presented show that cerumen is a very complex

mixture of compounds. Non-polar lipids (11%) were sep-

arated into ten groups of compounds by column chroma-

tography and by PTLC on silica gel. Polar lipids form

about 30% of the cerumen. The remaining compounds

(60%) represent a highly polar fraction that could not be

eluted from the column even by a mixture of chloroform–

methanol.

Among the cited papers, only Harvey [30] analyzed a

broad spectrum of compounds in cerumen systematically.

However, that analysis was performed after saponification

of the cerumen extract. Therefore, wax esters, cholesterol

esters, and mono- and triacylglycerols could not be iden-

tified in the mixture. Our results are in agreement with

those of Harvey [30], but we added new information on the

content of wax esters and mono- and triacylglycerols. We

found that the main part of the long-chain unsaturated

fatty acids is formed by those bearing a D6 double bond.

In turn, most of the unsaturated fatty alcohols bear D10

unsaturation.

In the analyses of some groups of compounds (wax

esters, fatty acids, fatty alcohols), we were faced with the

following problems: (a) in many peaks of the chromato-

gram several isomers were overlapping, causing shifts of

the retention values; (b) the retention values (ECL, ACL)

of many compounds could not be compared with those of

unavailable reference compounds; (c) coelution of peaks of

non-derived compounds with the formed adducts (retention

times of DMDS adducts are shifted by 6 carbon atoms

approx.); (d) mass spectra of methyl-branched compounds

(iso-, anteiso-) are very similar to those of straight-chain

compounds. To avoid misinterpretation of the mass spec-

tra, it is always necessary to consider the retention data

(RT, ECL values, ACL values).

Supplements

We have very large amounts of experimental data, and all

of them cannot be placed in the text of the paper. We

therefore decided to make the supplements available on the

web page of the journal, where they can be found. The data

summarize the composition of cerumen, and the lists of

fatty acid derivatives found in the cerumen (Tables S1–S8),

and the chromatograms of the selected compounds (Figs.

S1–S2).
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Abstract Guar gum has a well-recognized hypolipidemic

effect. This effect is thought to be due to the physicochemical

properties of guar gum, which may cause changes in

adsorption of lipids or the viscosity of the intestinal contents.

Guar gum is a non-specific absorption inhibitor of any type of

lipid-soluble compound. Permanent lymph duct cannulation

was performed on rats to investigate the effects of dietary

guar gum on lymph flow and lipid transport. Rats fed a 5%

guar gum diet were compared with those fed a 5% cellulose

diet, and lymph was collected after feeding. The water-

holding capacity (WHC), settling volume in water (SV), and

viscosity of guar gum were compared with those of cellulose.

Rats fed with the guar gum diet had significantly lower

lymph flow and lymphatic lipid transport than did rats fed

with the cellulose diet. The WHC, SV, and viscosity of guar

gum were significantly higher than those of cellulose. We

propose that dietary guar gum reduces lymph flow and

thereby diminishes lipid transport by means of its physico-

chemical properties related to water behavior in the intestine.

Keywords Guar gum � Lymph flow �
Permanent thoracic lymph duct cannulation �
Lipid transport � Water-soluble dietary fiber � Cellulose

Abbreviations

WHC Water-holding capacity

SV Settling volume in water

Introduction

Many previous studies have shown that water-soluble

fibers, such as b-glucan, psyllium, pectin, and guar gum,

are more effective in preventing cardiovascular disease

than are water-insoluble fibers [1]. Several studies on men

have demonstrated that consumption of water-soluble die-

tary fibers may produce a hypocholesterolemic effect

[1, 2]. This effect is exerted in the intestine. The hypo-

cholesterolemic effect may be attributed to the adsorption

of cholesterol and bile acids by the dietary fibers in the

intestine [1], the fermentability of these fibers in the colon,

and the physicochemical properties of the dietary fibers,

such as viscosity [3].

Guar gum consists of a (1 ? 4)-linked-b-D-mannopy-

ranose backbone with (1 ? 6)-linked-a-D-galactose side

chains, with the overall ratio of mannose to galactose being

around 2:1 (Fig. 1). Numerous studies suggest that dietary

guar gum inhibits absorption of lipid-soluble compounds

such as cholesterol [1–3], lutein [4], canthaxanthin [4],

a-tocopherol [4], 1,1,2-trichloroethylene [5], and 2,3,7,8-

tetrachlorodibenzo-p-dioxin [6]. One of the characteristics

of guar gum is that it is a non-specific absorption inhibitor

of any type of lipid-soluble compound.
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The lymphatic transport of dietary lipids in rats has often

been measured by infusing a lipid emulsion into the stomach or

duodenum for quantitative measurement [7, 8]. However, the

methods used have failed to take into account the interaction of

the lipid emulsion with other dietary components, particularly

proteins and carbohydrates, which is necessary to investigate

the interaction between the respective dietary fibers and food

components [9]. In this study, we used permanent cannulation

of the thoracic duct to measure the lymphatic transport of

dietary lipids in rats under near-physiological conditions. This

method has the advantage of evaluating the lymphatic transport

of dietary lipids during actual dietary fat absorption, using

‘‘actual’’ diets without restraint stress [10–12].

In this study, rats were fed a diet containing guar gum or

cellulose (a water-insoluble dietary fiber). The lymphatic

transport of cholesterol, triacylglycerols, and phospholipids

in the rats was measured using permanent cannulation of

the thoracic duct. Additionally, we compared the water-

holding capacity (WHC), settling volume in water (SV),

and viscosity of guar gum with those of cellulose.

Materials and Methods

Materials

Crystalline guar gum powder (MW, approximately 20,000)

containing 80% fiber, 5% protein, and 1% ash was pur-

chased from Wako Pure Chemical Industries Ltd. (Osaka,

Japan). Crystalline cellulose powder containing 96.4%

fiber, 4.6% moisture, and 0.1% protein was purchased from

Oriental Yeast Co. Ltd. (Tokyo, Japan).

Animals, Diets, and Permanent Thoracic Lymph Duct

Cannulation

Male Sprague–Dawley rats (Kud:SD), 7 weeks old, were

obtained from Kyudo (Kumamoto, Japan) and maintained in

a temperature-controlled room (23 �C). Experimental diets

were prepared according to recommendations of the AIN-

93G [13] and contained the following ingredients (in weight

%): cellulose or guar gum, 5; casein, 20; a-cornstarch, 13.2;

sucrose, 10; mineral mixture, 3.5; vitamin mixture, 1; choline

bitartrate, 0.25; soybean oil, 7; cholesterol, 0.5; cholic acid,

0.125; tert-butylhydroquinone, 0.0014; and b-cornstarch,

39.4236. The rats were trained to consume the cellulose diet

as a basal diet twice a day from 10:00–11:00 to 16:00–17:00,

respectively, for 5 days. On day 6, all the rats were anes-

thetized using Nembutal prior to permanent cannulation of

the thoracic duct lymph, as described previously [12]. In

brief, a cannula (SH silicon tube, 0.5 mm i.d. and 1.0 mm

o.d.; Kaneka Medics, Osaka, Japan) filled with heparinized

saline was inserted into the thoracic duct and secured within

the abdominal cavity. The rats were returned to their cages

and provided glucose isocratic liquid (139 mM glucose and

85 mM NaCl in distilled water) alone. On days 7 and 8, the

rats were provided with the cellulose diet twice a day, as

described. On day 9, the rats were attached to a long poly-

ethylene cannula (0.58 mm i.d. and 0.97 mm o.d.; Becton–

Dickinson and Company, MD, USA) to collect the lymph.

The end of the cannula was located 5–10 cm below the

bottom of the cage to allow the lymph to drain into the

cannula. The lymph was collected for 20 min, and the rats

were then given free access to the cellulose diet or the guar

gum diet for 30 min from 10:00 to 10:30 hours. Therefore,

the fasting period from 17:00 to 10:00 hours was between

meals. At this time, the lymph was collected every hour for

7 h. The collected lymph was kept at 4 �C overnight, after

which the fibrin was removed. The lymph was stored at

-30 �C until lipid analysis.

The rats had free access to deionized water throughout the

feeding periods and during lymph collection. This experiment

was carried out following the Guidelines for Animal Experi-

ments of Kyushu University (Fukuoka, Japan) and the Law

(No. 105) and Notification (No. 6) of the Government of

Japan. The authorization number was A19-195-0.

Measurement of Lymphatic Lipids

Lymphatic cholesterol levels were measured using a

commercial enzyme assay kit (T-CHO Kainos kit; Kainos

Laboratories Inc., Tokyo, Japan). Lymphatic triacylglyc-

erol and phospholipid levels were measured using com-

mercial enzyme assay kits (Triglyceride E test Wako and

Phospholipid C test Wako, respectively; Wako Pure

Chemicals, Tokyo, Japan,).

Water-Holding Capacities of Guar Gum and Cellulose

The WHC of guar gum and cellulose were measured

according to the method reported by Takeda and Kiriyama

Fig. 1 The chemical structure of guar gum
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[14]. Samples (0.1 g) were placed on 2 filter papers fitted in

a stainless steel container (hole diameter, 2.5 cm; diameter,

5 cm; and height, 1.5 cm) with a polypropylene net. This

weight was measured as dry weight. After being placed in a

case with distilled water for 24 h at room temperature, the

container was removed and weighed. The WHC of guar

gum and cellulose were evaluated by measuring the dif-

ference between the wet and dry weights.

Settling Volumes in Water of Guar Gum and Cellulose

The SV of guar gum and cellulose were measured

according to the method described by Takeda and Kiriy-

ama [14]. Samples (17.5 mg) were blended with 7 ml of

distilled water in 10-ml graduated cylinders. The cylinders

were left to stand for 24 h at room temperature. The SV of

guar gum and cellulose were evaluated on the basis of

precipitation volume.

Viscosities of Guar Gum and Cellulose

The viscosities of guar gum and cellulose were measured

using an Ostwald viscometer with a 0.75-mm capillary

diameter. Samples (0.1 g) were blended with distilled

water. After being stored for 24 h at room temperature,

0.1% (w/v) suspending solutions were prepared in 100-ml

volumetric flasks. The solutions were preheated at 37 �C

for 15 min, and then the flow times were determined. Each

measurement was repeated three times. The viscosities of

guar gum and cellulose were calculated relative to the

viscosity of distilled water, and therefore, they had no

units.

Statistical Analysis

All values are expressed as means ± SEM. The signifi-

cance of differences between means for two groups was

determined by Student’s t test. Differences were considered

significant at P \ 0.05.

Results and Discussion

There was no significant difference between the con-

sumption of the cellulose and guar gum diets for 30 min

(4.64 ± 0.15 and 3.94 ± 0.55 g, respectively, n = 5).

Therefore, the input levels of cellulose and guar gum were

identical. However, as shown in Fig. 2a, rats fed the guar

gum diet had significantly lower lymph flow than did rats

fed the cellulose diet (3.88 ± 1.31 and 11.9 ± 1.1 ml,

respectively, for 7 h; P \ 0.005). In comparison with the

cellulose diet, the guar gum diet also significantly reduced

Fig. 2 Cumulative lymph flow

(a), lymphatic transport of

cholesterol (b), triacylglycerols

(c), and phospholipids (d) in rats

fed a cellulose or guar gum diet.

Values are expressed as

mean ± SEM (n = 5). Asterisk
shows a significant difference at

P \ 0.05
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the transport of cholesterol (4.60 ± 1.77 and 18.1 ±

1.1 mg, respectively, for 7 h; P \ 0.0005) (Fig. 2b), tria-

cylglycerols (66.8 ± 35.3 and 297 ± 27 mg, respectively,

for 7 h; P \ 0.001) (Fig. 2c), and phospholipids

(13.7 ± 6.7 and 36.0 ± 2.5 mg, respectively, for 7 h;

P \ 0.05) (Fig. 2d). The apparent lymphatic recovery rates

of cholesterol and triacylglycerols were calculated on the

basis of their consumption. The guar gum diet as compared

to the cellulose diet significantly reduced the apparent

lymphatic recovery rates of cholesterol (78.3 ± 4.4 and

24.8 ± 10.1%, respectively; P \ 0.005) and triacylglyce-

rols (91.0 ± 7.0 and 27.9 ± 15.4%, respectively;

P \ 0.01) for a 7-h period. We did not calculate the

apparent lymphatic recovery rate of phospholipids. The

lymphatic phospholipids may be derived from bile, intes-

tinal mucosa exfoliation, bacterial flora, etc., but not from

the diet. The reduction pattern of phospholipid absorption

by the guar gum diet was similar to that of lymph flow at

around 35% lower than the cellulose diet. However, the

reduction in the absorption of cholesterol and triacylgly-

cerols were accelerated by the guar gum diet. This accel-

erated suppression of the absorption of cholesterol and

triacylglycerols by the guar gum diet may be due to the

reduction of lymph flow as well as other mechanisms. For

example, guar gum might form a stable thick unstirred

water layer that acts as a physical barrier in the intesti-

nal lumen [1]. In contrast to our results, Ikeda et al.

[15] showed that the thoracic duct lymph flow of rats

administered cellulose or guar gum were identical. This

discrepancy may be due to differences between the

administration protocols and the quantities of dietary fiber

infused. Ikeda et al. [15] employed forced administration

with an indwelling stomach catheter to feed emulsions

containing 25 mg of [14C] cholesterol, 50 mg of either

cellulose or guar gum, and 200 mg of either safflower,

high-oleic safflower, or palm oil prior to continuous infu-

sion of physiological saline—5% glucose solution for 24 h.

The forced administration of saline–glucose solution

resulted in a higher lymph flow rate (approximately

100 ml/24 h) compared with that in our experiment. The

main purpose of Ikeda’s study was to acquire knowledge

about the interaction of dietary fibers and fats. Therefore,

our results may provide a novel understanding about the

inhibition of lipid absorption by dietary fiber via a change

in lymph flow.

Although there was a previous study about WHC of guar

gum and cellulose [16], our study also indicated clear

differences between the WHC of guar gum and cellulose

(Table 1). The WHC of guar gum was approximately 13

times higher than that of cellulose. The SV of guar gum

was approximately 22-fold higher than that of cellulose

(Table 1). Moreover, the viscosity of guar gum was

approximately 3 times higher than that of cellulose

(Table 1). Rainbird et al. [17] showed that guar gum

decreases water absorption in isolated loops of the jejunum

obtained from conscious growing pigs. The addition of

guar gum to the intestine reduced the percentage of water

absorption to approximately 25%. They suggested that this

effect is related to the WHC of guar gum. Furthermore,

Phillips reported a reduction in the rate of diffusion of

cholesterol mixed micelles with an increase in guar gum

concentration [18]. He also demonstrated that this

reduction in rate was related to the viscosity of guar gum.

These physicochemical properties of the water-soluble

fiber are thought to exert their effects in the gut, thereby

reducing the lymph flow. The WHC and viscosity of

dietary fibers have been shown to affect intestinal transit

time [19]. A fiber with a higher WHC and viscosity, such

as guar gum, can delay gastric emptying and slow transit

through the gut, thereby reducing the rate of dietary lipid

absorption [20]. Moreover, the inhibition of absorption of

various lipid-soluble compounds may rely almost entirely

on these physicochemical properties. The hypolipidemic

mechanism of guar gum has been shown to occur because

of the adsorption of bile acids and cholesterol by this fiber

in the intestine [1]. Therefore, further studies are neces-

sary to evaluate the effects of dietary guar gum on time

courses of the change of bile acid levels in feces and

portal blood.

In conclusion, dietary guar gum (a water-soluble fiber)

decreased the absorption of dietary cholesterol, triacyl-

glycerols, and endogenous phospholipids through a

reduction in the lymph flow. These effects may be due to

the physicochemical properties of guar gum.
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Abstract ATP binding cassette A1 (ABCA1) transports

cholesterol, phospholipids and lipophilic molecules to and

across cellular membranes. We examined if ABCA1 expres-

sion altered cellular de novo glycerolipid biosynthesis in

growing Baby hamster kidney (BHK) cells. Mock BHK cells

or cells expressing a mifepristone-inducible ABCA1

(ABCA1) were incubated plus or minus mifepristone and then

with [3H]serine or [3H]inositol or [3H]ethanolamine or

[methyl-3H]choline or [3H]glycerol or [14C]oleate and radio-

activity incorporated into glycerolipids determined. Mifepri-

stone did not affect [1,3-3H]glycerol or [14C]oleate or

[3H]ethanolamine or [methyl-3H]choline uptake in BHK cells.

In contrast, [3H]glycerol and [14C]oleate incorporated into

phosphatidylserine (PtdSer) were elevated 2.4-fold (p \ 0.05)

and 54% (p \ 0.05), respectively, upon ABCA1 induction

confirming increased PtdSer biosynthesis from these precur-

sors. However, mifepristone inhibited [3H]serine uptake

and incorporation into PtdSer indicating that PtdSer synthesis

from serine in BHK cells is dependent on serine uptake.

Mifepristone stimulated [3H]inositol uptake in mock and

ABCA1 cells but not its incorporation into phosphatidylino-

sitol indicating that its synthesis from inositol is independent

of inositol uptake in BHK cells. [3H]glycerol and [14C]oleate

incorporated into triacylglycerol were reduced and into diac-

ylglycerol elevated only in mifepristone-induced ABCA1

expressing cells due to a decrease in diacylglycerol acyl-

transferase-1 (DGAT-1) activity. The presence of trichostatin

A, a class I and II histone deacetylase inhibitor, reversed the

ABCA1-mediated reduction in DGAT-1 activity but did not

affect DGAT-1 mRNA expression. Thus, mifepristone has

diverse effects on de novo glycerolipid synthesis. We suggest

that caution should be exercised when using mifepristone-

inducible systems for studies of glycerolipid metabolism in

cells expressing glucocorticoid responsive receptors.

Keywords Phospholipid synthesis � Cholesterol

transport � Triacylglycerol � ATP binding cassette-1 �
ABCA1 � Diacylglycerol acyltransferase � BHK cells �
Mifepristone � Amino acid � Inositol � Serine
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Introduction

Phospholipids and cholesterol are the principal lipid com-

ponents in mammalian cellular membranes [1]. Phospho-

lipids provide a protective barrier for selective permeability,

define organelles and are key components of various meta-

bolic and cellular reactions. For example, phosphatidylser-

ine (PtdSer) is present in significant quantities in mammalian

tissues and is required for surface recognition of apoptotic

cells by phagocytes [2]. Cholesterol regulates the fluidity of

cell membranes and is found in plasma membrane lipid rafts

where it anchors cell signaling proteins [3]. Alteration of

intracellular lipid transport within and between membranes

may affect eukaryotic glycerolipid biosynthesis. For exam-

ple, mitochondrial phosphatidylethanolamine (PtdEtn)

de novo biosynthesis in yeast was regulated by control of

PtdSer import into the mitochondria [4]. Sphingomyelin

(CerPCho) de novo biosynthesis in hepatocytes was regu-

lated by control of phosphatidylcholine (PtdCho) transport

from the endoplasmic reticulum to the Golgi [5]. Expression

of phospholipid scramblase-3 in Hela cells which altered

movement of cardiolipin (Ptd2Gro) between inner and outer

mitochondrial membranes stimulated de novo Ptd2Gro bio-

synthesis [6]. In contrast, there is little information on the

role that altered plasma membrane lipid transport plays in

regulating glycerolipid de novo biosynthesis.

ATP binding cassette A1 (ABCA1) is a 2261 amino acid

integral membrane protein and member of the ATP binding

cassette transporter family of transporters [reviewed in 7].

ABCA1 functions to transport cholesterol, phospholipids

and other lipophilic molecules to and across the cellular

membranes where they can be removed by lipid-poor high

density lipoprotein apolipoproteins. Induction of ABCA1

in baby hamster kidney (BHK) cells was shown to increase

PtdSer levels in the plasma membrane exofacial leaflet [8].

However, it was unknown if this increase in PtdSer level in

the plasma membrane exofacial leaflet was associated with

altered PtdSer de novo biosynthesis.

Mifepristone or 17b-hydroxy-11b-(4-dimethyl-amino-

phenyl 1)-17a-(prop-1-ynyl)-estra-4,9-dien-3-one (RU 486)

is a potent abortifactant in clinical use [9]. It acts during the

luteal phase in the endometrium, provoking bleeding, and

also decreases luteinizing hormone secretion which results

in luteolysis. In addition to its role as an abortifactant,

mifepristone is used for expression of proteins in the mi-

fepristone-inducible gene regulatory system. The mifepri-

stone-inducible gene regulatory system allows for the

control of spatiotemporal expression of transgenes in vivo

in a ligand-dependent manner [reviewed in 10]. The reg-

ulatory system is composed of two components: (1) a

chimeric transactivator protein that activates transgene

transcription only in the presence of mifepristone, and (2) a

target transgene placed in the context of a promoter which

is responsive only to the mifepristone-bound chimeric

transactivator.

In this study, we examined if increased expression of

ABCA1, mediated by the mifepristone-inducible gene

regulatory system altered cellular glycerolipid de novo

biosynthesis. We show that expression of ABCA1 using the

mifepristone-inducible gene system stimulates PtdSer de

novo biosynthesis from glycerol and oleic acid (OLA)

precursors in growing BHK cells. In addition, expression of

ABCA1 decreases triacylglycerol (TAG) de novo biosyn-

thesis by reducing the activity of diacylglycerol acyl-

transferase-1 (DGAT-1). Moreover, we show that the

glucocorticoid antagonist mifepristone, at concentrations

(10 nM) widely used for the mifepristone-inducible gene

system, inhibits serine uptake and stimulates myo-inositol

uptake in BHK cells. Our findings indicate that mifepri-

stone has diverse effects on de novo glycerolipid synthesis

and thus caution should be exercised when using mifepri-

stone-inducible systems for the study of cellular glycer-

olipid metabolism.

Materials and Methods

Materials

[1,3-3H]Glycerol, [1-14C]OLA, myo-[3H]inositol, [1-14C]

palmitate (PAM), [methyl-3H]choline, [3H]ethanolamine,

[3H]serine and Ptd[14C]Cho were obtained from either

Dupont, Mississauga, Ontario, or Amersham, Oakville,

Ontario, Canada. DMEM and fetal bovine serum were

products of Canadian Life Technologies (GIBCO), Bur-

lington, Ontario, Canada. Lipid standards were obtained

from Serdary Research Laboratories, Englewood Cliffs,

New Jersey, USA. Thin layer chromatographic plates

(silica gel G, 0.25 mm thickness) were obtained from

Fisher Scientific, Winnipeg, Canada. Ecolite scintillant was

obtained from ICN Biochemicals, Montreal, Quebec,

Canada. BHK cells expressing mifepristone-inducible

ABCA1 were a generous gift from Dr. John F. Oram,

University of Washington, Seattle, WA, USA [11]. The

rate of growth of mock and ABCA1 cells were similar.

Primary ABCA1 and heat shock protein-70 (HSP-70)

antibodies and secondary antibodies were obtained from

Novus Biological Inc. Littleton, CO, USA. All other

chemicals were certified ACS grade or better and obtained

from Sigma Chemical Company, St. Louis, USA or Fisher

Scientific, Winnipeg, Manitoba, Canada.

Cell Culture and Radiolabeling Experiments

Cells (mock, BHK control; ABCA1, BHK cells containing

mifepristone-inducible ABCA1) were grown in DMEM
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containing 10% fetal bovine serum until 70% confluence.

Cells were then incubated for 24 h in the absence or

presence of 10 nM mifepristone and then for 4 h with

DMEM medium in the presence of 0.1 lM [3H]serine

(5 lCi/dish) or myo-[3H]inositol (2 lCi/dish). Phospho-

lipids were separated by two-dimensional thin-layer

chromatography and radioactivity incorporated into phos-

pholipids determined as described [12]. Essentially, the

medium was removed and the cells washed twice with ice

cold saline and then harvested from the dish with 2 mL

methanol:water (1:1, v/v). The mixture was vortexed, and a

25 lL aliquot was taken for protein analysis and a 25 lL

aliquot taken for determination of total radioactivity.

Appropriate volumes of chloroform, 0.9% NaCl and

methanol were added to the tubes in a 4:3:2 ratio to initiate

phase separation. The tubes were vortexed and then cen-

trifuged at 2,000 rpm for 10 min in a bench top centrifuge)

and the aqueous phase was removed and 2 mL of chloro-

form/methanol/NaCl (3:48:47, by vol) was added to wash

the organic phase. The tubes were vortexed and centrifuged

as described above and the aqueous phase removed. The

organic phase was dried under a stream of N2 gas and

resuspended in 100 lL chloroform. A 50-lL aliquot of

organic phase was placed onto a thin-layer plate along with

phospholipid standards and phospholipids were separated

by two-dimensional thin-layer chromatography. In the first

dimension, the plate was developed in a solvent system

containing chloroform/methanol/NH4OH/water (70:30:2:3,

by vol). The second dimension, at 90� to the first separa-

tion, was performed in a solvent system containing

chloroform/methanol/water (65:55:5, by vol). Plates were

allowed to dry overnight and the separated phospholipids

were visualized by exposing the plate to iodine vapor.

Corresponding radioactive phospholipids of interest were

removed and placed in 6-mL scintillation vials containing

5 mL Ecolite scintillation cocktail. The radioactivity was

determined in a Beckman Model LS3801 liquid scintilla-

tion counter. For phospholipid pool size analysis, the

organic phase was separated on thin-layer chromatographic

plates as above in the absence phospholipid standards.

In other experiments, cells were incubated for 24 h in

the absence or presence of 10 nM mifepristone and then for

4 h with 0.1 mM [1,3-3H]glycerol (10 lCi/dish) or

0.1 mM [1-14C]OLA (bound to albumin 1:1 molar ratio)

(1 lCi/dish) or 0.1 mM [1-14C]PAM (bound to albumin

1:1 molar ratio) (1 lCi/dish) and radioactivity incorporated

into phospholipids determined as described above. For

neutral lipid analysis, the organic phase was isolated as

described above and dried under a stream of N2 gas and

resuspended in 100 lL chloroform [13]. A 50-lL aliquot

of organic phase was placed onto a thin-layer plate along

with neutral lipid standards and DAG and TAG were

separated by one-dimensional thin-layer chromatography

in a solvent system containing benzene/diethylether/abso-

lute ethanol/acetic acid (50:45:2:0.2, by vol). Plates were

allowed to dry overnight and the separated DAG and TAG

were visualized by exposing the plate to iodine vapor.

Corresponding radioactive DAG and TAG were removed

and placed in 6-mL scintillation vials containing 5 mL

Ecolite scintillation cocktail and radioactivity incorporated

determined as described above.

Subcellular Fractionation and Assay of Enzyme

Activities

Cells were incubated for 24 h in the absence or presence of

10–100 nM mifepristone washed twice with ice cold saline

and harvested with 2 mL lysis buffer (10 mM Tris–HCL,

pH 7.4, 0.25 M sucrose). Cells were homogenized with 30

strokes of a Dounce A homogenizer. The homogenate was

centrifuged at 1,0009g for 5 min to remove debris. The

pellet was resuspended in 0.5 mL homogenization buffer

and used for assay of enzyme activities. 1,2-Diacylglycerol

acyltransferase (DGAT) was determined in membrane

fractions prepared from BHK cells in the absence or pres-

ence of 100 mM MgCl2 to distinguish between DGAT-1

and DGAT-2 isoforms as previously described [14].

Essentially, the assay measured the incorporation of

[14C]oleoyl-CoA (specific activity: 20,000 dpm/nmol) into

TAG in a 5 min assay using 50 lg protein, 0.4 mM DAG

and 25 lM oleoyl-CoA plus or minus 100 mM MgCl2 in

0.25 M sucrose, 1 mM EDTA, 100 mM Tris–HCl buffer

pH 7.5. The reaction was terminated by the addition of

chloroform:methanol (2:1 v:v). Tubes were vortexed and

the organic phase removed and separated by thin-layer

chromatorgraphy as described above for neutral lipid syn-

thesis. Prior to chromatography TAG standard was added

to the plate. The TAG band was identified by iodine vapor

and radioactivity in TAG measured by liquid scintillation

counting as described above. PS synthase activity was

determined as described [15]. Essentially, the assay mea-

sured the incorporation of 0.5 mM L-[3H]serine

(10,000 dpm/nmol) into PtdSer in 50 mM Tris–HCl buffer

(pH 8.0) with 0.6 mM MnCl2, 0.2 mM CDP-diacylglyc-

erol. 4 mM Triton X-100 and 25 lg enzyme protein in a

total volume of 0.1 mL assayed a 30 �C for 10 min. The

reaction was terminated by addition of 0.1 N HCl followed

by phase separation with 1 mL chloroform and 1.5 mL

1 M MgCl2. A 0.5-mL aliquot of the organic phase was

removed, dried and radioactivity determined. Phospholi-

pase A2 (PLA2) activity was determined as described [16].

Essentially, the assay measured the hydrolysis of 0.2 mM

Ptd[14C]Cho (1,000 dpm/nmol) to lysoPtD[14C]Cho in

0.25 M Tris–HCl, pH 8.5, 25 mM CaCl2 and 0.1 mg pro-

tein in a total volume of 0.5 mL at 37 �C for 30 min. The

reaction was terminated by addition of 2 mL of chloroform
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followed by 1 mL of 0.1 M HCl in methanol and 1 mL of

0.73% NaCl. The mixture was vortexed and the organic

phase removed, dried and separated on a thin layer plate as

described above for phospholipids with lysoPtdCho stan-

dard. The lysoPtdCho spot was visualized by iodine vapor,

removed and radioactivity determined by liquid scintilla-

tion counting as described above. In other experiments,

ABCA1 cells were incubated for 24 h in the absence or

presence of 10 nM mifepristone or 100 lM trichostatin A

or both and DGAT-1 activity determined as above.

Real Time-PCR Analysis of DGAT-1

ABCA1 cells were incubated for 24 h in the absence or

presence of 10 nM mifepristone or 100 lM trichostatin A

or both. Total RNAs from cells were isolated using the

TRIZOL Reagent according to the manufactures instruc-

tions. The RNA pellets were suspended in autoclaved,

double-distilled water and quantitated by absorbance at

260 nm using the 260:280 nm ratio as an index of purity.

The integrity of the RNA was confirmed by denaturing

agarose gel electrophoresis of the isolated RNA. Primers

were synthesized by InvitrogenTM Life Technologies. The

primers for DGAT-1 were Forward 50-GTA GAA GAG

GAC GAG GTG CGA GAC -30; Reverse 50-GGG CTT

CAT GGA GTT CTG GAT AGT -30. The primers for

b-actin were Forward 50-GTG GGG CGC CCC AGG CAC

CA-30; Reverse 50-CTC CTT AAT GTC ACG CAC GAT

TTG-30. DGAT-1 mRNA expression relative to the con-

stitutive expression of b-actin was determined under the

conditions described [17].

Western Blot Analysis of ABCA1

Mock and ABCA1 cells were incubated with 10 nM

mifepristone for 24 h. Cells were placed on ice, media was

aspirated, and cells washed twice with cold 1X PBS. Cells

were lysed with 19 SDS buffer (50 mM Tris–Cl pH 6.8,

100 mM dithiothreitol, 2% SDS, 10% glycerol, and 1 tablet

PhosSTOP per 10 mL buffer). Cells were immediately

scraped off plates and transferred to microcentrifuge tubes

on ice. Lysates were sonicated for 10–15 s (to shear DNA)

and then heated to 72 �C for 5 min. Lysates were centri-

fuged for 2 min at 90009g and protein levels determined

as described below. 49 SDS loading buffer (200 mM Tris

HCl pH 6.8, 400 mM dithiothreitol, 8% SDS, 40% glyc-

erol, 0.4% bromophenol blue) was added to 30–45 lg of

cell lysates. Samples were loaded onto 10% acrylamide

resolving gels (10% acrylamide mix (9.67% acrylamide,

0.33% bis), 375 mM Tris–HCl, pH 8.8, 1% SDS, 1%

ammonium persulfate, 0.04% TEMED) and subjected to

SDS-PAGE at 180 V for 90 min. Separated proteins were

electro-transferred to PVDF membranes at 70 V for

150 min. PVDF membranes were blocked with TBS-T

(50 mM Tris HCl, (pH 7.4) 150 mM NaCl, 0.1% Tween-

20) containing 2.5% BSA for 30 min. Membranes were

incubated with primary ABCA1 antibody (1:1,000), or

primary HSP-70 antibody as protein loading control, with

gentle agitation overnight at 4 �C. Membranes were then

washed with TBS-T three times for 5 min. Membranes

were then incubated and gently agitated for 2 h in sec-

ondary antibody (1:2,000) diluted in TBS-T with 5% BSA.

Once again, membranes were washed three times for 5 min

each with TBS-T. PVDF membranes were incubated for

1 min with 1–2 mL chemiluminescent substrate, excess

substrate was drained, and membranes were covered in

plastic wrap. In a dark room, membranes were exposed to

X-ray film for appropriate exposure time and then pro-

cessed using Raytech Medical Film Processor SRX-101A.

Other Determinations

The pool size of the major phospholipids were determined

as described [18]. Protein was determined as described

[19]. Dunnet’s t test for multiple comparisons with a single

mean was used for determination of statistical significance.

The level of significance was defined as p \ 0.05.

Results

Expression of ABCA1 Does not Alter

Glycerophospholipid Pool Size

Expression of the ABCA1 cholesterol transporter was

shown to increase PtdSer levels in the plasma membrane

exofacial leaflet [8]. However, it was unknown if this was

associated with elevated biosynthesis. BHK cells express-

ing a mifepristone-inducible ABCA1 (ABCA1 cells) were

incubated in the absence or presence of 10 nM mifepri-

stone for 24 h and western blot analysis performed. Mife-

pristone-treatment of ABCA1 cells resulted in a marked

increase in the expression of ABCA1 (Fig. 1). To examine

if expression of ABCA1 would alter the glycerophospho-

lipid pool size BHK cells (mock) and ABCA1 cells were

incubated in the absence or presence of 10 nM mifepri-

stone for 24 h and the pool size of glycerophospholipids

determined. Mifepristone-treatment did not alter the pool

size of the major glycerophospholipids in mock or ABCA1

cells (Table 1). Thus, total PtdSer levels in ABCA1

expressing cells were unaltered.

Mifepristone Alters Serine and myo-Inositol Uptake

To examine if expression of ABCA1 would alter glycero-

phospholipid de novo biosynthesis, mock and ABCA1 cells
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were incubated for 24 h in the absence or presence of

10 nM mifepristone and then for 4 h with [3H]serine or

myo-[3H]inositol or [methyl-3H]choline or [3H]ethanol-

amine and radioactivity incorporated into glycerophos-

pholipids was determined. [3H]Serine incorporated into

PtdSer was reduced 41 and 38% in mock and ABCA1 cells

treated with mifepristone, respectively, compared to

untreated cells (Table 2). However, this reduction of

[3H]serine incorporated into PtdSer was likely due to a

mifepristone-mediated inhibition of serine uptake since

mifepristone inhibited [3H]serine uptake 38 and 25% in

mock and ABCA1 cells, respectively, compared to

untreated cells. These data indicate that de novo PtdSer

synthesis from serine is dependent upon serine uptake in

BHK cells and that mifepristone attenuates serine uptake in

these cells. Mifepristone-treatment of mock and ABCA1

cells resulted in a 3.5- to 4.8-fold increase in myo-

[3H]inositol uptake, respectively, but this had no effect on

myo-[3H]inositol incorporation into phosphatidylinositol

(PtdIns) (Table 2). These data indicate that mifepristone

increased myo-inositol uptake but that de novo synthesis of

PtdIns in BHK cells is independent of myo-inositol uptake.

Mifepristone-treatment did not affect [methyl-3H]choline

into phosphatidylcholine (PtdCho) or [3H]ethanolamine

incorporation into phosphatidylethanolamine (PtdEth) in

mock or ABCA1 cells (data not shown), indicating that the

de novo biosynthesis of these phospholipids were not

altered by mifepristone or the expression of ABCA1 in

BHK cells.

Expression of ABCA1 Stimulates PS Synthesis

from Glycerol and OLA Precursors and Inhibits TAG

Synthesis

Since glycerol and fatty acids form the diacylglycerol

(DAG) backbone for all glycerophospholipids we exam-

ined glycerophospholipid and neutral lipid synthesis from

glycerol and OLA precursors in mock and ABCA1

expressing cells treated with mifepristone. Cells were

incubated for 24 h in the absence or presence of 10 nM

mifepristone and then for 4 h with [1,3-3H]glycerol or

[14C]OLA and radioactivity incorporated into the major

glycerophospholipids and neutral lipids determined.

[1,3-3H]Glycerol incorporated into PtdSer was elevated

75% in ABCA1 cells treated with mifepristone compared

to untreated ABCA1 cells (Table 3). In contrast, mifepri-

stone-treatment did not affect [1,3-3H]glycerol incorpo-

rated into PtdSer in mock cells compared to untreated cells.

In addition, mifepristone did not alter the uptake of

[1,3-3H]glycerol into mock or ABCA1 BHK cells. These

data indicated that PtdSer de novo biosynthesis from

[1,3-3H]glycerol was elevated by ABCA1 induction.

Interestingly, mifepristone-treatment resulted in a 42%

reduction in [1,3-3H]glycerol incorporated into TAG and a

55% increase in [1,3-3H]glycerol incorporated into DAG

in ABCA1 cells but did not affect [1,3-3H]glycerol

Mifepristone        -        +             -         + 

ABCA1

HSP70

Mock ABCA1

Fig. 1 Western blot analysis of Mock and ABCA1 cells treated with

mifepristone. Mock and ABCA1 cells were incubated for 24 h in the

absence (-) or presence (?) of 10 nM mifepristone and western blot

analysis performed as described in ‘‘Materials and Methods’’. A

representative blot is depicted

Table 1 Pool size of major glycerophospholipids in Mock and ABCA1 cells treated with mifepristone

Phospholipid (nmol/mg protein) Mock (-) Mock (?) ABCA1 (-) ABCA1 (?)

PtdCho 38.8 ± 3.0 39.1 ± 3.1 39.8 ± 3.5 37.0 ± 3.7

PtdEtn 13.8 ± 2.0 14.3 ± 2.0 14.4 ± 2.0 13.3 ± 2.1

PtdSer 2.9 ± 0.3 2.7 ± 0.2 2.9 ± 0.2 3.1 ± 0.3

PtdIns 6.5 ± 0.5 6.6 ± 0.5 6.8 ± 0.6 6.6 ± 1.2

Ptd2Gro 4.9 ± 0.6 5.0 ± 0.6 6.1 ± 0.5 6.1 ± 1.2

Mock or ABCA1 cells were incubated for 24 h in the absence (-) or presence (?) of 10 nM mifepristone and the pool size of the major

phospholipids determined as described in ‘‘Materials and Methods’’. Data represent the mean ± standard deviation of three dishes assayed in

duplicate. The pool size of PtdGro and PtdOH were too low to be accurately determined
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incorporated into TAG or DAG in mifepristone-treated

mock cells compared to untreated cells. These data indi-

cated that TAG de novo biosynthesis from glycerol was

reduced by expression of ABCA1 in BHK cells.

[1-14C]OLA incorporated into PtdSer was elevated

32% in ABCA1 cells treated with mifepristone compared

to untreated cells (Table 4). Mifepristone-treatment did

not affect [1-14C]OLA incorporated into PtdSer in mock

cells compared to untreated cells. In addition, mifepri-

stone did not alter the uptake of [14C]OLA into mock or

ABCA1 BHK cells. These data indicate that PtdSer syn-

thesis from [1-14C]OLA was stimulated by ABCA1

expression in BHK cells. Mifepristone-treatment of

ABCA1 cells resulted in a 21% reduction in [1-14C]oleate

incorporated into TAG and a 21% increase in [1-14C]OLA

incorporated into DAG. In contrast, mifepristone-treat-

ment did not affect [1-14C]OLA incorporation into DAG

or TAG in mock cells. These data confirmed that TAG de

novo biosynthesis from OLA was reduced by expression

of ABCA1 in BHK cells. A previous study had shown

that 10 nM mifepristone did not alter PtdEth, PtdCho and

PtdSer synthesis from [1-14C]PAM in a murine fibroblast

cell line [20]. We confirmed this observation in BHK

cells using [1-14C]PAM (Table 5). This indicates that the

mifepristone-mediated effects on phospholipid metabo-

lism involved unsaturated fatty acids.

The reason for the increase in PtdSer synthesis from

glycerol and OLA precursors was examined in mifepri-

stone-treated ABCA1 cells. Cells were incubated for 24 h

in the absence or presence of 10 nM mifepristone then

harvested and cell lysates prepared and PtdSer synthase

activity determined. PtdSer synthase activity was 39 ± 2

pmol/min/mg protein in ABCA1 cells and was unaltered

(38 ± 2 pmol/min/mg protein) in mifepristone-treated

ABCA1 cells. These data indicate that de novo PtdSer

biosynthesis from glycerol and OLA precursors was

increased but not via an increase in PtdSer synthase

activity. Interestingly, the increase in de novo PtdSer

synthesis from [1,3-3H]glycerol or [1-14C]OLA precursors

seen with induction of ABCA1 did not correlate with an

accumulation of PtdSer mass nor changes in PtdSer syn-

thase activity. This may have been due to an increase in

PLA2 activity towards newly synthesized PtdSer in

ABCA1 cells treated with mifepristone (Fig. 2).

Table 2 PtdSer synthesis from [3H]serine and PtdIns synthesis from myo[3H]inositol in Mock and ABCA1 cells

Mock (-) Mock (?) ABCA1 (-) ABCA1 (?)

PtdSer (dpm/mg protein 9103) 2.7 ± 0.5 1.5 ± 0.4* 2.1 ± 0.4 1.3 ± 0.1*

Total (dpm/mg protein 9105) 5.5 ± 0.3 3.4 ± 0.2* 5.1 ± 0.5 3.8 ± 0.2*

PtdIns (dpm/mg protein 9103) 13.8 ± 1.8 13.7 ± 2.5 16.0 ± 1.5 19.2 ± 2.1

Total (dpm/mg protein 9105) 2.2 ± 0.3 7.8 ± 1.1* 2.7 ± 0.5 12.9 ± 0.2*

Mock or ABCA1 cells were incubated for 24 h in the absence (-) or presence (?) of 10 nM mifepristone and then incubated for 4 h with

[3H]serine or myo[3H]inositol and radioactivity incorporated into PtdSer (upper panel) or PtdIns (lower panel) and total radioactivity incor-

porated into cells determined as described in ‘‘Materials and Methods’’. Data represent the mean ± standard deviation of three dishes assayed in

duplicate

* p \ 0.05

Table 3 Glycerolipid and neutral lipid synthesis from [1,3-3H]glycerol in Mock and ABCA1 cells

Phospholipid (dpm/mg protein 9103) Mock (-) Mock (?) ABCA1 (-) ABCA1 (?)

PtdCho 22.3 ± 2.5 21.9 ± 2.9 24.7 ± 2.7 23.9 ± 1.5

PtdEtn 2.7 ± 0.2 2.6 ± 0.1 2.9 ± 0.3 2.6 ± 0.3

PtdSer 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.7 ± 0.1*

PtdIns 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.1

PtdGro 0.9 ± 0.1 0.9 ± 0.2 0.9 ± 0.1 0.8 ± 0.1

Ptd2Gro 1.1 ± 0.1 0.8 ± 0.2 1.0 ± 0.1 0.9 ± 0.1

DAG 4.9 ± 1.1 4.8 ± 1.0 4.9 ± 0.7 7.6 ± 0.7*

TAG 3.2 ± 0.2 3.2 ± 0.3 4.5 ± 0.7 2.6 ± 0.2*

Total (dpm/mg protein 9104) 6.1 ± 0.3 5.8 ± 0.2 6.6 ± 0.4 6.7 ± 1.0

Mock or ABCA1 cells were incubated for 24 h in the absence (-) or presence (?) of 10 nM mifepristone then incubated with [1,3-3H]glycerol

for 4 h and radioactivity incorporated into the major glycerophospholipids and neutral lipids and total incorporation into cells determined as

described in ‘‘Materials and Methods’’. Data represent the mean ± standard deviation of three dishes assayed in duplicate

* p \ 0.05
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Expression of ABCA1 Reduces DGAT-1 Activity

The reason for the reduction in [1,3-3H]glycerol and

[1-14C]oleate incorporation into TAG in ABCA1 cells was

examined. Mock and ABCA1 cells were incubated for 24 h

in the absence or presence of various concentrations of

mifepristone and then membrane fractions prepared and

DGAT activity determined in the absence or presence of

100 mM MgCl2 in the assay incubation mixture. The

presence of 100 mM MgCl2 in the incubations will inhibit

DGAT-2 enzyme activity [14]. Mifepristone-treatment

(10–100 nM) resulted in a 34–39% (p \ 0.05) reduction in

DGAT-1 activity in ABCA1 cells but not in mock cells

(Fig. 3a). In contrast, mifepristone-treatment did not affect

DGAT-2 activity in either ABCA1 cells or mock BHK

cells (Fig. 3b). The decrease in DGAT-1 enzyme activity

was maximum with ABCA1 expression using 10 nM

mifepristone.

Membrane fractions from ABCA1 cells were then

prepared and DGAT-1 activity determined in the absence

or presence of 10–100 nM exogenous mifepristone in the

assay. The presence of exogenous mifepristone added to

the assay incubation mixture did not affect DGAT-1 in

vitro enzyme activity in membrane fractions prepared from

ABCA1 cells indicating that mifepristone did not directly

affect in vitro DGAT-1 activity (data not shown). We next

examined if DGAT-1 activity and its mRNA expression

were regulated by ABCA1 expression in ABCA1 cells.

ABCA1 cells were incubated for 24 h in the absence or

presence of 10 nM mifepristone and DGAT-1 enzyme

activity determined. In addition, total mRNA was iso-

lated and DGAT-1 mRNA expression examined by real

Table 4 Glycerolipid synthesis from [1-14C]OLA in Mock and ABCA1 cells

Phospholipid

(dpm/mg protein 9103)

Mock (-) Mock (?) ABCA1 (-) ABCA1 (?)

PtdCho 36.5 ± 1.5 35.2 ± 1.4 42.6 ± 1.6 41.0 ± 1.0

PtdEtn 53.0 ± 2.4 53.1 ± 2.0 60.1 ± 4.1 57.7 ± 3.9

PtdSer 1.4 ± 0.2 1.5 ± 0.1 1.9 ± 0.1 2.5 ± 0.2*

PtdIns 6.3 ± 0.3 6.5 ± 0.2 7.6 ± 0.3 7.6 ± 0.8

Ptd2Gro 2.3 ± 0.1 2.0 ± 0.2 2.6 ± 0.3 2.9 ± 0.2

DAG 21.2 ± 1.1 21.3 ± 1.0 24.1 ± 0.7 29.2 ± 1.7*

TAG 84.8 ± 4.0 88.0 ± 6.9 98.7 ± 7.6 77.7 ± 1.9*

Total (dpm/mg protein 9105) 11.9 ± 1.0 11.4 ± 1.4 13.1 ± 0.7 12.2 ± 0.7

Mock or ABCA1 cells were incubated for 24 h in the absence (-) or presence (?) of 10 nM mifepristone and then incubated for 4 h with

[1-14C]OLA and radioactivity incorporated into the major glycerophospholipids and neutral lipids and total incorporation into cells determined as

described in ‘‘Materials and Methods’’. Data represent the mean ± standard deviation of three dishes assayed in duplicate

* p \ 0.05

Table 5 PtdCho, PtdEtn and PtdSer synthesis from [1-14C]PAM in Mock and ABCA1 cells incubated with mifepristone

Phospholipid

(dpm/mg protein 9103)

Mock (-) Mock (?) ABCA1 (-) ABCA1 (?)

PtdCho 32.0 ± 2.4 30.9 ± 1.4 35.6 ± 3.7 32.5 ± 1.9

PtdEtn 47.7 ± 3.0 49.8 ± 1.8 51.4 ± 2.5 52.1 ± 1.3

PtdSer 1.3 ± 0.1 1.3 ± 0.1 1.7 ± 0.1 1.8 ± 0.1

Mock or ABCA1 cells were incubated for 24 h in the absence (-) or presence (?) of 10 nM mifepristone and then incubated for 4 h with [1-14C]

and radioactivity incorporated into PtdCho, PtdEtn and PtdSer determined. Data represent the mean ± standard deviation of three dishes assayed

in duplicate
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Fig. 2 PLA2 activities in Mock and ABCA1 cells. Mock or ABCA1

cells were incubated for 24 h in the absence (Mock - or ABCA1 -)

or presence (Mock ? or ABCA1 ?) of 10 nM mifepristone and PLA2

activities determined as described in ‘‘Materials and Methods’’. Data

represent the means ± standard deviation of three dishes assayed in

duplicate *p \ 0.05
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time-PCR. As expected DGAT-1 activity was reduced by

mifepristone treatment (Fig. 4a). In contrast, DGAT-1

mRNA expression relative to the constitutive expression of

b-actin was unaltered (Fig. 4b). Histone deacetylation

increases the charge density on the N-termini of the core

histones and thus strengthens histone tail-DNA interac-

tions and blocks access of transcriptional machinery to the

DNA template [21]. ABCA1 cells were then incubated for

24 h with 10 nM mifepristone in the absence or presence

of 100 lM trichostatin A, a class I and II histone deace-

tylase inhibitor, and DGAT-1 activity and mRNA

expression determined. Trichostatin A-treatment reversed

the ABCA1-mediated reduction in DGAT-1 activity

(Fig. 4a). In addition, trichostatin A-treatment increased

the mRNA expression of DGAT-1 in both mock and

ABCA1 cells but did not alter DGAT-1 mRNA expression

in cells incubated in the absence or presence of mifepri-

stone (Fig. 4b). These data indicate that the expression

of ABCA1 reduces DGAT-1 enzyme activity but not

DGAT-1 mRNA expression.

Discussion

The objective of this study was to examine if expression of

ABCA1 altered cellular glycerolipid de novo biosynthesis

in BHK cells. The main findings of this study are; (1)

mifepristone inhibits serine uptake and its incorporation

into PtdSer and stimulates myo-inositol uptake but does not

affect PtdIns de novo biosynthesis, (2) expression of

ABCA1 stimulates PtdSer de novo biosynthesis from

glycerol and OLA precursors, (3) expression of ABCA1

inhibits TAG de novo biosynthesis and this is due to a

decrease in DGAT-1 activity and, (4) caution should be

exercised when using the mifepristone-inducible gene

system for the study of cellular glycerolipid de novo

biosynthesis.

Treatment of both mock and ABCA1 cells for 24 h with

10 nM mifepristone resulted in a dramatic increase in myo-

[3H]inositol uptake but had no effect on myo-[3H]inositol

incorporation into PtdIns compared to untreated cells
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Fig. 3 Concentration-dependent effect of mifepristone on DGAT

activities in mock BHK and ABCA1 cells. Mock cells (circles) or

ABCA1 cells (squares) were incubated for 24 h in the absence or

presence of 5–100 nM mifepristone and DGAT-1 (a) and DGAT-2

(b) activities determined as described in ‘‘Materials and Methods’’.

Data represent the means ± standard deviation of three dishes

assayed in duplicate *p \ 0.05
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Mifepristone        -         +    -                 + 
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Fig. 4 DGAT-1 activity and mRNA expression in ABCA1 cells

treated with mifepristone or trichostatin A or both. a ABCA1 cells

were incubated for 24 h in the absence (-) or presence (?) of 10 nM

mifepristone or 100 lM trichostatin A or both and DGAT-1 enzyme

activity determined as in Fig. 2. b ABCA1 cells were incubated for

24 h in the absence (-) or presence (?) of 10 nM mifepristone or

100 lM trichostatin A or both and DGAT-1 mRNA expression

determined by real time-PCR as described in ‘‘Materials and

Methods’’. Data represent the means ± standard deviation of three

dishes assayed in duplicate *p \ 0.05
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indicating that de novo synthesis of PtdIns from myo-

[3H]inositol in BHK cells is independent of myo-[3H]ino-

sitol uptake. This was confirmed in mock and ABCA1 cells

incubated with [1-14C]OLA and [1,3-3H]glycerol in which

PtdIns synthesis from these precursors was unaltered. On

the other hand, 10 nM mifepristone inhibited [3H]serine

uptake and its incorporation into PtdSer in both mock and

ABCA1 cells indicating that de novo PtdSer synthesis from

serine is dependent upon serine uptake in BHK cells. In

contrast, PtdSer synthesis from OLA and glycerol precur-

sors was increased possibly as a compensatory mechanism

to maintain PtdSer levels. It is possible that the increase in

[3H]serine incorporation into PtdSer upon ABCA1

expression in [1-14C]OLA and [1,3-3H]glycerol incubated

cells was due to altered movement of newly synthesized

PtdSer to the plasma membrane and/or efflux from the

cells. However, in the [1,3-3H]glycerol radiolabeling

experiments, no protein acceptor (albumin) was present in

the medium to bind phospholipid. The fact that the PtdSer

content did not change might have been due to an increase

in PLA2 activity towards newly synthesized PtdSer in

ABCA1 cells treated with mifepristone. Alternatively, it is

possible that the change in PtdSer localization due to

ABCA1 expression makes the phospholipid more accessi-

ble to PLA2. To our knowledge this is the first demon-

stration that myo-inositol and serine uptake may be

regulated by inhibition of glucocorticoid responsive

receptors. In addition, the above findings indicate that

caution with the use of the mifepristone-inducible gene

system should be exercised when studying cellular pro-

cesses which may be influenced by uptake of glycerolipid

precursor molecules. The level of mifepristone used for

ABCA1 induction in our study (10 nM) and incubation

time (24 h) are typical of that used for the mifepristone-

inducible gene system [22].

Mifepristone (RU486) is a Type I high affinity gluco-

corticoid antagonist that is known to induce a glucocorti-

coid receptor conformation capable of binding to DNA

[23]. In addition, mifepristone (at 1–1,000 nM) treatment

of COS cells transfected with human glucocorticoid

receptor a exhibited an increased receptor translocation

rate to the nucleus compared to the potent glucocorticoid

receptor agonist dexamethasone [24]. These authors

hypothesized that upon ligand binding the glucocorticoid

receptor undergoes a conformational change, of which the

degree correlates with the affinity of the ligand. This

conformational change enables the receptor to transiently

bind nuclear structures or domains that are immobile or

moving slowly, which is reflected in a decrease in the

average mobility of the receptors in the nucleus. Previous

studies had shown that injection of the glucocorticoid

agonist dexamethasone into rats stimulated hepatic TAG

synthesis [25] and stimulated hepatic microsomal DGAT

activity 22% and the mRNA expression of both DGAT-1

and DGAT-2 [26]. Since BHK cells contain glucocorticoid

responsive receptors [27], it is logical to surmise that mi-

fepristone might have had an opposing effect on DGAT

activity. A previous study had shown that mifepristone

treatment of human amnion cells inhibited [14C]ARA

release in either untreated or dexamethasone-treated cells

indicating an independent effect of mifepristone from that

of dexamethasone [28]. However, in our study in BHK

cells mifepristone did not alter DGAT-1 activity in the

absence of ABCA1 expression.

DGAT-1 was previously shown to be regulated mainly at

the posttranscriptional level in differentiated 3T3-L1 pre-

adipocytes [29]. In addition, protein stability is not a sig-

nificant factor in the control of DGAT-1 expression. In the

current study, expression of ABCA1 in BHK cells resulted

in a reduction in de novo biosynthesis of TAG from OLA

and glycerol precursors. This reduction in TAG de novo

biosynthesis was mediated by a reduction in the enzyme

activity of DGAT-1. The histone deacetylase inhibitor tri-

chostatin A blocked the ABCA1-mediated reduction in

DGAT-1 enzyme activity but did not affect DGAT-1

mRNA expression indicating that DGAT-1 mRNA

expression was not regulated by ABCA1 expression.

Previous studies in murine macrophages and ABCA1-

transfected BHK cells indicated that unsaturated fatty acid,

but not saturated fatty acid, increased the rate of ABCA1

degradation via destabilization of ABCA1 by increasing

the phosphorylation of serine residues of ABCA1 and this

was mediated via activation of PKCd [30, 31]. In the

current study, the destabilizing effect of OLA on ABCA1

did not appear to alter PtdSer, DAG or TAG biosynthesis

since the changes in biosynthesis of these lipids were

similar in ABCA1 cells incubated with [1,3-3H]glycerol in

the absence of OLA. A previous study had shown that

although the cellular contents of most phospholipids were

not significantly altered in cells from Tangier Disease

patients, in which ABCA1 is defective, Ptd2Gro levels

were elevated three- to five-fold [32]. In the present cor-

ollary study, expression of ABCA1 did not alter Ptd2Gro

levels or the mass of any other major glycerophospholipid.

We observed a markedly elevated expression of ABCA1

protein in BHK ABCA1 cells incubated with mifepritone

for 24 h. A previous study had demonstrated over a 60-fold

increase in ABCA1 protein expression in BHK ABCA1

cells after an 18 h treatment with mifepritone [11]. This

large elevation in ABCA1 protein was associated with a

dramatic efflux of cholesterol in the ABCA1 overexpress-

ing cells. It is difficult to interpret the direct physiological

effects of ABCA1 overexpression versus the effects of

ABCA1 alone on lipid metabolism when the model may

vastly and rapidly change various lipid pathways as a

compensatory effect resulting in changes in cholesterol and
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other biosynthetic pathways. The mechanism of how

ABCA1 expression alters DGAT-1 activity is intriguing. Is

it due to a particular lipid transport activity of ABCA1 or

changes in plasma membrane lipid composition or a direct

signaling event that leads to repression of DGAT-1 activ-

ity? These questions will form the basis for future studies

on how ABCA1 expression regulates DGAT-1 activity. In

summary, mifepristone has diverse effects on cellular de

novo glycerolipid synthesis in BHK cells. Thus, caution

should be exercised when using mifepristone-inducible

systems for studies of cellular glycerolipid metabolism in

cells which express glucocorticoid responsive receptors.
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Abstract The ethanolic extract of propolis (EEP) is

beneficial in increasing high density lipoprotein (HDL)

cholesterol (HDL-C) and diminishing risks of atheroscle-

rosis. In this study, we examined the effects of EEP on

reverse cholesterol transport in mice. 3H -cholesterol laden

macrophage was injected intraperitoneally into mice fed by

gastric gavage with EEP. Plasma lipid level was deter-

mined and 3H-cholesterol was traced in plasma, liver and

feces. The effects of EEP on ATP-binding cassette trans-

porter A1 and G1 (ABCA1 and ABCG1) and scavenger

receptor BI (SR-BI) in mice liver and in cultured cells were

also investigated. EEP administration led to a significant

increase in HDL-C and peritoneal macrophage-original 3H-

cholesterol in plasma, liver and feces. Liver protein

expressions of ABCA1 and ABCG1 were increased but

SR-B1 was not. In vitro experiments with HepG2 and

Raw264.7 cell lines confirmed the above results. The

finding of these studies shows that EEP-enhanced reverse

cholesterol transport may have resulted from EEP stimu-

lated plasma HDL level and hepatic ABCA1 and ABCG1

expression.

Keywords Ethanolic extract of propolis �
Reverse cholesterol transport � High density lipoprotein �

ATP-binding cassette transporters A1 � ATP-binding

cassette transporters G1 � Scavenger receptor BI

Abbreviations

ABCA1 ATP-binding cassette transporter A1

ABCG1 ATP-binding cassette transporter G1

Ac-LDL Acetylated low density lipoprotein

ANOVA Analysis of variance

CPM Count/min

DMEM Dulbecco’s modified eagle medium

DMSO Dimethyl sulfoxide

EEP Ethanolic extract of propolis

FBS Fetal bovine serum

HDL High density lipoprotein

HDL-C High density lipoprotein cholesterol

LDL Low density lipoprotein

LDL-C Low density lipoprotein cholesterol

PVDF Polyvinylidene fluoride

RCT Reverse cholesterol transport

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

SR-BI Scavenger receptor BI

TC Total cholesterol

TG Triglyceride(s)

Introduction

Atherosclerosis is the principle cause of coronary artery

disease and stroke. There is a strong inverse relation

between plasma high density lipoprotein cholesterol (HDL-

C) levels and the incidence of atherosclerotic cardiovas-

cular diseases. The primary function of high density lipo-

protein (HDL) is to mediate reverse cholesterol transport
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(RCT), a vital transport fashion of cholesterol metabolism

[1]. Excess cholesterol from peripheral tissue is transferred

to the liver by HDL for bile acid synthesis and excretion to

the feces. Cholesterol efflux from peripheral tissues to

HDL is mediated by ATP-binding cassette transporter A1

and G1 (ABCA1 and ABCG1) [1, 2]. Afterward, choles-

terol in HDL is transported into hepatocytes through the

scavenger receptor BI (SR-BI) [3]. Cholesterol efflux is the

initial step of RCT and has become one of the therapeutic

targets for atherosclerotic disease [4].

Propolis is a sticky, resinous substance collected by

honey bees (Apis mellifera) and has been used as a folk

medicine from ancient times in South America, Asia and

Eastern Europe. The chemical composition of the ethanolic

extract of propolis (EEP) is extremely complex and its

flavonoid derivatives have been widely cited as its bio-

logically active compounds [5].

Recent studies have indicated that EEP and its subfrac-

tions are beneficial in increasing plasma HDL-C level as

well as diminishing the risk of atherosclerosis in the rabbit

[6–9]. It is therefore conceivable that propolis might play a

positive role in RCT. In this study, we examined the effects

of EEP on RCT in mice and investigated the change of

certain transporters involved in RCT. The results showed

that EEP enhances cholesterol transport to the feces, which

might be related to an increased plasma HDL-C level and

ABCA1 and ABCG1 expression stimulated by EEP.

Materials and Methods

Materials

EEP was obtained from the Taishan bee yard in China.

Beeswax was removed and refined. EEP was extracted as

described previously [10]. EEP used in this study contained

6.8 mg/mL of flavonoids. Acetylated low density lipopro-

tein (Ac-LDL) was prepared following a previous study with

partial modification [11]. Raw264.7 and HepG2 cell lines

were obtained from the American Type Culture Collection

(USA). [1,2-3H]-cholesterol was obtained from Perkin-

Elmer (USA). Assay kits for triglycerides (TG), high density

lipoprotein (HDL)-cholesterol (HDL-C) and low density

lipoprotein (LDL)-cholesterol (LDL-C) were from Biosino

Bio-technology and Science Inc. Antibodies of ABCA1 and

ABCG1 were obtained from Abcam (Cambridge, UK).

Antibodies of SR-BI and b-actin were obtained from Novus

(USA) and Cell Signaling Technology (USA), respectively.

Animals

Twenty-week old C57BL/6 mice were obtained from the

experimental animal center of Peking University, and fed a

chow diet and water ad libitum. The mice were kept in a

temperature- and humidity-controlled room with a 12/12 h

light–dark cycle. This study was approved by the Labora-

tory Animal Care Committee of Taishan Medical Univer-

sity, and all animal experiments were conducted in

accordance with the Guidelines of Care and Use of Labo-

ratory Animals at the Taishan Medical University.

Preparation of 3H-Cholesterol-Laden Cells

Raw264.7 cells were grown in RPMI/HEPES supple-

mented with 10% FBS. Cells were cultured in Teflon flasks

and radiolabeled with 5 lCi/mL 3H-cholesterol and cho-

lesterol loaded with 50 lg/mL acetylated LDL (acLDL).

Forty-eight hours later, cells were washed with RPMI/

HEPES and equilibrated for 4 h in fresh RPMI/HEPES

supplemented with 0.2% BSA, then harvested for mice

intraperitoneal injection. Ratio of intracellular 3H-choles-

terol and total 3H-cholesterol in cell suspension were

determined by liquid scintillation counter (LSC).

In Vivo Experiments

Twelve mice were divided into two groups. The EEP group

was dosed with 150 mg/kg EEP once a day for 4 weeks using

oral gavage. The control group received only the vehicle

(20% pure honey in distilled water) of 10 mL/kg mouse

weight. Before injection of Raw264.7 cells, all animals were

bled to measure plasma lipid levels (total cholesterol, TC;

triglyceride, TG; HDL-C; LDL-cholesterol; LDL-C). On the

day of injection, animals were caged individually with

access to food and water ad libitum. 3H-Cholesterol-labeled

and acLDL-loaded Raw264.7 cells (typically 6.6 9 106

cells containing 1.86 9 106 counts/min [cpm] in 6.2 mL

RPMI1640 medium, 0.5 mL/mouse) were injected intra-

peritoneally as described previously [12]. Both vehicle-

treated and EEP-treated mice were injected. Blood was

collected at 6, 24, and 48 h after injection, and plasma were

used for LSC. Feces were collected continuously at 24 and

48 h and stored at 4 �C before extraction of cholesterol and

bile acid. Animals continued to receive vehicle or drug

during the 48-h RCT study. At study termination (48 h after

injection), mice were exsanguinated and perfused with cold

PBS, and portions of the liver were removed and flash-frozen

for lipid extraction and protein expression analysis.

Liver 3H-Cholesterol Extraction

Tissue lipids were extracted according to the procedure

described previously [13] Results for liver were expressed

as percentages of CPM injected (whole organ). Briefly, a

10-mg piece of tissue was homogenized in water, and then

lipids were extracted with a mixture of hexane/isopropanol
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3:2 (v/v). The lipid layer was collected, evaporated,

resuspended in toluene, and counted in a LSC.

Fecal 3H-Tracer Extraction

Feces were weighed and soaked in Millipore water

(1 mL water/100 mg feces) overnight at 4 �C. The next

day, an equal volume of ethanol was added, and the sam-

ples were homogenized. A 200-lL aliquot of each

homogenized fecal sample was counted in a LSC to cal-

culate the 3H-total sterols [13].

In Vitro Experiments

Raw264.7 or HepG2 cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10%

fetal bovine serum (FBS). Cultured media was refreshed by

DMEM with 1% FBS, 0.1% dimethyl sulfoxide (DMSO)

containing various concentrations of EEP (0, 0.2, 1.0,

5.0 lg/mL) for another 48 h incubation. Cells were har-

vested and stored at -70 �C for Western blot analysis.

Western Blot

Total protein extracted from liver tissue or cultured cell

was separated by sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE). The proteins were

transferred on polyvinylidene fluoride (PVDF) membranes.

Protein levels of ABCA1, ABCG1 and SR-BI were eval-

uated and referenced with b-actin by Western blot. The

target bands were quantified using Image-Pro Plus software

ver. 6.0 (Media Cybernetics Corp., USA).

Statistics

Data were reported as means ± standard deviations (SD) and

subjected to ANOVA analysis. F test and the Student–Neu-

man–Keuls post test analyses were performed on these data

to analyze the variances and significances between groups.

Probability values\0.05 were considered significant.

Results

Effects of EEP on Plasma Cholesterol

Figure 1 shows the effects of EEP on plasma lipid. HDL-C

increased significantly by 10% in EEP group compared

with the control (74.24 vs. 81.76 mg/dL). Plasma TC also

increased significantly in the EEP group by 17% compared

with the control (90.28 vs. 106.56 mg/dL). Yet no signif-

icant change was observed in either LDL-C or TG levels

between the control and EEP group.

Effects of EEP on Reverse Cholesterol Transport

To evaluate the role of EEP in cholesterol transport from

peripheral tissue to feces, a classic isotope-labeled cho-

lesterol tracing assay was employed. As shown in Fig. 2a,

plasma 3H-labelled cholesterol had increased significantly

by 118 and 99% in EEP group at 6 and 24 h, respectively,

after injection compared with the control, but there was no

significant difference in the 3H-tracer at 48 h. This time

course of 3H-cholesterol distribution in plasma suggests

that in the first 24 h, EEP enhances cholesterol transport

from the macrophages to plasma at the first 24 h. Tritium-

labeled cholesterol also increased significantly by 130% in

liver from the EEP group compared with the control group

(Fig. 2b). The fecal 3H-tracer level was augmented sig-

nificantly by 49 and 20% in the EEP group at 0–24 h and at

24–48 h, respectively (Fig. 2c).

Effects of EEP on ABCA1, ABCG1 and SR-BI

Expression in Mice Liver

Liver protein levels of ABCA1, ABCG1, and SR-BI may

involve both HDL formation and RCT. As shown in Fig. 3,

ABCA1 and ABCG1 in liver increased significantly (by

28.9 and 140.5%, respectively) in the EEP group compared

with the control. No significant change in SR-BI was

observed between the EEP and control group.

Effects of EEP on ABCA1, ABCG1 and SR-BI

Expression in Cultured Cells

To further elucidate the effect of EEP on ABCA1, ABCG1

and SR-BI, we treated cultured HepG2 and Raw264.7 with

EEP in different dosage. When treated with 0.2–5 lg/mL

EEP, HepG2 cell showed that both ABCA1 and ABCG1

protein levels increased significantly compared with the

Fig. 1 Plasma HDL-C increased in the EEP Group. Plasma total

cholesterol (TC), triglycerides (TG), high density lipoprotein choles-

terol (HDL-C) and low density lipoprotein cholesterol (LDL-C) were

determined by enzyme methods, respectively. Data (means ± SD,

n = 6) are expressed as microgram per deciliter. *P \ 0.05 versus

control
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control regardless of dosage amount (Fig. 4a). In addition,

no significant change of SR-BI expression was observed

between EEP and control groups.

In the Raw264.7 cell experiment (Fig. 4b), partially

similar to the HepG2 setting, ABCG1 protein levels

increased significantly in each EEP group compared with

the control, whereas no dose-dependent manner of ABCG1

expression was observed in the groups of higher EEP con-

centrations (1–5 lg/mL). The ABCA1 expression level was

improved significantly in 1 and 5 lg/mL EEP groups only.

Additionally, no significant change of SR-BI expression

was observed between the EEP and control groups.

Discussion

In this study, we found that EEP promoted the reverse

cholesterol transport from intraperitoneal macrophages to

feces. This result suggests that EEP plays a positive role in

cholesterol transport from peripheral tissue to the liver and

secreted into the feces. It is well known that the RCT

pathway includes a series of steps beginning in peripheral

tissues with the efflux of cholesterol to lipid-poor HDL and

ending in the liver and gastrointestinal tract with the

secretion of cholesterol into the bile and their removal

through the feces. Among this series of steps, HDL and its

related cholesterol transporters play a crucial role. In this

study our novel findings also indicate that EEP increases

plasma HDL-C level and enhances liver ABCA1 and

ABCG1 protein expression. The results suggest that EEP

may involve increased nascent HDL particle formation,

thus leading to an increased plasma HDL concentration and

promoting RCT.

Our previous studies in the rabbit [6, 9] reported that

EEP could diminish atherogenesis by improving the

plasma lipid profile and endothelial function. However,

Fig. 2 EEP promoted reverse cholesterol transport in mice. a Time

course of 3H-cholesterol distribution in plasma. C57BL/6 mice were

treated with either vehicle alone or with EEP for 4 weeks. 3H-

Cholesterol-labeled and acLDL-loaded Raw264.7 cells (typically

6.6 9 106 cells containing 1.86 9 106 counts/min [cpm] in 6.2 mL

RPMI1640 medium, 0.5 mL per mouse) were injected intraperitone-

ally. Plasma was collected at 0, 6, 24, and 48 h after injection for liquid

scintillation counting and the levels were expressed as the percentage

of total counts per minute (means ± SD, n = 6). *P \ 0.05;

**P \ 0.01 versus control. b Liver 3H-cholesterol distribution in

mice. C57BL/6 mice were treated with either vehicle alone or with EEP

for 4 weeks. 3H-cholesterol-labeled and acLDL-loaded Raw264.7 cells

(typically 6.6 9 106 cells containing 1.86 9 106 counts/min [cpm] in

6.2 mL RPMI1640 medium, 0.5 mL per mouse) were injected

intraperitoneally. At the end of the study (48 h after injection), mice

were exsanguinated and perfused with cold PBS, and portions of the

liver were removed and flash-frozen for 3H-tracer analysis. The levels

were expressed as the percentages of the total counts per minute

(means ± SD, n = 6). *P \ 0.05; **P \ 0.01 versus control. c Fecal
3H-tracer distribution in mice. C57BL/6 mice were treated with either

vehicle alone or with EEP for 4 weeks. 3H-cholesterol-labeled and

acLDL-loaded Raw264.7 cells (typically 6.6 9 106 cells containing

1.86 9 106 counts/min [cpm] in 6.2 mL RPMI1640 medium, 0.5 mL

per mouse) were injected intraperitoneally. Feces were collected

continuously at 24 and 48 h and stored at 4 �C before analysis of
3H-tracer. The levels were expressed as the percentages of the total

counts per minute (means ± SD, n = 6). *P \ 0.05; **P \ 0.01

versus control
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Fig. 3 EEP increased the liver expression of ABCA1 and ABCG1 in

mice. Liver protein levels of ABCA1, ABCG1, and SR-BI in mice fed

with EEP (EEP) and vehicle (control) group. 20 lg protein of liver

tissue from EEP or control were conducted to SDS-PAGE and the

proteins were transferred on PVDF membranes for Western blot

analysis and quantified by densitometry (see details in ‘‘Materials and

Methods’’). A representative Western blot result from four indepen-

dent experiments is shown in the (upper panel) and the quantification

of these proteins is shown in the down panel. All values are presented

as means ± SD of four independent experiments. *P \ 0.01 versus

control

Fig. 4 EEP stimulated the expression of ABCA1, ABCG1 in HepG2

and Raw264.7. Protein levels of ABCA1 and ABCG1 and SR-BI in

HepG2 and Raw264.7 were determined with the treatment of EEP in

various concentrations (control, 0.2, 1.0, 5.0 lg/mL). Then 20 lg

protein of the cells from each group was conducted to SDS-PAGE and

the proteins were transferred on PVDF membranes for Western blot

analysis and quantified by densitometry (see details in ‘‘Materials and

Methods’’). a ABCA1 and ABCG1 and SR-BI expression in HepG2

cell line. b ABCA1 and ABCG1 and SR-BI expression in Raw264.7

cell line. A representative Western blot result from four independent

experiments is shown in the (upper panel) and the quantification of

these proteins is shown in the down panel. All values are presented as

means ± SD of four independent experiments. *P \ 0.05;

**P \ 0.01 versus control
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whether propolis or EEP is beneficial to RCT in the animal

model remains unsolved. In this study, our result provides

evidence for the first time that EEP can promote reverse

cholesterol transport in the murine model for the first time.

ABCA1 and ABCG1 are members of the ABC family

of transporters. Many studies have shown that macrophage

ABCA1 and ABCG1 play important roles in cholesterol

efflux from peripheral tissues to plasma [14]. The main

bioactive component of EEP in this study is the phenolic

compounds named flavonoids. One in vitro study indicated

that a flavonoids pigment, anthocyanins induced choles-

terol efflux from mouse peritoneal macrophages and

macrophage-derived foam cells by activating liver X

receptor a—ABCA1 signaling pathway [15]. Another

flavonoids derivates study also demonstrated that procy-

anidins could attenuate the development of foam cell

formation via reducing CD36 expression and enhancing

ABCA1 expression [16]. All the studies showed us a

phenomenon that flavonoids could stimulate the expres-

sion of ABCA1 in macrophages. In the present study, we

found EEP not only increased the expression of macro-

phage ABCA1, but also ABCG1, which might play a role,

at least in part, in promoting the first step of RCT by EEP.

In addition, the plasma LDL-C level was not affected by

EEP treatment, but the HDL-C level was increased by

EEP which might also contribute to the enhancement of

reverse cholesterol transport by EEP. The elevated TC

level by EEP might be attributable to the increased HDL-

C level, not LDL-C.

Besides macrophage ABC transporters, previous studies

support hepatic ABCA1 exerted anti-atherogenic effect via

its contribution to HDL formation [12] and hepatic ABCG1

might mediate hepatocyte cholesterol efflux towards

plasma from a pool accessible for biliary secretion [17].

Our results showed that the expression of hepatic ABCA1

and ABCG1 was increased by EEP treatment in vitro and

in vivo, these data gave us a clue that the elevated plasma

HDL-C level by EEP in this study might be closely asso-

ciated with the enhanced hepatic ABCA1 and ABCG1

expression stimulated by EEP. Additionally, our unpub-

lished data showed ABCA1 and ABCG1 expressions in

endothelial cell were not affected by EEP, which indicated

that no other cell types but hepatocyte might be the target

contributing to the enhancement of hepatic ABCA1 and

ABCG1 expression treated by EEP.

Distribution and regulation of SR-BI are more complex

than those of ABCA1 or ABCG1. For instance, hepatic

expression of SR-BI is modulated by many factors

including farnesoid X receptor, liver X receptors, the liver

receptor homolog 1, peroxisome proliferator-activated

receptor c and hepatocyte nuclear factor 4 a. As a result,

strong activators or specific stimulatory factors might be

effective in promoting SR-BI expression. A recent report

has shown that two flavonoids acids in coffee could

increase SR-BI and ABCG1 expression and enhance HDL-

mediated cholesterol efflux from the macrophages [18].

However, in the present study, no SR-BI change was

observed, which probably indicates that EEP employed in

this study might be deficient in a component that stimulates

SR-BI expression.

Additionally, in the present in vitro experiment we did

not observe a dose-dependent manner of enhancement of

ABCG1 expression stimulated by EEP. The multi-step

regulatory mechanism of ABCA1 and ABCG1 might be

the possible reason and the stimulation of EEP (0.2–5 lg/

mL) in this study could be attenuated through liver X

receptor—ABCA1/ABCG1 signalling pathways. As men-

tioned above, Uto-Kondo found that dose-dependent

manner of ABCG1 and SR-BI expression was observed

neither when macrophage was treated with 0.25–0.5 lM

caffeic acid nor in ferulic acid [18]. Therefore, the results

from this study and from other team’s suggest that the

effective range of the effect of EEP and flavonoids on the

expression of ABCA1 and ABCG1 still needs further

investigation.

To summarize, our study showed that EEP promoted

cholesterol transport to the plasma and increased expres-

sion of ABCA1 and ABCG1 in both in vitro and in vivo

experiments. These findings suggest that EEP is an effec-

tive substance in improving RCT, one of the contributors to

the inhibition of atherosclerosis. The present study adds to

the accumulating evidence for bioactive components in

cholesterol metabolism. To further understand the promo-

tion of EEP on cholesterol efflux in mice, investigations are

required to focus on its isolated bioactive components and

signalling pathways involved in RCT. In this study, EEP

showed a significant increasing HDL-C effect without

affecting LDL-C in plasma, which suggests that EEP and

its flavonoids contents may be beneficial in developing

medications on atherosclerotic diseases.
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Abstract The mechanism of adipose tissue lipolysis has

not been fully elucidated. Greater understanding of this

process could allow for increased feed efficiency and

reduced fat in poultry. Studies in avian species may pro-

vide important insight in developing therapies for human

obesity, as lipolytic pathways are highly conserved. Adi-

pose triglyceride lipase (ATGL) cleaves triacylglycols,

releasing non-esterified fatty acids (NEFA) into the

bloodstream. Glucocorticoids have been shown to elevate

circulating NEFA. To determine the regulation of ATGL

and regulator proteins comparative gene identification-58

(CGI-58) and G(0)/G(1) switch gene 2 (G0S2) by gluco-

corticoid, 36 chickens received an injection of dexameth-

asone (4 mg/kg). Saline was administered to an additional

12 birds to determine any effect of stress during handling.

Dexamethasone-injected birds were harvested at 0, 0.5, 1,

2, 4, and 6 h after treatment; saline-treated birds were

collected at 4 and 6 h. Abdominal and subcutaneous adi-

pose tissue and blood were collected. Gene and protein

expression were analyzed via quantitative real-time PCR

and western blot. Compared with the saline group, ATGL

expression increased in birds injected with dexamethasone.

When dexamethasone response was compared to the

untreated group up to 6 h following injection, an increase

in ATGL protein was observed as quickly as 0.5 h and

increased further from 1 to 6 h. Plasma NEFA and glucose

increased gradually from 0 to 6 h, reaching statistical sig-

nificance at 4 h. These data show that ATGL expression is

stimulated by glucocorticoid in a time-dependent manner.

Keywords Adipose triglyceride lipase � Chicken �
Comparative gene identification-58 � G(0)/G(1) switch

gene 2 � Glucocorticoid � Lipolysis

Abbreviations

ATGL Adipose triglyceride lipase

CGI-58 Comparative gene identification-58

DEX Dexamethasone

G0S2 G(0)/G(1) switch gene 2

GC Glucocorticoid(s)

NEFA Non-esterified fatty acid(s)

qRT-PCR Quantitative real-time PCR

Introduction

Lipolysis is an important process in animal adipose tissue.

Adipose depots are highly adapted to provide energy as

glycerol and fatty acids in times of stress, nutrient depri-

vation, or high activity or to store excess energy as tria-

cylglycerides in a postprandial state. The ability to switch

quickly and efficiently between catabolic and anabolic

states in adipose is important for survival; therefore, pro-

teins involved in lipolytic and lipogenic processes are

highly regulated at multiple levels.

Understanding the mechanisms of adipose tissue lipol-

ysis is of great importance in animal agriculture. The

maximization of feed efficiency is a chief concern to pro-

ducers, decreasing the energy stored in fat and increasing

the energy directed toward lean muscle growth is a key

concept in providing lean meat at a low cost. Additionally,

as the lipolytic pathways are highly conserved across

species, enhancing our knowledge of the regulation of

lipolysis may be beneficial in developing new therapies for
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human obesity. Adipose triglyceride lipase (ATGL) is the

rate-limiting enzyme in triacylglycerol hydrolysis [1, 2].

The regulation of ATGL is not yet fully understood.

Recently, studies in mice have shown that ATGL is

stimulated by the synthetic glucocorticoid, dexamethasone

[3]. Glucocorticoids (GC) are an end product of the

hypothalamic-pituitary-adrenal axis and have a variety of

metabolic effects to maintain energy homeostasis during

stress [4]. Glucocorticoids regulate adipose differentiation,

function, and distribution and in excess, promote hyper-

lipidemia [5]. Daily GC exposure has been shown to

decrease body weight and feed intake in broiler chickens

after 2 weeks, however, no significant long-term changes

in ATGL expression were observed at the conclusion of the

study [6]. It is the hypothesis of this study that injection of

dexamethasone may acutely increase ATGL expression

and increase plasma fatty acids in broiler chickens.

Materials and Methods

Experimental Animals

Animal care and experimental procedures were approved

by the OSU Institutional Animal Care and Use Committee.

Experimental animals were allowed ad libitum access to

food and water throughout the experiment. To investigate

the effect of glucocorticoid administration in vivo, 30 Ross

308 broiler chickens, 25 days old, were injected with a

synthetic glucocorticoid, dexamethasone (DEX; 4 mg/kg).

At 0.5, 1, 2, 4, and 6 h following injection, six birds were

euthanized via CO2 inhalation. Six additional chickens

were euthanized without receiving a DEX injection to be

used as a negative control; an additional 12 chickens

received saline injections as a placebo and were harvested

4 and 6 h after injection. Tissue samples were collected

from abdominal and subcutaneous adipose depots and snap

frozen in liquid nitrogen. Prior to euthanasia, blood sam-

ples were collected via cardiac puncture and cooled on ice.

Tissues were kept at -80 �C for analysis by western blot,

RNA isolation, and quantitative real-time PCR (qRT-PCR).

Blood samples were centrifuged at 1,7009g at 4 �C for

10 min to obtain plasma for glucose, insulin, and non-

esterified fatty acid (NEFA) assays.

Primary Cell Culture and In Vitro Treatments

Abdominal adipose tissue was obtained from an adult

broiler chicken. Primary cells were cultured by a procedure

which has been previously described [7]. Adipose tissue

was washed in PBS, finely minced and incubated, shaking,

at 37 �C in a digestion buffer containing 2 mg/mL colla-

genase I (5 mL per gram of tissue). After 45 min, the tissue

was passed through nylon strainers with 100 lm openings.

The filtered cells were centrifuged to separate floating

adipocytes from pelleted stromal-vascular cells. The pellet

was washed in fresh DMEM, centrifuged, and re-sus-

pended in DMEM medium containing 5% chicken serum

to a concentration of 6 9 106 cells/mL. Cells were seeded

in 12-well plates at a density 3 9 106 cells/mL and

maintained in a humidified incubator at 37 �C, 5% CO2.

When the cells reached 50% confluence, the cell media was

altered to contain 5% chicken serum and 50 mm linoleic

and oleic acids in DMEM to induce adipocyte differenti-

ation. Cells were maintained in this media for 2 days, at

which point there was visible lipid accumulation in the

cells. All cells were serum-starved for 3 h prior to treat-

ment by incubation in DMEM alone. The cells were then

treated at the indicated time-points by removing the media

and replacing it with fresh DMEM for control cells, or

1,000 nM DEX in DMEM. Cells were treated at -12, -6,

-3 and 0 h prior to collection of cells in Trizol reagent for

RNA isolation.

RNA Isolation and Quantitative Real-Time PCR

Tissue samples were homogenized in Trizol reagent

(Invitrogen, Carlsbad, CA) using a Tissuemiser homoge-

nizer (Fischer Scientific, Pittsburgh, PA). Total RNA was

isolated according to the manufacturer’s protocol. The

quality and relative quantity of RNA was assessed via gel

electrophoresis. To investigate mRNA expression of

ATGL, comparative gene identification-58 (CGI-58) and

G(0)/G(1) switch gene 2 (G0S2), cDNA was generated by

reverse transcription using 1 lg total RNA and M-MLV

RT (Moloney murine leukemia virus reverse transcriptase,

Invitrogen) according to the manufacturer’s protocol using

OligoDT as the primer. Reverse transcription conditions

for cDNA amplification were as follows: 65 �C for 5 min,

37 �C for 52 min, and 70 �C for 15 min. Relative gene

expression was quantified by SYBR green real-time PCR

on an ABI 7300 real-time PCR Instrument (Applied Bio-

systems, Foster City, CA). Primer sequences for the ATGL,

G0S2, and b-actin genes have been described in our pre-

vious reports [7, 8]. Primer sequences for the chicken CGI-

58 gene are forward primer 50-ACC GTG GTT TAT GGA

GCA CG-30 and reverse primer 50- GAA ACA GTG TGC

AAA CAG AGC C-30. Forward and reverse primers were

designed to span genomic introns ([ 1 Kb) to avoid the

amplification of genomic DNA that may have been present.

PCR was performed using AmpliTaq Gold polymerase

(Applied Biosystems) with SYBR green as a detection dye.

Reactions were performed in duplicate 25 lL reactions.

Conditions for qRT-PCR were 95 �C for 10 min, 40 cycles

of 94 �C 15 s, 60 �C 40 s, 72 �C 30 s, and 82 �C 33 s. The

comparative 2-DDCt method for relative quantification [9]
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was used to calculate the relative gene expression (as

determined by ABI software). Beta-actin was used as the

housekeeping gene to normalize the qRT-PCR calculation.

Protein Isolation and Western Blot Analysis

For protein analysis, adipose samples were homogenized in

ice-cold 1X lysis buffer (62.5 mM Tris, 5% SDS) with a

tissuemiser and combined with 29 Laemmli buffer (Bio-

Rad Laboratories, Hercules, CA) containing 62.5 mM Tris,

1% SDS, 5% 2-mercaptoethanol, 12.5% glycerol, 0.05%

bromophenol blue. Proteins were separated by SDS-PAGE

and wet-transferred to a 0.45 lm pore polyvinylidine fluo-

ride membrane (GE Biosciences, Piscataway, NJ). Mem-

branes were blocked in 5% nonfat dry milk in Tris-buffered

saline-Tween (TBST; 20 mM Tris, 150 mM NaCl, pH 7.4,

plus 0.15% Tween 20) for 1 h at room temperature. Mem-

branes were incubated overnight at 4 �C in primary anti-

bodies ATGL (1:1,000 dilution; Cell Signaling Technology,

Inc., Danvers, MA) or a-tubulin (1:7,000 dilution; Devel-

opmental Studies Hybridoma Bank, The University of

Iowa, Iowa City, Iowa). The specificity of the ATGL anti-

body to avian ATGL has been demonstrated previously [8].

Membranes were then washed in TBST for 1 h and incu-

bated with horseradish peroxidase-conjugated secondary

antibodies (Santa Cruz Biotechnology Inc., Santa Cruz,

CA) for 2 h at room temperature. Membranes were washed

again for 1 h in TBST followed by detection with ECL Plus

(GE Biosciences). The membranes were exposed to Bio-

Max X-ray film (GE Biosciences) for visualization of the

ATGL and a-tubulin proteins.

Plasma Parameter Analysis

Blood samples were collected in tubes containing sodium

heparin (BD Medical, Franklin Lakes, New Jersey), cooled

on ice, and centrifuged at 1,7009g for 10 min at 4 �C to

separate plasma. Glucose was measured by glucose oxidase

method using Autokit Glucose Enzymatic Method (Muta-

rotase-GOD) (Wako Pure Chemical Industries Ltd., Osaka,

Japan). Non-esterified fatty acid (NEFA) concentration was

measured with the HR Series NEFA-HR (2) ACS-ACOD

kit (Wako Pure Chemical Industries Ltd.) at the Laboratory

of Veterinary Diagnostic Medicine at the University of

Illinois. Plasma insulin determination was performed using

an Insulin RIA kit (Diagnostic Systems Laboratories, Inc,

Webster, TX) at the Michigan State University Diagnostic

Center for Population and Animal Health.

Gene Promoter Analysis

Transcription factor binding sites on the promoter region of

the ATGL gene were identified by entering the nucleic acid

sequence into the MatInspector program version 8.0

(Genomatrix software).

Statistical Analysis

Comparison of gene expression and plasma metabolites

between saline- and DEX-treated chickens was done by a

Student’s t test. Time-dependent plasma parameters and

qRT-PCR data were analyzed by the PROC GLM proce-

dure of the SAS software system (version 9.1, SAS Insti-

tute Inc., Cary, NC). Individual comparisons between

groups are by one-way ANOVA followed by Tukey’s test.

Results

To ensure any changes in gene expression were not due to

the stress of handling, DEX treated birds were compared

with birds injected with saline as a placebo. When compared

with saline-injected birds, qRT-PCR data reveal a signifi-

cant increase of ATGL mRNA expression in DEX-injected

birds in both the abdominal and subcutaneous adipose

depots (Fig. 1a, b). Western blot analysis shows that ATGL

protein responds similarly, with greater expression in the

DEX treatment group over the placebo group (Fig. 1c, d).

Plasma measurements of NEFA and glucose were compared

between saline- and DEX- injected birds. In the DEX group,

NEFA was greater 4 and 6 h after treatment (P \ 0.05) than

that of the saline group; plasma glucose was clearly elevated

at in the DEX-treated birds (Fig. 2).

Quantitative RT-PCR was performed to investigate the

mRNA expression of ATGL and regulatory proteins,

comparative gene identification-58 (CGI-58) and G(0)/

G(1) switch gene 2 (G0S2) following DEX treatment. In

subcutaneous fat, ATGL expression begins increasing

incrementally at 1 h post-injection, and is significantly

elevated from basal expression at 4 and 6 h (P \ 0.05;

Fig. 3a). The mRNA expression of CGI-58 is not signifi-

cantly altered with treatment, though G0S2 is decreased

slightly from control levels at 1 h, and it increases signif-

icantly thereafter, reaching peak expression at 6 h (Fig. 3b,

c). In abdominal fat, ATGL expression increased starting

2 h following DEX injection, reaching its highest expres-

sion at 6 h, a 12-fold increase (P \ 0.05; Fig. 4a). Similar

to the pattern seen in subcutaneous fat, changes in CGI-58

expression were negligible and G0S2 decreased slightly

following injection (0.5–1 h) and increased about 5-fold at

4 h (P \ 0.05; Fig. 4b, c).

To evaluate acute changes in ATGL protein following

glucocorticoid exposure, Western blot analysis was per-

formed for 0, 0.5, 1, and 2 h after treatment. Subcutaneous

and abdominal fat both showed increases in ATGL protein

following DEX injections (Fig. 5). The subcutaneous fat
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exhibits increased ATGL at 0.5 h; abdominal expression is

apparently greater at 1 h. The slightly delayed ATGL pro-

tein expression in abdominal fat compared to subcutaneous

fat is concordant with mRNA expression in these depots.

To evaluate the effect of DEX on fatty acid release,

plasma NEFA was measured (Fig. 6a). Plasma NEFA

increased gradually following DEX-injection reaching its

greatest levels at 4 and 6 h (P \ 0.05), concurrent with

peak ATGL mRNA expression. Daily treatment with die-

tary glucocorticoid has been associated with hyperinsul-

emia and hyperglycemia in chickens [10]. We measured

plasma insulin and glucose to determine if there is an acute

response to dexamethasone. Glucose increases steadily

from 0.5 to 6 h following treatment, whereas insulin

increases up to 2 h (Fig. 6b, c). At 4 h post-injection,

insulin levels return to those seen in control birds.

In a whole-body system, there are numerous factors that

may alter gene expression in response to exogenous

chemicals. To test whether ATGL expression is altered

directly by dexamethasone or through indirect mechanisms,

we treated cultured chicken adipocytes with DEX for 0, 3,

6, and 12 h. In DEX-treated adult chicken adipocytes,

mRNA expression of ATGL is increased by 13-fold at 3 h

(P \ 0.05; Fig. 7). We also measured the expression of

CGI-58 and G0S2, which were largely unchanged.

Discussion

Glucocorticoids, primarily corticosterone in chickens, are

the final effectors of the hypothalamic–pituitary–adrenal

axis [6]. Synthesis of GC occurs in the adrenal cortex and

has a wide array of metabolic effects to maintain homeo-

stasis during times of stress [4], including the elevation of

circulating free fatty acids and hepatic glucose [3, 10].

Multiple mechanisms for GC-enhanced lipolysis have been

suggested, including through the activation of cAMP-

dependent hormone sensitive lipase [11], ‘‘permissive’’

effects through disrupted insulin signaling, and direct

action on ATGL [3]. The primary objective in this study is

to determine the acute regulation of ATGL by glucocorti-

coid in broiler chickens.

Handling is a known stressor to broiler chickens. To

ensure any responses observed were not due to handling

during injection, a saline injection was administered to two

groups of chickens as a placebo and compared with the

DEX groups. The marked increase in ATGL expression

and plasma NEFA in the DEX groups over saline groups

support that there is a physiological response specifically to

the dose of DEX administered. Over the course of 6 h,

ATGL mRNA and protein expression increases in

abdominal and subcutaneous fat, concurrent with a gradual

increase in plasma NEFA. These changes occur quickly

after injection (about 1 h); we suspect such an early onset

of this response is unlikely to be through an indirect

mechanism involving other hormones, but may occur at the

cellular level within adipose tissue.

To provide further support for CG regulation of ATGL at

the cellular level, we treated cultured chicken adipocytes

with DEX over a period of 12 h. After 3 h incubation with

DEX, ATGL expression increased dramatically (13-fold).

Interestingly, at 6 h, when in vivo ATGL expression is
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greatest, the in vitro expression has decreased by more than

half of its peak expression. This observation has led us to

postulate that the regulation of ATGL by dexamethasone

may occur in two waves: (1) transcriptional regulation in

the very short-term, and (2) through reduced insulin sig-

naling within several hours. Immediate transcriptional

regulation by steroid hormones can occur through hormone

response elements present on the 5’ flanking region of the

target gene [12]. Using the MatInspector program version

8.0 (Genomatrix software), transcription factor binding

sites were analyzed in the nucleic acid sequence of the

ATGL. Five glucocorticoid response elements were iden-

tified at -4602 {ctgGGACagagcgtcctaa (-)}, -3787

(aaaGAACagttaattcttt (-)), -3334 {agaGAACatccagttacca

(-)}, -2044 {aggGAACaaaaggtcccat (?)}, and -907

{gtaGCACatgtggtgatgt (?)} bp upstream of the transcrip-

tion start site. The presence of these response elements,

combined with the observed increase in ATGL expression

in an insulin-free in vitro system, suggests direct transcrip-

tional regulation by GC. Insulin promotes triacylglycerol

storage in adipose tissue, and is reported to downregulate

ATGL expression [13]. In addition, insulin introduced in

cultured rat adipose cells is capable of blocking DEX-

stimulated fatty acids release [14]. Our plasma analysis

revealed that insulin concentration increases 0.5–2 h after

DEX injection, and begins to taper to basal levels at 4 h.

Interestingly, glucose and NEFA continue to elevate con-

current with increased insulin following injection, demon-

strating some insensitivity. We believe that decreased

insulin sensitivity and secretion may permit increased

ATGL expression and fatty acid release through the absence

of insulin-mediated suppression, though future research

should be conducted to confirm this hypothesis.
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Recent studies have reported that ATGL activity may be

regulated through interactions with activator protein CGI-

58 and inhibitor protein G0S2. Upon stimulated lipolysis,

mammalian CGI-58 co-localizes with ATGL on the lipid

droplet surface. Disruption of this interaction results in

complete inability of CGI-58 to activate ATGL-mediated

triacylglyceride hydrolysis [15]. Conversely, G0S2 inter-

action with ATGL inhibits its activity as a lipase [16]. We

have recently observed that upregulation of ATGL during

fasting in chickens occurs simultaneously with increased

CGI-58 expression [17, 18] and decreased expression of

0

2

4

6

8

10

12

14

16

0 h 0.5 h 1 h 2 h 4 h 6 h

A
T

G
L

/β
-a

ct
in

 bc

c

a a

ab

a

 C
G

I-
58

/β
-a

ct
in

0

0.5

1

1.5

2

2.5

0h 0.5h 1h 2h 4h 6h

G
0S

2/
β-

ac
ti

n
a

b

c

ab

abb

ab

a

a

Fig. 4 Relative mRNA expression in abdominal adipose tissue of

dexamethasone-injected broiler chickens. Total RNA was isolated

from abdominal fat of treated birds collected 0.5–6 h following

injection (n = 6). Untreated control birds are indicated as 0 h.

Quantitative Real-Time PCR was done to determine relative expres-

sion of a adipose triglyceride lipase (ATGL), b comparative

gene identification-58 (CGI-58), c G(0)/G(1) switch gene 2 (G0S2).

Bars are means ± SEM. Letters represent a significant difference

(P \ 0.05) among groups at various time points

0 h 2 h1 h0.5 h

ATGL

0 h 2 h1 h0.5 h

ATGL

a

b

α-tubulin

α-tubulin

Fig. 5 Western blot analysis of adipose triglyceride lipase (ATGL)

protein following dexamethasone injection. Protein lysates of a sub-

cutaneous and b abdominal adipose tissue were separated by SDS-

PAGE. a-Tubulin was used as a loading control. ATGL protein was

determined at 0.5, 1, and 2 h following treatment, 0 h indicates

control birds receiving no treatment

200

250

300

350

400

0 h 0.5 h 1 h 2 h 4 h 6 h

a

b

abab
ab

a

G
lu

co
se

 (
m

g/
dl

)

0

20

40

60

80

100

120

0 h 0.5 h 1 h 2 h 4 h 6 h

In
su

lin
 (

m
U

/I
)

a

ab ab

bc

bb

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 h    0.5 h 1h 2h 4h 6h

N
E

F
A

 (
m

E
q/

L
)

c bc

abc ab
a

a

a

b

c

Fig. 6 Plasma parameters obtained from chickens injected with

dexamethasone. Blood samples were collected via cardiac puncture at

0.5–6 h following dexamethasone (4 mg/kg) injection. A no-treat-

ment control group is indicated by 0 h. a Plasma non-esterified fatty

acids (NEFA) reported in mequiv/l. b Plasma glucose measured in

mg/dl. c Plasma insulin concentrations measured in mU/I. Data points

represent means ± SEM, with differing letters indicating statistical

significance (P \ 0.05)

818 Lipids (2011) 46:813–820

123



G0S2 [7], suspecting that changes in regulator protein

expression contributes to NEFA release during nutrient

deprivation. To evaluate whether regulatory proteins are

involved in GC-stimulated lipolysis, we measured the

expression of CGI-58 and G0S2 during our in vivo and in

vitro DEX treatments. Only negligible changes in CGI-58

expression were observed in both experiments. Interest-

ingly, G0S2 expression decreased slightly immediately

following DEX injections in vivo. It has been reported by

Lu and colleagues that overexpression of ATGL in G0S2-

expressing HeLa cells failed to enhance lipolytic activity as

it did in non-G0S2 control cells [19]. We therefore suspect

that downregulation of G0S2 may be necessary at some

point in stimulated lipolysis. It is possible that GC may

directly regulate G0S2 within 1 h of exposure; however,

additional research is needed to support this hypothesis.

Further study is needed, also, to determine if GC may

regulate ATGL-mediated lipolysis through changes in

physical interaction between ATGL, CGI-58, and G0S2.

In summary, we investigated the effect of exogenous

glucocorticoids on the expression of ATGL in chickens.

Our analyses show that ATGL mRNA and protein are

stimulated by DEX in vitro and in vivo, contributing to

increased plasma NEFA. The increased ATGL expression

following DEX treatment may result from a combination of

direct transcriptional regulation at hormone response ele-

ments and disrupted insulin signaling. A known activator

of ATGL, CGI-58, does not appear to respond to DEX

stimulation. The ATGL-inhibitor G0S2 may have some

immediate transcriptional response, though further research

is needed to confirm this.
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Abstract Mice fed diets containing conjugated linoleic

acid (CLA) are leaner than mice not fed CLA. This anti-

obesity effect is amplified in mice fed coconut oil-con-

taining or fat free diets, compared to soy oil diets. The

present objective was to determine if CLA alters lipolysis

in mice fed different base oils. Mice were fed diets con-

taining soy oil (SO), coconut oil (CO), or fat free (FF) for

6 weeks, followed by 10 or 12 days of CLA or no CLA

supplementation. Body fat, tissue weights, and ex vivo

lipolysis were determined. Relative protein abundance and

activation of perilipin, hormone sensitive lipase (HSL),

adipose triglyceride lipase (ATGL), and adipose differen-

tiation related protein (ADRP) were determined by western

blotting. CLA feeding caused mice to have less (P \ 0.05)

body fat than non-CLA fed mice. This was enhanced in CO

and FF-fed mice (CLA 9 oil source, P \ 0.05). There was

also a CLA 9 oil source interaction on lipolysis as

CO ? CLA and FF ? CLA-fed mice had increased

(P \ 0.05) rates of lipolysis but SO ? CLA-fed mice did

not. However, after 12 days of CLA consumption, acti-

vated perilipin was increased (P \ 0.05) only in

SO ? CLA-fed mice and total HSL and ATGL were

decreased (P \ 0.05) in CO ? CLA-fed mice. Therefore,

the enhanced CLA-induced body fat loss in CO and FF-fed

mice appears to involve increased lipolysis but this effect

may be decreasing by 12 days of CLA consumption.

Keywords Conjugated linoleic acid (CLA) � Specific

Lipids � Dietary fat � Nutrition � Hormone sensitive lipase �
Lipases

Abbreviations

ADRP Adipose differentiation related protein

ATGL Adipose triglyceride lipase

CGI-58 Comparative gene identification-58

CLA Conjugated linoleic acid (18:2)

CO Coconut oil

FF Fat free

HSL Hormone sensitive lipase

LNA Linoleic acid

LD Lipid droplets

NEFA Non esterified fatty acids

PKA Protein kinase A

SO Soy oil

TNF-a Tumor necrosis factor a

Introduction

Conjugated linoleic acid (CLA) refers to a group of posi-

tional and geometric isomers of linoleic acid. A biological

function of CLA was first discovered in ground beef as it
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was found to have anti-carcinogenic properties [1]. Since

then, dietary CLA has been found to have anti-inflamma-

tory [2], anti-atherogenic [3–5], anti-carcinogenic [1, 6, 7],

and anti-obesity effects [8, 9]. The 18:2 c9, t11 and t10, c12

isomers are the two biologically active isomers known to

date. The t10, c12 isomer is solely responsible for the

induction of body fat loss [6, 10].

The loss of body fat induced by dietary CLA can be

enhanced when mice are fed a coconut oil (CO)-containing

diet compared to mice fed a soybean oil (SO)-containing

diet [11]. CO is composed of a higher concentration of

short (8–10 carbons) and medium chain saturated fatty

acids (12–16 carbons) and is deficient in the essential fatty

acids linoleic acid and a-linolenic acid, compared to SO

which has mostly saturated and unsaturated 18 carbon fatty

acids and an abundant supply of linoleic acid. We have also

reported increased sensitivity to CLA-induced body fat loss

in mice consuming fat free diets [12], indicating that

something in SO, and not in CO, interferes with the full

effect of CLA. The mechanism behind the enhanced

response with CO feeding is not yet known. However,

several cell culture studies have reported that CLA sup-

plementation causes an increase in lipolysis [13, 14].

Coconut oil is composed mainly of medium chain saturated

fatty acids hence it is likely that they would undergo oxi-

dation more rapidly as compared to the longer chain and

unsaturated fatty acids present in soy oil diets [15, 16].

Hence when CLA is supplemented to these diets we

hypothesize that there will be an enhanced turnover of fatty

acids, leading to an increased lipolysis.

Mature adipocytes have unilocular lipid droplets (LD)

surrounded by the protein perilipin. In the basal state of

lipolysis, perilipin and comparative gene identification-58

(CGI-58) form a complex on the LD, adipose triglyceride

lipase (ATGL) is localized partially to the LD, and hor-

mone sensitive lipase (HSL) is localized to the cytoplasm

[17]. When lipolysis is stimulated, cAMP-dependent pro-

tein kinase (PKA) activation results in phosphorylation of

HSL and perilipin. Phosphorylated perilipin (p-perilipin)

releases CGI-58, which binds and activates ATGL and

initiates lipolysis. Phosphorylated HSL (p-HSL) translo-

cates to the LD, interacts with p-perilipin, and degrades

diacylglycerol (DAG) [18]. CLA has caused an increase in

cytosolic perilipin (activated form of perilipin) followed by

a decrease in HSL and total perilipin expression in human

adipocyte cultures [13]. It was observed that the expression

of cytosolic perilipin increases with CLA exposure for

12 h, while treatment with CLA for 24 h caused a decrease

in perilipin expression. Thus the effects of CLA on lipol-

ysis appear to vary with the duration of exposure to CLA.

In addition to perilipin, adipocyte differentiation related

protein (ADRP), is known to surround the multilocular

lipid droplets of immature adipocytes [19]. CLA has been

reported to suppress perilipin expression while enhancing

ADRP expression in human adipocyte cultures [13], this

could indicate reduced lipolytic potential in these cells and

possible de-differentiation of the mature adipocytes. In the

current study, we determined the effect of base oil and

CLA on lipolysis and the expression and activation of

perilipin, associated lipases, and ADRP in vivo.

Methods and Procedures

Animal Protocol

Study 1: All animal procedures were approved by the

University of Nebraska Institutional Animal Care and Use

Committee. Male mice (n = 48) used were from a control

line four-way composite developed at the University of

Nebraska [20, 21] which was maintained without genetic

selection and were housed in a temperature-controlled

room (22 �C) with a 12 h light:dark cycle. Mice were fed a

purified base diet (Dyets Inc., Bethlehem, PA), identical to

those fed previously ([11, 12]; Table 1). A modification of

the purified AIN-93G diet with soy protein instead of

casein was used so as to avoid possible intake of CLA from

the casein. For the coconut oil (CO) diet, soybean oil was

replaced by fully hydrogenated coconut oil (wt/wt); Dyets

Inc. For the fat free (FF) diet, oil was replaced completely

by cornstarch (wt/wt). CLA replaced the base oil or corn-

starch (wt/wt) and was added in the diets to provide 0.5%

CLA isomers in the diet. The CLA mixture contained an

equal amount of c9, t11 and t10, c12 (60% pure, LUTA-

CLA, Catalog #56746397, BASF, Offenbach/Quiech,

Germany). It has been previously shown that the mixture of

CLA isomers (50:50) cause a lowering of the fat pad

weight or triacylglycerol content to the same extent as that

caused by t10, c12 isomer alone in mouse adipose tissue

and in 3T3-L1 cells [10, 22]. All diets were stored at 4 �C.

Mice were fed ad libitum throughout the study and fresh

feed was added every 2 days.

Weanling male mice were housed individually. Animals

were blocked by body weight and litter and assigned to base

diets: SO (soy oil) or CO (coconut oil) or FF (fat free). After

6 weeks, half of each group were fed a 0.5% CLA diet for

10 days. Body weight and feed intake were measured

weekly. At the end of the study, the mice were killed by

carbon dioxide asphyxiation. Epididymal and retroperito-

neal fat pads were collected and tissues were weighed.

Epididymal fat pads were utilized for lipolysis analysis. A

body fat index was calculated as: [(epididymal ? retro-

peritoneal fat pad weights)/total body weight]*100.

Study 2: A second study to allow for the analysis of

lipolysis-associated protein in adipose tissue was conducted

with all animal procedures approved by the West Virginia
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University Animal Care and Use Committee. Weanling

male mice [n = 80; 3 weeks old; ICR (Imprinting Control

Region)] were obtained from Harlan Inc. (Madison, WI)

and housed in a temperature-controlled animal room

(25 �C) with a 12:12 h light:dark cycle. The composite

strain was not available at West Virginia University;

therefore the ICR strain was selected as it was one of the

strains in the four-way composite used in study 1, and has

been previously reported to respond to dietary CLA with

reduced body fat [6, 8]. Diets were formulated to match

study 1 (Table 1) except only SO and CO were used and

were obtained from Harlan Teklad (Madison, WI). The FF

diet was not used as based on previous results [12] it was

expected to yield similar results to CO. The CLA mixture

(95% purity, methyl esters of CLA, catalog # UC-59-MX)

was obtained from Nu-Check-Prep (Elysian, MN). All diets

were stored at 4 �C. Mice were fed ad libitum throughout

the study and fresh feed was added every 2 days.

Mice were housed four per cage for weeks 1–5 and then

were individually caged during weeks 6–8. Animals were

randomly assigned to base diets: SO or CO. After 6 weeks,

half of each group were fed 0.5% CLA, replacing base oil

w/w, for 12 days. Previous reports studying CO–CLA

interaction consisted of 14 days of CLA consumption, by

the end of which the CO ? CLA mice have extremely

small fat pads [12], thus in order to have adequate lipid

stores to study lipolysis we chose a 10 day feeding period

for study 1. However, we were unable to detect the

oil 9 CLA interaction on body fat index. So we subse-

quently chose a 12 day feeding period for study 2, with the

goal of being able to detect both lipolysis and the oil 9

CLA interaction on body fat.

At the end of the 54 days, the mice were killed by

carbon dioxide asphyxiation. One fat pad pool, consisting

of one epididymal and one retroperitoneal fat pad (*3:1

based on weight), for each of eight mice per diet was uti-

lized for lipolysis analysis and the remaining tissues were

flash frozen in liquid nitrogen and stored at -80 �C until

further analysis was performed. The pooling of two

abdominal fat pads per mouse was used to allow for

lipolysis and protein expression to be analyzed in the same

depots. No differences in the response to CLA by the two

depots were expected, based on a recent report [23] of no

differences in epinephrine-induced lipolysis between epi-

didymal and retroperitoneal adipocytes. All measurements

of body weight, feed intake, and body fat index were done

as in study 1.

Lipolysis

The lipolysis assay was performed as described previously

[24, 25] with slight modifications. Briefly, tissue pieces

(*50 to 100 mg) were incubated in 0.8 ml of DMEM

(containing 250 mU/ml adenosine deaminase (Sigma-

Aldrich Inc., St Louis, MO) without serum) for 3 h at 37 �C

in a shaking water bath. This was done in triplicate for both

baseline and stimulated lipolysis (10 lM isoproterenol

(Sigma-Aldrich Inc.). Media samples were collected and

analyzed for non-esterified fatty acids (NEFA- HR kit,

Wako Chemicals, Richmond, VA) and glycerol (free

glycerol reagent, Sigma-Aldrich Inc., St Louis, MO) by

colorimetry, following the manufacturer’s instructions.

NEFA and glycerol concentrations were corrected for tissue

weight and reported as lmol released per gram tissue.

Blood was collected at the time of euthanasia approxi-

mately 2 h after the start of the light cycle and maintained

on ice until centrifugation at 2,0009g for 20 min at 4 �C

was performed. The serum was collected and stored at

-20 �C until analysis. Mice had free access to feed up

until euthanasia. The concentration of serum NEFA was

Table 1 Ingredient

composition of experimental

diets

a Study 1, all ingredients

obtained from Dyets, Inc. Study

2, diets were prepared by Harlan
b The purity of CLA used in

study 1 and study 2 was

different. Hence the actual

amount of CLA added was

different to include 0.5% CLA

in the diet. Values shown are

for study 1; study 2 included

5.3 g/kg CLA and 64.7 g/kg

soybean or coconut oil
c TBHQ

(tert-butylhydroquinone)

Ingredienta (g/kg) SO SO ? CLA CO CO ? CLA FF FF ? CLA

Isolated soy protein 200 200 200 200 200 200

L-cystine 2.54 2.54 2.54 2.54 2.54 2.54

L-methionine 2.54 2.54 2.54 2.54 2.54 2.54

Cornstarch 395.406 395.406 395.406 395.406 465.406 457.106

Maltodextrin 132 132 132 132 132 132

Sucrose 100 100 100 100 100 100

Cellulose 50 50 50 50 50 50

AIN-93G mineral mix 35 35 35 35 35 35

AIN-93G vitamin mix 10 10 10 10 10 10

Choline bitartrate 2.5 2.5 2.5 2.5 2.5 2.5

Soybean oil 70 61.7 – – – –

Coconut oil – – 70 61.7 – –

CLAb – 8.3 – 8.3 – 8.3

TBHQc 0.014 0.014 0.014 0.014 0.014 0.014
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analyzed similar to the method above (n = 20/diet).

Samples were run in triplicate for the assay.

Western Blotting

The additional fat pad pool per mouse from study 2

(n = 12/diet) which was flash frozen at the time of sample

collection and stored at -80 �C until next day, was

homogenized in 1 ml of lysis buffer [25 mM HEPES,

5 mM EDTA, 5 mM MgCl2, 10 ll/ml of protease and

phosphatase inhibitor mix (Thermo Scientific, Rockford,

IL)] and centrifuged at 14,0009g for 20 min at 4 �C within

24 h of freezing. These samples represent the in vivo basal

state. Protein content of the supernatant was analyzed by

the BCA method (BCA kit, Thermo Scientific, Rockford,

IL). Polyacrylamide gels (12.5%) were prepared and equal

amounts of protein (2 lg for ADRP, ATGL or 5 lg for

perilipin, HSL) were resolved at 75 V and transferred to a

nitrocellulose membrane (Bio-Rad, Hercules, CA) at

100 V for 45 min on ice. The membranes were blocked

with tris-buffered saline containing 0.05% Tween and 5%

skimmed milk powder overnight at 4 �C, then probed with

antibodies for perilipin (1:500, Santa Cruz Biotechnology,

Santa Cruz, CA), ATGL (1:1,000, Santa Cruz Biotech-

nology), ADRP (1:500, Santa Cruz Biotechnology), phos-

phorylated-PKA (p-PKA) substrate (1:1,000 for p-perilipin,

Cell Signaling Technology, Danvers, MA), HSL (1:1,000,

Cell Signaling Technology), and p-HSL (1:500, Cell Sig-

naling Technology) for 2 h at room temperature. The

membranes were then probed with a HRP-conjugated

secondary antibody (1:10,000, Santa Cruz Biotechnology)

for 1 h at room temperature. Membranes were stripped and

re-probed for b-actin (1:1,000, Santa Cruz Biotechnology).

All antibodies were diluted in 19 PBS with 5% non fat dry

milk. Chemiluminescence was produced using Super Sig-

nal West Pico chemiluminescent substrate (Thermo Sci-

entific). Band density was analyzed by densitometry (Fluor

Chem 8000 imaging system). Blot to blot variability was

corrected for by running a pooled sample on each blot and

adjusting the blots based on the relative expression of the

pooled sample. The results are presented as the protein of

interest/b-actin or in case of the phosphorylated proteins

the results are presented as phospho-protein/total protein.

The specificity of the p-PKA antibody was determined by

performing an immunoprecipitation with the perilipin

antibody and then probing the membrane with the p-PKA

antibody. The immunoprecipitation determined that the

band at 57 KDa was specific to p-perilipin (Fig. 1).

Statistical Analysis

All data were analyzed by two-way analysis of variance

(ANOVA) using a fixed model testing the main effects of

oil source (SO, CO, FF) and CLA, and the interaction of oil

source 9 CLA. Body weight and feed intake measure-

ments were analyzed by day. F tests, least-squares means,

and standard errors of means (SEMs) were calculated using

the mixed procedure of SAS (SAS Institute Inc., Cary,

NC). For all tests P \ 0.05 was considered significant,

0.05 [ P \ 0.1 was considered a trend.

Results

Body Weight, Feed Intake, and Body Composition

Body weight was not affected by diet in study 1 (Table 2).

In study 1, CLA inhibited feed intake (P \ 0.01). Also,

CLA caused a decrease in body fat index which was more

pronounced in the CO and FF-fed mice (Fig. 2a).

In study 2, body weight was also not affected except in

the last week when an oil source 9 CLA interaction was

detected (P \ 0.05). CLA caused a 6% increase in weight

in SO-fed mice while causing a 5% decrease in CO-fed

mice (Table 2). In study 2, feed intake was not affected by

oil source until week 6, but during the last 2 weeks there

was a main effect of oil source (P \ 0.05) when CO-fed

mice consumed 5% more feed than SO-fed mice. An oil

source 9 CLA interaction (P \ 0.05) indicated that CLA

caused a decrease in feed intake, but only in CO-fed mice.

When total feed intake for the 12 day period of CLA

consumption was analyzed there was a main effect of oil

source (P \ 0.05) where SO-fed mice consumed less than

CO-fed mice, but we did not observe a main effect of CLA

(data not shown). Both CO (P \ 0.001) and CLA

(P \ 0.05) caused decreases in the body fat index

(Fig. 2b). CO caused a 32% decrease in the body fat index

while CLA caused a 20% decrease in body fat index.

Lipolysis

In study 1, there was an interaction of oil source 9 CLA

(P \ 0.05) on the amount of NEFA released under basal

conditions (Fig. 3a); CLA caused an increase in NEFA

57 kDa

Crude
protein IP

Fig. 1 Immunoprecipitation with anti-perilipin antibody and then

probing with p-PKA antibody. Perilipin was identified at 57 kDa,

indicated by the arrow
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release in CO and FF-fed mice, but not in SO-fed mice.

There was also an interaction of oil source 9 CLA

(P \ 0.05) on the amount of glycerol released (Fig. 3b)

where CLA caused an increase in CO and FF-fed mice but

not SO-fed mice. There were no differences in either

NEFA or glycerol release under stimulated conditions.

The effect on NEFA release was confirmed in study 2

where there was an interaction of oil source 9 CLA

(P \ 0.05), where CLA caused an increase in NEFA

release in CO-fed mice but not in SO-fed mice (Fig. 3c). In

study 2, there was no significant effect on the amount of

glycerol released (Fig. 3d), although it followed the same

numeric trend as NEFA release. Similar to study 1 there

were no differences under stimulated conditions. Further-

more, the serum NEFA concentration did not differ

between mice fed any of the dietary treatments, although

CO-fed mice tended (P \ 0.1) to have higher serum NEFA

levels compared to the SO-fed mice (Fig. 3e).

Protein Expression

The lipolysis data indicated an effect of diet on NEFA

release, so we also determined the effect of diets on the

expression of proteins involved in lipolysis. The western

blots indicated that the total protein concentration of per-

ilipin was reduced (P \ 0.05) in CO-fed mice compared to

SO-fed mice (Fig. 4a). The activation of perilipin (con-

centration of p-perilipin) had a tendency toward an inter-

action of oil source 9 CLA (P \ 0.1), as CLA tended to

increase the amount of p-perilipin but only in SO-fed mice

(Fig. 4b). SO ? CLA-fed mice had 255% of the p-perilipin

expression found in SO-fed mice, while CO ? CLA-fed

mice had only 76% of the p-perilipin expression found in

CO-fed mice. HSL expression and activation weren’t

altered by CLA (Fig. 4c, d), but there was a decrease in

total HSL expression in CO-fed mice (P \ 0.05; Fig. 4c).

ATGL expression was also decreased in CO-fed mice

(P \ 0.01) but there was no effect of CLA (Fig. 4e).

ADRP expression was not altered (Fig. 4f).

Discussion

We have previously reported that feeding coconut oil

enhances the CLA-induced body fat loss in mice [11, 12].

This effect was again observed in the present study. Based

on the results presented here, it appears to involve CLA-

induced lipolysis in CO-fed mice. Previously, some studies

have reported that CLA enhances lipolysis in adipocyte

cultures [13]. In our study we observed an enhanced

lipolysis in response to dietary CLA but only in CO-or

FF-fed mice.

We did not detect a significant interaction of oil sour-

ce 9 CLA on body fat. This is likely due to the fact that in

the current study a body fat index was calculated, which

may not be as sensitive to changes in body fat as direct

measurements using DEXA (Dual-emission X-ray absorp-

tiometry) or whole carcass ether extractions as have been

Table 2 Effect of oil source

and/or CLA on feed intake and

body weight

1 Diets SO (7% Soy oil);

SO ? CLA (6.5% soy

oil ? 0.5% CLA); CO (7%

coconut oil); CO ? CLA (6.5%

coconut oil ? 0.5% CLA); FF

(fat free); FF ? CLA (0.5%

CLA)
2 Initial Day 0, Before CLA
day 42, Final day 52 (study 1)

or 54 (study 2)
3 Initial is feed intake

measured from day 0–7, Before
CLA day 35–42, Final day

43–52 (study 1) or 43–54 (study

2)
ab Different letters within a

row indicate significant

differences, P \ 0.05

Bold values are statistically

significant

Diets1 P values

SO SO ? CO CO ? FF FF ? SEM Oil CLA Oil 9

CLA CLA CLA CLA

Study 1

Body weight (g)

Initial2 16.05 15.77 15.89 15.77 15.39 15.83 0.5 0.85 0.97 0.74

Before CLA2 34.70 34.25 34.97 35.16 33.41 34.28 1.27 0.63 0.83 0.85

Final2 35.94 35.44 36.54 34.11 34.26 34.84 1.32 0.72 0.44 0.53

Feed intake (g/d)

Initial3 3.57 3.37 3.82 3.52 3.12 3.55 0.18 0.21 0.86 0.11

Before CLA3 5.07 4.84 4.87 4.69 5.17 4.78 0.22 0.64 0.13 0.89

Final3 5.15 4.39 5.18 4.73 4.84 4.36 0.23 0.34 0.004 0.75

Study 2

Body weight (g)

Initial2 9.62 9.42 9.58 9.53 0.07 0.65 0.09 0.33

Before CLA2 31.73 32.8 32.75 31.65 0.76 0.46 0.53 0.06

Final2 33.60ab 35.88a 35.05ab 33.31b 0.86 0.51 0.75 0.02

Feed intake (g/d)

Initial3 2.85 2.82 2.83 2.87 0.02 0.59 0.70 0.13

Before CLA3 4.05 4.21 4.33 4.41 0.11 0.03 0.27 0.67

Final3 2.88b 3.04ab 3.25a 2.99b 0.09 0.09 0.61 0.04
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used previously [11, 12]. Additionally in study 1, the mice

fed the FF diet had less body fat and hence the reduction

due to CLA supplementation in these mice was not as

pronounced. In study 2, we observed that CO diets caused a

decrease in body fat even without CLA supplementation,

which is in contrast to the previous reports [11, 12] and to

study 1 results. These mice didn’t consume as much feed or

gain as much as weight as in previous experiments [12],

which could have led to the differing results. Although, a

previous study has shown that reduction in feed intake

alone is not sufficient to explain the CLA-induced body fat

loss as mice pair-fed a control diet to the intake level of

CLA-fed mice didn’t differ in body fat compared to

ad libitum fed controls, while the CLA-fed mice were

leaner [10].

Similar to the body fat index, there was an effect of CO

itself on the expression of perilipin, HSL, and ATGL. The

reason for this effect of CO is not known but perhaps may

be related to mouse strain (ICR vs. a four strain composite

of ICR, C57BL/6, NIH Swiss, and CF-1). Although, others

have reported anti-obesity actions of coconut oil; Dulloo

et al. [26] fed mice different fat sources after a period of

energy restriction and reported that the coconut oil-fed

group had a lower body fat compared to groups fed other

high fat diets. In fact, the level of body fat and serum

cholesterol were similar to mice fed low fat diets. Others

have found that coconut oil feeding causes an increase in

uncoupling protein-1 (UCP1) expression in energy

restricted mice [27]. Therefore, the lower body fat in

coconut oil-fed mice may be due to diet-induced thermo-

genesis. The mice on study 1 and study 2 were housed

under different temperatures (22 vs 25 �C), this small

difference potentially could cause a difference in UCP

expression, but a previous study has shown that UCP

expression was not significantly different between mice

housed at 20 versus 25 �C [28]. Hence we concluded that

the different effects seen in the two studies was not likely

to be attributed to differences in housing temperature. More

likely, coconut oil has a higher content of medium chain

saturated fatty acids that would undergo oxidation at a

greater rate as compared to the fatty acids present in SO

diets [16].

We observed a CLA-induced increase in basal lipolysis

in CO-fed mice, but not SO-fed mice. This differential

effect of CLA likely contributes to the overall enhanced

body fat loss, although we cannot rule out an effect on

lipogenesis or fatty acid oxidation at this time. Although,

we have not observed any difference in total CPT activity

between CLA supplemented SO and CO-fed mice in the

muscle (unpublished data). Hence we hypothesize that

there is no difference in transport of fatty acids into the

mitochondria. There is difference in nutrient partitioning

as we have previously observed an increase in muscle

mass in CLA-fed animals [12]. The CLA-supplemented

CO diets caused an increase in NEFA release but a sig-

nificant effect on the amount of glycerol released was only

detected in study 1. This is not unexpected given that 2–5

times more NEFA were released in study 1 and glyc-

erol:NEFA exists in a 1:3 ratio, so the amount of glycerol

released was small in study 2. This is likely an effect of

feeding CLA for 12 versus 10 days, but could also be

impacted by mouse strain. Additionally, we used only

epididymal fat pads in study 1 and combined the two

depots in study 2, but no differences in the response to

CLA by the two depots were expected, based on a recent

report [23] of no differences in epinephrine-induced

lipolysis between epididymal and retroperitoneal adipo-

cytes. Also it has been shown in previous studies that

dietary CLA causes a reduction in both epididymal and

retroperitoneal fat pad weights [10].
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Fig. 2 Effect of dietary CLA and oil source on body composition.

Body fat index [(Retroperitoneal ? Epididymal fat pad weights)/body

weight] 9 100; study 1, n = 7/diet; study 2, n = 20/diet. Diets SO

(7% soy oil), SO ? CLA (6.5% soy oil ? 0.5% CLA), CO (7%

coconut oil), CO ? CLA (6.5% coconut oil ? 0.5% CLA), FF (0%

oil), FF ? CLA (0.5% CLA). a Study 1, CLA, P \ 0.001. b Study 2,

oil source, P \ 0.001; CLA, P \ 0.05. Data are shown as

means ± SEM. Different letters indicate significant differences

between treatments
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Several studies have shown that CLA causes an increase

in lipolysis [13, 14], while others have reported no effect of

CLA on lipolysis [29–31]. The responses to CLA tended to

be observed in cells that had been cultured in serum-free

media [13, 14]. Serum starving makes the cultures devoid

of fatty acids that could potentially interfere with CLA.

Explant cultures of WAT from CLA-fed pigs didn’t exhibit

enhanced lipolysis in response to CLA [29]; similar to our

SO ? CLA-fed mice, as both the pig and mouse diets were

rich in linoleic acid. Coconut oil is deficient in essential

fatty acids. Although this may be the reason for the

increased CLA interaction, we found no change in the CLA

interaction after supplementing essential fatty acids to CO

diets [12]. The CO 9 CLA interaction thus does not appear

to depend on a nutritional deficiency of essential fatty

acids. SO, however, contains large amounts of linoleic acid

(LNA), well in excess of the dietary requirement, that

perhaps interferes with the actions of CLA. LNA is con-

verted to arachidonic acid (AA) via desaturation and

elongation; AA can then be converted to PGE2 (prosta-

glandin E2) via cyclooxygenase. PGE2 has 4 cognate

receptors (EP (E-prostanoid) 1, EP2, EP3, and EP4),

Gi-coupled EP3 is expressed at[10-fold higher levels than

the other EP receptors in adipose tissue. The binding of

PGE2 to this receptor causes an inhibition of lipolysis [32].

CLA can undergo the same desaturation and elongation

forming a conjugated AA [33, 34]. The formation of con-

jugated isomers of AA from CLA could reduce the EP3

signaling, as PGE2 synthesis has been shown to be reduced

[35] and cause an increase in cAMP levels which could

stimulate lipolysis. The lack of LNA in the CO diet could

result in a greater amount of CLA being converted to

conjugated AA, which could lead to the enhancement in

CLA-induced lipolysis in CO-fed mice. This hypothesis

can be supported by our study, which showed that the

inhibition of delta 6-desaturase prevented CLA from

inducing a body fat loss [36]. Further research is needed to

identify and quantify the conjugated AA isomers formed in
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Fig. 3 Effect of dietary CLA

and oil source on lipolysis. Fat

pads were cultured for 3 h ex

vivo. Basal 0 and Stimulated
10 lM Isoproterenol; study 1,

n = 7/diet; study 2, n = 8/diet.

Diets SO (7% soy oil);

SO ? CLA (6.5% soy

oil ? 0.5% CLA); CO (7%

coconut oil); CO ? CLA (6.5%

coconut oil ? 0.5% CLA); FF

(0% oil); FF ? CLA (0.5%

CLA). a Study 1, NEFA release,

expressed as lmol/g tissue,

Basal oil 9 CLA, P \ 0.05.

b Study 1, Glycerol release,

expressed as lmol/g tissue,

Basal oil 9 CLA, P \ 0.05.

c Study 2, NEFA release,

expressed as lmol/g tissue,

Basal: oil 9 CLA, P \ 0.05.

d Study 2, Glycerol release,

expressed as lmol/g tissue.

e Study 2, Serum NEFA,

expressed as mmol/l. Data are

shown as means ± SEM.

Different letters indicate

significant differences between

treatments
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SO ? CLA (6.5% soy oil ? 0.5% CLA); CO (7% coconut oil);
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SO versus CO-fed mice supplemented with CLA, and to

determine their potential role in CLA-induced lipolysis.

We detected no differences in stimulated lipolysis,

indicating that there were no differences in the total

amount of lipases present in the cell. When lipolysis is

stimulated perilipin is phosphorylated by PKA. Phosphor-

ylated perilipin releases CGI-58, which then binds to

ATGL, activating it [17]. ATGL is a major lipase which is

known to catalyze the first step of triacylglycerol (TAG)

hydrolysis [37]. Also, when lipolysis is stimulated HSL is

phosphorylated by PKA, and activated. The p-HSL then

rapidly and specifically translocates from the cytosol to the

surface of the lipid droplets. This translocation is depen-

dent on presence of p-perilipin [17]. Based on the lipolysis

data we expected an increase in the relative expression of

p-perilipin and p-HSL. However, we found that CLA did

not increase lipolysis-associated protein expression in CO-

fed mice. Rather, CLA caused an increase in expression of

p-perilipin but only in SO-fed mice. There was no effect of

CLA on any of the other proteins. We hypothesize that the

effect of CLA is time-dependent and feeding CLA first

causes an increase in lipase activation, followed by a

decrease in the expression or activation, as this has been

reported in a cell culture study [13]. CLA supplemented to

human adipocytes caused an increase in lipolysis and in

cytosolic perilipin, indicating activation, after 12 h of CLA

supplementation. This was followed by a decrease in the

expression of perilipin and HSL at 24 h of supplementa-

tion. It is possible that after 12 days of CLA consumption

our mice were experiencing a decline in perilipin and

lipase expression. This might have also contributed to the

lowered degree of lipolysis in study 2, compared to study 1,

when the mice were fed CLA for only 10 days. In this

study we didn’t observe any effect of CLA on ADRP

expression.

The body fat lowering effect of CLA in mice has not

been fully reciprocated in humans. The exact reasons for

this are not known. One possibility maybe that the large

quantity of various PUFA in a typical human diet could

have an antagonist effect on the body-fat lowering effect

of CLA. The adequate intake levels of PUFA as deter-

mined by the Institute of Medicine’s Food and Nutrition

Board (DRI report for energy and macronutrients (2002/

2005)) is 17 g/day for males and 12 g/day for females. In

support of this, we have reported previously [11, 12] and

in the current study that the CLA-induced body fat

reduction is enhanced in CO and fat-free fed mice as

compared to SO-fed mice which have a much higher

content of PUFA.

In conclusion, coconut oil enhances the anti-obesity

effect of CLA and this effect, at least in part, appears to be

due to enhanced lipolysis. The effect of CLA on the

expression and activation of lipases and other lipolysis-

related proteins may be time-dependent and therefore, were

not clear in the current experiment. Further studies evalu-

ating the effect of different feeding durations of CLA will

be helpful in determining the mechanism of CLA action on

lipolysis.
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Abstract The aim of the study was to investigate the

effect of n-6 PUFA (maize silage/grass silage, soybean

meal and soybean oil, control) and n-3 PUFA (grass silage,

rapeseed cake and rapeseed oil, experiment) based diets on

the occurrence of rumen- and duodenal digesta trans-C18:1

and CLA isomers of German Simmental bulls. The results

based on rumen and duodenal digesta samples immediately

taken from the bulls just after slaughter. The diet affected

the occurrence of individual trans-C18:1 and CLA isomers

in the rumen and duodenal digesta in different ways. The

isomer trans-11,cis-13 CLA was detected as the most

abundant isomer in the rumen of n-3 PUFA based diet fed

bulls compared to n-6 PUFA based diet fed bulls. The

trans-7,cis-9 CLA isomer was not detected in the rumen

samples of bulls fed both diets, however abundant trans-

7,cis-9 CLA was identified and quantified in the duodenum

digesta. Both the concentration of the sum of trans-18:1

fatty acids and individual isomers in the rumen were not

affected by the diet, except trans-16-18:1. The concentra-

tion of trans-16-18:1 was significantly decreased in the

rumen of n-3 PUFA supplemented-fed bulls compared to

n-6 PUFA supplemented-fed bulls.

Keywords Rumen � Digesta � CLA isomers �
Trans-18:1 isomers � Bulls

Abbreviations

CLA Conjugated linoleic acids

DM Dry matter

PUFA Polyunsaturated fatty acid(s)

SCD Stearoyl-CoA desaturase

MFD Milk fat depression

FAME Fatty acid methyl ester(s)

HRGC High resolution gas chromatography

FID Flame ionization detector

Ag?-ion HPLC Silver ion high performance liquid

chromatography

SEM Standard error of mean

LSM Least square mean

TMR Total mixed ratio

VA Vaccenic acid

GC Gas chromatography

PDA Photodiode array

Introduction

During the biohydrogenation in the rumen microbial eco-

system, a broad range of intermediates are formed, such as

monounsaturated cis- and trans-fatty acids and conjugated

linoleic acid (CLA) isomers. It is widely recognized that

diet plays a major role in modulating fatty acid composi-

tion in ruminant meat and milk. Understanding the mech-

anisms underlying the biosynthesis of individual trans-18:1

and CLA isomers in the rumen are important because the

ruminal outflow affects the availability of these bioactive
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fatty acid isomers for incorporation into muscle and milk

[1–3]. CLA is a term used to describe a mixture including a

range of positional and geometric isomers of conjugated

octadecadienoic acids. The predominant isomer in rumi-

nant muscle is cis-9,trans-11 CLA accounting for more

than 80% of the total CLA, yet trans-10,cis-12 CLA

comprises 3–5% of the total CLA, however the occurrence

of these bioactive fatty acid isomers is also diet dependent

[4, 5]. Until now, predominantly two CLA isomers, cis-

9,trans-11 CLA and trans-10,cis-12 CLA, have been

shown to have biological activity including prevention of

different types of cancer, cardiovascular health and

improved immune response predominantly in animal

models; however, in recent human studies inconsistent

effects have been reported [6, 7]. Very recently, it has also

been shown that trans,trans CLA isomers (trans-9,trans-11

CLA, trans-10,trans-12 CLA) inhibit rat mammary

tumorigenesis through the induction of apoptosis in con-

junction with the reduction of arachidonic acid metabolites

[8]. There is much evidence that the physiological prop-

erties of CLA are isomer specific with partly opposing

effects [6–8]. Ruminant meat, milk and their products are

the major source of CLA in human diet [9, 10]. The

monounsaturated cis- and trans-fatty acids and CLA iso-

mers are formed either directly in the rumen or from pre-

cursors formed in the rumen during the biohydrogenation

of dietary PUFA. Over 10 years ago, ruminal fatty acid

metabolism was described in a classic review [11] and the

intensive research was more recently summarized [12].

Most dietary fatty acids are esterified, and they are almost

completely metabolized to free fatty acids in the rumen.

Until now not all biohydrogenation processes and pathways

are fully understood [1–3]. It is well known that the main

CLA isomer, cis-9, trans-11 CLA, is formed from different

sources. This bioactive compound can be produced in the

rumen via biohydrogenation by Butyrivibrio fibrisolvens

and other microbes, with consequent transport into tissues

and endogenous synthesized in the mammary gland of

dairy cows and ruminant adipose tissues by the conversion

of trans-11-18:1 (VA) catalysed by stearoyl-CoA desatur-

ase (SCD, EC 1.14.19.1) [13, 14]. So, VA is a major pre-

cursor in the formation of cis-9,trans-11 CLA in tissues.

The diet is the most important factor affecting the cis- and

trans-18:1 and CLA isomers profiles in different tissues

and milk of cattle. Dietary fatty acid biohydrogenation in

the rumen has a major influence on fatty acid composition

of ruminant meat and milk. The phenomenon of diet-

induced milk fat depression (MFD) has been of extensive

research interest over many years and is also actually under

investigation [1, 2, 15, 16]. MFD is associated with an

increase in the content of trans-10-18:1, and the trans-

10,cis-12 CLA is also responsible for reduced milk fat

synthesis, whereas cis-9,trans-11 CLA has no effect [1, 2,

14]. Recently, the role of protozoa in the biosynthesis of

trans-18:1 fatty acids and CLA isomers in the rumen

contents of fistulated cows was investigated [2, 17]. The

rumen protozoa are capable for synthesizing CLA isomers

from 18:2n-6, however they are incapable of metabolizing

CLA isomers further. In vitro batch incubations showed the

dynamic feature of rumen metabolism of pure 18:3n-3 and

18:2n-6 in comparison to linseed oil [18]. Investigations of

ruminal bacteria cultures revealed that the reduction of

9,11 geometric CLA isomers occurs via different mecha-

nisms compared to other unsaturated fatty acids [19].

However, until now there has been a lack of results from

in vivo studies of animals fed n-3 and n-6 PUFA-based

diets on trans-18:1 and CLA isomers occurrence in the

rumen and duodenum digesta in cattle using different GC

and additional Silver ion-HPLC (Ag?-ion HPLC) methods

[20]. A study with 25 German Simmental bulls fed n-3 and

n-6 PUFA-based diets was carried out to investigate dietary

effects on the lipid metabolism in different tissues [21, 22].

The objective of the present paper is focused on the

occurrence of trans-18:1 and CLA isomers in the rumen

and duodenal digesta by feeding diets based on n-3 PUFA

(grass silage and a concentrate containing rapeseed cake

and rapeseed oil) and n-6 PUFA (maize silage/grass silage

and a concentrate containing soybean meal and soybean

oil) of German Simmental bulls after slaughter.

Experimental Materials and Methods

Animals, Diet Treatments and Experimental Design

Twenty-five German Simmental bulls (9–10 months old,

approximately 290 kg initial weight) were assigned to

three groups in the experiment with different feeding

regimes, the control group and two experimental groups.

All the animals were housed in individual tie stalls and

offered three different dietary treatments. The details of

the experiment were recently reported [21, 22]. One

experimental group was fed a diet restricted to 1 kg of

concentrate (50%) per day during the first 112 days of the

fattening period [21]. However, the main objective of the

present paper is the effect of n-3 and n-6 PUFA based

diets on rumen digesta and duodenal digesta lipids. A diet

restriction in the fattening period approximately 250 days

before slaughter not affects the rumen digesta and duo-

denal digesta lipids after slaughter. Because of that the

animals of restricted experimental group were excluded.

In this paper the results of the control group (n = 9) and

the experimental group (n = 7) are presented (Table 1).

The control group (n = 9) were daily fed maize silage/

832 Lipids (2011) 46:831–841
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grass silage (70/30, ad libitum), 1 kg of molasses, 1 kg of

hay and concentrate including soybean meal (2 kg the

first 112 days, 2.5 kg the next 110 days and 3 kg until

slaughter). The experimental group I (n = 7) were fed

grass silage (ad libitum), 1 kg of molasses, 1 kg of hay

and concentrate (39% triticale, 22% barley, 32% rape

cake, 5% minerals, 2% rapeseed oil). Both groups have

got the same amount of hay and straw. In Table 1 fatty

acid composition of the main diet components (maize

silage/grass silage (70%/30%) and grass silage) is pre-

sented. The main fatty acids in the fat of the total mixed

ratio (TMR, control group) were 18:2n-6 (46.6%),

18:1cis-9 (23.1%), 16:0 (12.1%), 18:3n-3 (7.2%) and 18:0

(3.0%). The main fatty acids in the fat of the TMR

(experimental group) were 18:1cis-9 (35.6%), 18:2n-6

(27.0%), 18:3n-3 (8.1%), 16:0 (7.9%), and 18:0 (1.5%).

All animals were fasted with fixed time before slaughter.

The morning meal at the day before slaughter was the last

meal. The animals were slaughtered next midmorning at

approximately 620 kg live weight in the abattoir of the

Leibniz Institute for Farm Animal Biology in Dummer-

storf, Germany. The slaughter and dressing procedures

were in accordance with European Union (EU) specifi-

cations. Approximately 50 g rumen content (representa-

tive mix of whole rumen content) and 50 g duodenal

digesta (1 m after pylorus, representative mix of duodenal

digesta content) samples were taken immediately after

slaughter, and were stored frozen at –20 �C and freeze-

dried until lipid extraction.

Extraction and Methylation of Lipids

Approximately 1.5 g freeze-dried rumen and 2.0 g freeze-

dried duodenal digesta samples were taken for total lipid

extraction (triplicates). A modified direct fatty acid meth-

ylation method was used [23]. The samples were treated

with 3.5 mL toluene (containing 19:0 fatty acid methyl

ester as internal standard) and 5.25 mL of 5% methanolic

hydrochloric acid. The mixture was shaken in water bath at

70 �C for 2 h. After cooling down to room temperature,

methyl esters of total fatty acids (FAME) were extracted

with 3.5 mL n-hexane in the presence of 8.75 mL 6%

K2CO3 solution and mixed with a vortex mixer. After

centrifugation (1230g for 5 min at 4 �C), toluene phase

was separated and transferred to a new tube. Then, 1 g

Na2SO4 and activated charcoal were added and stored at

4 �C overnight until disappearance of the yellow color in

the extracts. Samples were centrifuged at 800g for 2 min at

4 �C, filtered and evaporated with a gentle N2 stream to

dryness. For high resolution gas chromatography (HRGC)

analysis, rumen samples were resolved with 500 lL n-heptane

and duodenal digesta samples with 200 lL n-heptane.

Table 1 Experimental design

and fatty acid composition of

the diets, part of the experiment

[21, 22]

a Expressed on dry matter basis
b Percentage of total fatty acids

Control group (n = 9) Experimental group (n = 7)

Initial age (d) 283.73.41 277.13.41

Initial weight (kg) 295.19.54 284.09.54

Diet Maize silage/grass silage (70%/30%,

ad libitum), sugar beet pulp,

concentrate containing 20% soybean

meal and 2% soybean oil

Grass silage (ad libitum), sugar beet

pulp, concentrate containing 32%

rapeseed cake and 2% rapeseed oil

Chemical compositiona Maize silage/grass silage (70%/30%) Grass silage

Crude protein 11.3 20.1

Crude fat 3.9 3.6

Crude ash 7.8 14.1

ADF 20.2 22.3

Fatty acidsb

14:0 0.36 0.62

16:0 15.7 18.9

18:0 2.2 1.7

18:1cis-9 19.8 3.4

18:2n-6 47.1 22.5

18:3n-3 8.3 43.6

PUFA 56.8 68.8

n-3 FA 8.7 44.7

n-6-FA 48.0 24.0

Ratio n-6/n-3 FA 5.5 0.54

Lipids (2011) 46:831–841 833
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For Ag?-HPLC analysis, both rumen and digesta samples

were resolved with 200 lL n-heptane.

Separation of Total Fatty Acid and Trans-18:1 Isomers

by HRGC

A Perkin Elmer gas chromatograph Autosys XL was used

and equipped with a flame ionization detector (FID), split

injection and TotalChrom software (Perkin Elmer Instru-

ments, Shelton, USA). The fatty acid composition of the

FAME extract samples was determined on a CP SIL 88

100 m 9 0.25 mm 9 0.25 lm capillary column (Chrom-

pack-Varian, USA). The initial oven temperature was

150 �C, held for 5 min, subsequently increased to 175 �C

at a rate of 2 �C min-1 to 200 �C, held for 10 min, then at

1.5 �C min-1 to 225 �C and held for 25 min. Hydrogen

was used as the carrier gas at a flow rate of 1 ml min-1.

The split ratio was 1:20; the injector was set at 260 �C and

the detector at 280 �C [24]. A combination of two HRGC

temperature programs with the above-mentioned capillary

column was used for the separation and identification of

trans-18:1 isomers in rumen and digesta extracts as

recently described for milk fat [25]. By the use of only one

GC time program the problem of overlapping of some

trans- and cis-18:1 isomers remains and the correct iden-

tification and quantification of individual isomers cannot be

achieved [25]. The details of first temperature program:

initial oven temperature was 45 �C, held for 4 min, then

increased to 150 �C at a rate of 13 �C min-1, held for

47 min, then to 215 �C at a rate of 4 �C min-1, held for

35 min. The use of the time program with the plateau at

150 �C permits the correct identification of trans-4-18:1,

trans-5-18:1, trans-6/7/8-18:1, trans-10-18:1 and trans-11-

18:1 isomers. The second temperature program: initial

oven temperature was 45 �C, held for 4 min, then

increased to 175 �C at a rate of 13 �C min-1, held for

27 min, then to 215 �C at a rate of 4 �C min-1, held for

35 min. The use of the time program with the plateau at

175 �C permits the correct identification of trans-12-18:1,

trans-13/14-18:1, trans-15-18:1 and trans-16-18:1 isomers.

Injector temperature was kept at 260 �C, and detector at

280 �C. Hydrogen was used as carrier gas at a flow rate of

1 mL min-1. The injection volume was 1 lL for rumen

samples and 2 lL for digesta samples. The split ratio was

1:19.2. The concentrations were calculated by internal

standard method and 19:0 was used as internal standard.

Separation and Identification of CLA Isomers

by Ag?-HPLC

Identification and quantification analysis of the CLA iso-

mers in rumen and digesta extracts was performed by Ag?-

ion HPLC involved an HPLC system (LC 10A, Shimadzu,

Japan) equipped with a pump (LC-10AD VP), auto sampler

(SIL-10AF), 50 lL injection loop, a photodiode array

detector (SPD-M 10Avp, Shimadzu, Japan), and a Shima-

dzu CLASS-VP software system (Version 6.12 SP4). Four

ChromSpher 5 Lipids analytical silver ion-impregnated

columns (4.6 mm i.d. 9 250 mm stainless steel; 5 lm

particle size; Chrompack-Varian, USA) were used in ser-

ies. The mobile phase (0.1% acetonitrile in n-hexane) was

prepared fresh daily and pumped at a flow rate of 1.0 mL/

min as described in detail before [4, 20]. The injection

volume was 50 lL, since the content of minor CLA iso-

mers in rumen and duodenal digesta was low. The detector

was operated at 233 nm to identify CLA isomers based the

measurement of integrated area under the 233 nm peaks

attributed to conjugated dienes. The identification of CLA

isomers was made by the retention time of individual CLA

methyl esters (cis-9,trans-11 CLA, trans-9,trans-11 CLA,

trans-10,cis-12 CLA, cis-9,trans-11 CLA, cis-9,cis-11

CLA and cis-11,trans-13 CLA). The external calibration

plots of the standard solutions were adapted to different

concentration levels of individual CLA isomers in the lipid

extracts, recently in detail described [4].

Reagents

A reference standard ‘Sigma-FAME mixture’ was obtained

from Sigma-Aldrich (Deisenhofen, Germany). Addition-

ally, individual methyl esters of 18:4n-3, 22:4n-6, 22:5n-3

and the individual isomers of CLA methyl esters (CLA-

ME), cis-9,trans-11 CLA, trans-9,trans-11 CLA, trans-

10,cis-12 CLA, cis-9,cis-11 CLA and cis-11,trans-13 CLA

(as a free fatty acid) were purchased from Matreya

(Pleasnet Gap, United States). Methyl esters of trans-11-

18:1 and cis-11-18:1 were purchased from Larodan Fine

Chemicals (Malmö, Sweden). Additional, trans-6 and

trans-13-18:1 FAME was purchased from Nu-Check Prep

(MN, USA). All solvents used for GC and Ag?-HPLC

were HPLC grade from Lab-Scan (Dublin, Ireland). The

derivatization reagents, sodium methylate and boron tri-

fluoride/methanol (14% w:v), were respectively obtained

from Fluka (Buchs, Switzerland) and from Sigma-Aldrich

(Deisenhofen, Germany).

Statistical Analysis

Statistical data analysis was conducted by one-way analy-

sis of variance with fixed factor feed (three feeding groups)

using the GLM procedure of SAS�/STAT software (Ver-

sion 9.2, SAS Inst. Inc.,Cary, NC, 2008). All data were

expressed as least squares means (LSM) and the standard

error (SEM) of the LSM. Statistical significance was con-

sidered at P \ 0.05.
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Results

Trans-18:1 and CLA Isomer Concentrations

in the Rumen and Duodenal Digesta of Bulls Fed n-3

and n-6 PUFA-Based Diets

Generally, the sum of trans-18:1 isomer concentrations

were up to approximately 60 times higher compared to sum

CLA isomer concentrations in the rumen and duodenal

digesta of differently fed German Simmental bulls. The

trans-18:1 isomer concentration in Tables 2 and 3 based on

mg/100 g dry matter (DM) and CLA isomers concentration

based on lg/100 g DM. The most abundant isomer was

trans-11-18:1 (VA), however, no dietary effect was

detected. The concentration of the sum and individual

trans-18:1 isomers in the rumen was not affected by the

diet, except only one individual trans isomer, trans-16-

18:1. The concentration of trans-16-18:1 was significantly

decreased in the rumen of the experimental group com-

pared to control group. There was a tendency for increasing

concentrations of trans-6/7/8-18:1, trans-10-18:1, trans-

11-18:1 from control group to experimental group, how-

ever without statistical significance. There was a large

variation of trans-18:1 data in the duodenal digesta and the

sum of trans-18:1 fatty acids was significantly lower,

compared to the rumen (Tables 2, 3). The individual and

sum of trans-18:1 isomers showed no dietary effects.

Trans-4,-5- and trans-13/14-18:1 was not detected in

duodenal digesta samples according to the used sample

preparation method.

Up to eleven individual CLA isomers were detected and

quantified in rumen and duodenal digesta samples of the

different diet groups (Table 2, 3). The isomers, trans-8,cis-

10 CLA and trans-7,cis-9 CLA were not detected in the

rumen whether in animal of the control or the experimental

group (Table 2). The minor isomer trans-7,trans-9 CLA

was below the detection limit (\1 lg/100 g DM) in the

rumen of control animals (Table 2). The CLA isomer

distribution pattern in the rumen of German Simmental

bulls fed n-3 and n-6 PUFA-based diets was significantly

affected. The main isomer in the rumen content was trans-

11,cis-13 CLA, and it was significantly increased in the

experimental group compared with control group. The

second abundant CLA isomer was cis-9,trans-11 CLA

showing no dietary effect, however in tendency higher

concentrations in the experimental group. The third abun-

dant CLA isomer was trans-11,trans-13 CLA, and com-

pared to the control group, the concentration of this isomer

increased significantly in the experiment diet group. Trans-

10,cis-12 CLA was decreased by experimental feeding,

however not reached statistical significance because of a

high data variation (Table 2). The sum of CLA concen-

trations in the duodenal digesta of all animals was

significantly lower compared to the rumen sum CLA

concentrations. However, also the CLA isomer distribution

pattern in duodenal digesta was affected by different diet

systems. Contrary to that in the rumen, the main isomer in

duodenal digesta samples was cis-9, trans-11 CLA, and the

experiment diet resulted in a significant increase in this

isomer compared to the control group (Table 3). The sec-

ond most abundant CLA isomers in duodenal digesta

samples were trans-11,trans-13 CLA, trans-9,trans-11

CLA and trans-11,cis-13 CLA. The concentration of trans-

11,cis-13 CLA was significantly higher in the duodenal

digesta of the experimental group. The isomers cis-

11,trans-13 CLA and trans-7,cis-9 CLA were in tendency

decreased in experimental group compared to control

group, however the values did not reach statistical signif-

icance. No dietary effects were detected for all identified

trans,trans CLA isomers. Trans-7,trans-9 CLA and cis-

12,trans-14 CLA were below the detection limit (\1 lg/

100 g DM) in digesta samples of both feeding groups

(Table 3).

Total Fatty Acid Concentration in the Rumen

and Digesta of Bulls Fed n-3 and n-6 PUFA-Based

Diets

The total fatty acid composition (mg/100 g DM) in the

rumen and duodenal digesta contents of differently fed

German Simmental bulls after slaughter is given in

Tables 4 and 5. The concentration of the saturated fatty

acids (12:0, 14:0, 16:0 and 16:0) in the rumen of the

bulls of the experimental group had a tendency to

decrease compared to the corresponding concentration of

SFA in the control group, however, without statistical

significance. Only, the content of 20:5n-3 in the rumen of

the experimental group increased significantly compared

to control group (Table 4). There was no significant

dietary effect on concentration of other fatty acids in the

rumen digesta. There was a large individual data varia-

tion, and the total concentration of fatty acids in the

duodenal digesta was much lower compared to the rumen

(Table 5). The content of 22:5n-3 in duodenal digesta of

the animals of the experimental group increased signifi-

cantly, compared to the control group. There was a

declining tendency of n-6/n-3 fatty acid ratio from con-

trol group to the experimental group without significant

relevance.

Discussion

Bioactive fatty acids that escape the rumen via the duo-

denal digesta, either in unmodified forms or intermediates
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of incomplete ruminal biohydrogenation of dietary lipids,

have a significant potential to improve the nutritional value

of ruminant foods. Investigation of metabolic pathways for

the formation of trans-18:1 and CLA isomers in the rumen

and duodenal digesta could help to explain the endogenous

synthesis and post ruminal deposition of these bioactive

fatty acids in muscle tissues and milk. Research on

mechanisms of ruminal biohydrogenation of 18:2n-6 or

18:3n-3 has been most focused with regard to milk fat

synthesis in dairy cows [1, 15, 26, 27]. However, investi-

gations into the occurrence of trans-18:1 and CLA isomers

in the rumen and duodenum digesta of bulls fed 18:2n-6 or

18:3n-3 PUFA-based diets were only sparsely described.

The occurrence of CLA isomers in the rumen and digesta

of German Holstein bulls compared pasture with indoor

feeding has been recently described by Dannenberger et al.

[20], however, not with regard to trans-18:1 isomers. It has

to take into account in the following discussion that the

rumen and duodenal digesta samples of the present study

with German Simmental bulls were taken at slaughter only.

The trans-18:1 and CLA isomer contribution in the rumen

and duodenal digesta is a reflection of the diet of the last

few days prior to slaughter.

The major pathway of 18:2n-6 metabolism in the rumen

involves the formation of cis-9,trans-11 CLA as the initial

intermediate by isomerization, then this isomer is subse-

quently reduced via VA to 18:0 [11]. The dynamic feature

of rumen metabolism of pure 18:2n-6 and in in vitro batch

incubations showed the predominantly formation of trans-

10-18:1, cis-12-18:1, cis-9,trans-11 CLA, trans-10,cis-12

CLA, cis-10,trans-12 CLA, trans-9,trans-11 CLA [18].

The sum of the two main trans-18:1 isomers (trans-10 and

VA) accounted for approximately 50% of the total 18:1

isomers. The sum of the two main CLA isomers in the in

vitro investigations (cis-9,trans-11 CLA and trans-10,cis-

12 CLA) accounted for about 50% of the total 18:2

Table 2 Trans-18:1 fatty acids

and CLA isomers concentration

in the rumen of German

Simmental bulls fed n-3 and n-6

PUFA-based diets (trans-18:1

isomers in mg/100 g DM, CLA

isomers in lg/100 g DM)

Different small letters denote

significant differences between

groups (P \ 0.05)

DM dry matter, LSM least

square means, SEM standard

error of mean, n.d. not

detectable
A trans-11-18:1

Fatty acid Control group (n = 9) Experimental group (n = 7) Significance

LSM SEM LSM SEM

trans-18:1 isomers

trans-4-18:1 n.d. n.d.

trans-5-18:1 n.d. n.d.

trans-6/7/8-18:1 2.64 1.00 4.07 1.07 0.3443

trans-9-18:1 3.74 0.68 3.88 0.73 0.8936

trans-10-18:1 3.68 0.95 4.55 1.02 0.5441

trans-11-18:1 26.61 3.20 29.56 3.43 0.5400

trans-12-18:1 5.33 1.18 4.09 1.26 0.4826

trans-13/14-18:1 12.42 2.61 12.13 2.78 0.9401

trans-15-18:1 5.29 0.88 4.75 0.93 0.6817

trans-16-18:1 5.05a 0.78 1.52b 0.82 0.0008

R trans-18:1 isomers 64.78 9.93 64.55 10.62 0.9883

tr,tr isomers

trans-12,trans-14 CLA 43.44 11.44 38.26 12.23 0.7621

trans-11,trans-13 CLA 124.33a 27.64 209.46b 29.55 0.0455

trans-10,trans-12 CLA 35.45 10.54 47.01 11.26 0.4669

trans-9,trans-11 CLA 47.21 15.16 64.75 16.20 0.4437

trans-8,trans-10 CLA 19.93 3.98 13.64 4.26 0.2999

trans-7,trans-9 CLA n.d. 5.78 2.33

tr,cis; cis,tr isomers

cis-12,trans-14 CLA 13.56a 3.89 29.82b 4.17 0.0137

trans-11,cis-13 CLA 388.92a 102.40 731.28b 109.48 0.0400

cis-11,trans-13 CLA 4.16 0.88 6.59 1.02 0.0978

trans-10,cis-12 CLA 144.77 75.91 45.13 81.15 0.3862

cis-9,trans-11 CLA 273.01 50.46 316.54 53.94 0.5658

trans-8,cis-10 CLA n.d. n.d.

trans-7,cis-9 CLA n.d. n.d.

R CLA 1094.80 225.65 1505.69 241.24 0.2355

VAA/cis-9,trans-11 CLA ratio 82.05 14.41 105.30 16.74 0.2480
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intermediates [18]. Also, investigations of in vitro studies

of ovine rumen samples and pure bacteria incubated with

18:2n-6 yield the main CLA isomers cis-9,trans-11 CLA,

trans-10,cis-12 CLA, trans-9,trans-11 CLA with traces of

trans-9,cis-11 CLA and cis-10,cis-12 CLA [28]. Further

investigations of ruminal bacteria cultures revealed that the

reduction of 9,11 geometric CLA isomers occurs via dif-

ferent mechanisms compared to other unsaturated fatty

acids [19]. Recently, beside the bacterial metabolism the

contribution of protozoa in the biosynthesis of trans-18:1

fatty acids and CLA isomers in the rumen was investigated

[2, 17]. Protozoa only isomerizes 18:2n-6 to cis-9,trans-11

CLA, trans-9,cis-11 CLA, trans-10,cis-12 CLA, trans-

9,trans-11 CLA, and trans-10,trans-12 CLA, however,

these isomers were not further metabolized. Additionally,

bacteria in the rumen produce two cis,cis CLA isomers

(cis-10,cis-12 CLA, cis-9,cis-11 CLA) and these isomers

are biohydrogenated to trans-18:1 isomers and 18:0 [2, 17].

The results of the present in vivo study with German

Simmental bulls fed 18:2n-6 or 18:3n-3 PUFA-based diets

confirmed the results of the occurrence of the predomi-

nantly formed trans-18:1 and CLA isomers from the in

vitro studies mentioned above, except cis,cis CLA isomers.

In contrast to the previous in vitro studies based only on

GC investigations, the present study involved two different

GC methods and an Ag?-HPLC method for correct isomer

identification of trans-18:1 and CLA isomers. By the use of

the latter HPLC method the correct CLA isomer identifi-

cation was achieved in rumen and duodenal digesta sam-

ples (Fig. 1).

Contrary to the in vitro studies based on GC measure-

ments, the Ag?-HPLC measurements in this study did not

show the occurrence of cis,cis CLA isomers in the rumen

samples. The peaks detected in the retention time region of

the cis,cis CLA isomers in standard solution of the chro-

matograms did not show UV-spectra typical of cis,cis CLA

Table 3 Trans-18:1 and CLA

isomers concentration in the

duodenal digesta of German

Simmental bulls fed n-3 and n-6

PUFA-based diets (trans-18:1

isomers in mg/100 g DM, CLA

isomers in lg/100 g DM)

Different small letter

superscripts denote significant

differences between groups

(P \ 0.05)

DM dry matter, LSM least

square means, SEM standard

error of mean, n.d. not

detectable
A trans-11-18:1

Fatty acid Control group (n = 9) Experimental group (n = 7) Significance

LSM SEM LSM SEM

trans-18:1 isomers

trans-4-18:1 n.d. n.d.

trans-5-18:1 n.d. n.d.

trans-6/7/8-18:1 0.15 0.09 0.24 0.10 0.5083

trans-9-18:1 0.22 0.11 0.25 0.13 0.8417

trans-10-18:1 0.31 0.13 0.29 0.15 0.9214

trans-11-18:1 1.11 0.71 1.29 0.81 0.8684

trans-12-18:1 0.43 0.18 0.26 0.22 0.5595

trans-13/14-18:1 n.d. n.d.

trans-15-18:1 0.21 0.12 0.18 0.13 0.8976

trans-16-18:1 0.45 0.20 0.47 0.23 0.9454

R trans FA 2.88 1.46 2.95 1.66 0.9730

tr,tr isomers

trans-12,trans-14 CLA 2.02 0.59 3.26 0.67 0.1827

trans-11,trans-13 CLA 11.42 1.77 11.13 2.00 0.9148

trans-10,trans-12 CLA 2.57 1.10 4.55 1.25 0.2570

trans-9,trans-11 CLA 4.65 4.13 16.20 5.06 0.1000

trans-8,trans-10 CLA 2.08 0.64 2.17 0.72 0.9250

trans-7,trans-9 CLA n.d. n.d.

tr,cis; cis,tr isomers

cis-12,trans-14 CLA n.d. n.d.

trans-11,cis-13 CLA 4.01a 1.78 10.41b 2.02 0.0323

cis-11,trans-13 CLA 6.36 1.53 3.96 1.74 0.3187

trans-10,cis-12 CLA 3.05 1.21 3.53 1.38 0.7974

cis-9,trans-11 CLA 12.69a 4.26 28.75b 4.83 0.0257

trans-8,cis-10 CLA 1.69 0.58 2.58 0.66 0.3233

trans-7,cis-9 CLA 2.26 0.59 1.68 0.67 0.5320

R CLA 52.80 12.27 85.92 13.91 0.0960

VAA/cis-9,trans-11 CLA ratio 33.15 6.78 27.13 7.12 0.7608
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isomers using PDA detector and were not identified as

cis,cis CLA isomers, also described in our earlier study with

German Holstein bulls [20]. The rumen biohydrogenation of

the CLA isomers to trans-10-18:1 and trans-11-18:1 yields

between 47 and 53% of the total trans-18:1 isomers without

significant differences between the different groups.

Ruminal biohydrogenation of 18:3n-3 is not fully

understood compared to that of 18:2n-6 [2, 28]. In vitro

incubations with 18:3n-3 resulted predominantly in VA,

trans-13/14-18:1, trans-11,cis-13 CLA, trans-11,trans-13

CLA, cis-11,trans-13 CLA and conjugated linolenic iso-

mers compared to 18:2n-6 incubations [2, 18]. After 24 h

incubation of 18:3n-3 the biohydrogenation yielded mainly

in trans-18:1 isomers and lower in the final product (18:0) of

this process [18]. Also, these findings based on GC

measurements correspond to the results of our feeding

experiment with German Simmental bulls. N-3 PUFA based

diet (experimental group) resulted in significant higher

concentration of predominantly trans-11,cis-13 CLA and

trans-11,trans-13 CLA determined by the use of Ag?-

HPLC in the rumen of bulls compared to bulls of the control

group. It was shown that cis-9,trans-11 CLA is rapidly

metabolized, while VA accumulates during biohydrogena-

tion of PUFA in the rumen as shown by Piperova et al. [29].

The ratio of VA to cis-9,trans-11 CLA in the rumen of the

present study was high and ranged between 82-105:1,

however, not diet dependent (Table 2). This high ratio of

VA to cis-9,trans-11 CLA in the rumen is supported by other

studies [20, 29]. The complete biohydrogenation in the

rumen of the diet groups seems not affected by the diet,

Table 4 Total fatty acid concentration in the rumen of German Simmental bulls fed n-3 and n-6 PUFA-based diets (mg/100 g DM)

Fatty acid Control (n = 9) Experiment (n = 7) Significance

LSM SEM LSM SEM

12:0 2.04 0.46 0.97 0.49 0.1332

14:0 24.43 6.68 9.46 7.14 0.1499

16:0 138.22 19.49 106.15 20.84 0.2814

16:1 3.85 0.68 2.14 0.73 0.1097

18:0 441.05 63.71 345.80 68.10 0.3257

cis-9-18:1 14.41 2.70 17.88 2.89 0.3974

cis-11-18:1 3.63 0.61 4.38 0.65 0.4129

18:2n-6 18.71 3.24 18.07 3.47 0.8945

18:3n-3 1.35 0.28 1.14 0.30 0.6282

20:4n-6 0.29 0.09 0.18 0.11 0.4865

20:5n-3 1.35a 0.31 2.88b 0.33 0.0048

22:4n-6 0.37 0.10 0.22 0.11 0.3644

22:5n-3 1.19 0.30 0.87 0.32 0.4883

22:6n-3 0.32 0.09 0.60 0.10 0.0633

R SFAA 657.20 96.81 508.33 103.49 0.3126

R UFAB 129.44 19.96 130.56 21.34 0.9700

R PUFAC 26.37 4.27 27.15 4.57 0.9030

n-3FAD 5.02 0.82 6.38 0.88 0.2827

n-6 FAE 19.77 3.37 18.95 3.60 0.8706

n-6/n-3 ratio 4.06 0.44 3.05 0.47 0.1432

R FAF 786.64 114.05 638.89 121.93 0.3922

Different letters denote significant differences between groups (P \ 0.05)

DM dry matter, LSM least square means, SEM standard error of mean
A Sum of C10:0 ? C11:0 ? C12:0 ? C13:0 ? C14:0 ? C15:0 ? C16:0 ? C17:0 ? C18:0 ? C20:0 ? C21:0 ? C22:0 ? C23:0 ? C24:0
B Sum of C14:1 ? C15:1 ? C16:1 ? C17:1 ? C18:1t ? C18:1c9 ? C18:1c11 ? C18:2t ? C18:2 n-6 ? C18:3 n-3 ? C18:4 n-3 ? C20:3

n-6 ? C20:4 n-6 ? C20:5 n-3 ? C22:1 ? C22:4 n-6 ? C22:5 n-3 ? C22:6 n-3 ? c9.tr11CLA ? C18:3 n-6 ? C20:2 n-6 ? C20:3

n-3 ? C22:2 n-6 ? C24:1
C Sum of C18:2t ? C18:2 n-6 ? C18:3 n-3 ? C18:4 n-3 ? C20:3 n-6 ? C20:4 n-6 ? C20:5 n-3 ? C22:1 ? C22:4 n-6 ? C22:5

n-3 ? C22:6 n-3 ? c9,tr11CLA ? C18:3 n-6 ? C20:2 n-6 ? C20:3 n-3 ? C22:2 n-6
D Sum of C20:3n-3 ? C22:6n-3 ? C22:5n-3 ? C20:5n-3 ? C18:4n-3 ? C18:3n-3
E Sum of C22:2n-6 ? C20:2n-6 ? C18:3n-6 ? C22:4n-6 ? C20:3n-6 ? C18:2n-6 ? C20:4n-6
F Sum SFA ? UFA
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Table 5 Total fatty acid

concentration in the duodenal

digesta of German Simmental

bulls fed n-3 and n-6 PUFA-

based diets (mg/100 g DM)

For footnotes see Table 4

Fatty acid Control (n = 9) Experiment II (n = 7) Significance

LSM SEM LSM SEM

12:0 0.39 0.19 0.61 0.21 0.4606

14:0 3.91 1.83 5.83 2.07 0.4984

16:0 11.77 6.74 12.39 7.65 0.9520

16:1 0.64 0.26 0.40 0.29 0.5468

18:0 25.54 13.62 20.91 15.44 0.8257

cis-9-18:1 8.18 3.74 8.10 4.24 0.9876

cis-11-18:1 0.76 0.38 0.76 0.43 0.9988

18:2n-6 21.19 11.47 15.48 13.01 0.7470

18:3n-3 2.60 1.60 3.70 1.81 0.6557

20:4n-6 3.32 1.43 2.06 1.65 0.5743

20:5n-3 0.48 0.35 1.14 0.40 0.2378

22:4n-6 0.44 0.18 0.79 0.19 0.2061

22:5n-3 0.44a 0.37 1.88b 0.42 0.0220

22:6n-3 0.70 0.22 0.73 0.26 0.9183

R SFAA 48.85 22.98 48.94 26.05 0.9978

R UFAB 47.85 23.43 46.78 26.57 0.9763

R PUFAC 30.33 15.58 27.34 17.67 0.9009

n-3FAD 17.52 7.92 19.43 8.298 0.8751

n-6 FAE 26.07 13.54 19.83 15.36 0.7650

n-6/n-3 ratio 0.94 0.15 0.76 0.18 0.4600

R FAF 96.70 46.23 95.73 52.42 0.9890
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Fig. 1 CLA isomers in rumen

content (a) and duodenal digesta

(b) of German Simmental bulls

of an experimental group

(partial Ag?-HPLC/DAD

chromatograms, detected at

233 nm)
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because the concentrations of the final product of rumen

biohydrogenation 18:0 showed no significant differences

between both groups (Table 4). The total trans-18:1 and

CLA isomers concentrations in the duodenal digesta of

slaughtered bulls were approximately 22 and 19 times

lower, respectively, compared to the corresponding con-

centrations in the rumen. This is not in agreement with

another bull experiment where approximately 1.4-fold

higher CLA isomer concentration was measured in the

duodenal digesta compared to the rumen [20]. In contrast,

the total trans-18:1 concentration was up to 3.9 times higher

in the rumen compared to duodenal digesta [20]. A more

detailed discussion was complicated by a lack of available

data in the literature using complimentary GC techniques

and an additional Ag?-HPLC method. Furthermore, the

CLA isomer distribution pattern in duodenal digesta was

totally different compared to the rumen. In the duodenal

digesta, cis-9,trans-11 CLA, the second most abundant

isomer in the rumen, occurred as the main CLA isomer in the

duodenal digesta with significant higher concentrations in

the experimental group. The comparison of VA/cis-9,trans-

11 CLA ratio in the rumen and duodenal digesta pointed to a

predominantly production of VA in the rumen (82-105:1,

Table 2). In contrast, the VA/cis-9,trans-11 CLA ratio in

the duodenum digesta revealed higher amounts of cis-

9,trans-11 CLA resulting in lower ratio compared to the

rumen (27-33:1, Table 3). The study of Piperova et al. [29]

investigated the duodenal trans-18:1 and CLA isomers in

lactating dairy cows found similar VA/cis-9,trans-11 CLA

ratio. However, no comparable investigation has been con-

ducted in the rumen of lactating dairy cows. One probably

explanation for the higher cis-9,trans-11 CLA concentration

in the duodenal digesta could be that the collected samples

include bile and pancreatic juice because the sample-taking

was 1 m after the pylorus and both the bile and the pan-

creatic duct open less than 1 m after the pylorus. Another

explanation could be the conversion of VA to cis-9,trans-11

CLA catalyzed by the SCD enzyme in the duodenal digesta.

Archibeque et al. [30] found a high SCD enzyme activity in

duodenal mucosal tissue of beef steers fed with different

grains [30]. However, until now it remains unclear if the

SCD enzyme in the duodenal mucosal tissue is involved in

the conversion of VA to cis-9,trans-11 CLA. Generally,

cis-9,trans-11 CLA, known as the main isomer in beef

muscle, resulting most likely from the endogenous biosyn-

thesis via SCD enzyme activity of ruminally formed VA

[13, 15]. Furthermore, the isomers trans-7,cis-9 CLA and

trans-8,cis-10 CLA including their geometrical isomers

occurred in the duodenal digesta samples, but were not

detected in the rumen (Fig 1). Consistent with this result, the

trans-7,cis-9 CLA and trans-8,cis-10 CLA isomers were not

present in the fatty acids isolated from the rumen fluid of

lactating dairy cows [29]. To our knowledge, it seems

unclear if the formation of these CLA isomers from the

corresponding trans-18:1 isomers is based on the activity of

SCD enzyme in the duodenal mucosal tissue [30] or other

mechanisms in the duodenal digesta. The present results

were supported by other studies investigating the reduction

of trans-7,cis-9 CLA concentrations in milk by the use of

SCD inhibitors [29, 31]. Taking into account that the inhi-

bition of SCD is not complete, the authors measured

endogenous synthesis rates of trans-7,cis-9 CLA between

85 and 100% in milk fat and concluded that this CLA isomer

is biosynthesized almost exclusively from endogenous

synthesis via SCD [31].

The results indicated that the diet-dependent occurrence

of predominantly CLA isomers in rumen and duodenal

digesta gives us the opportunity to regulate the post ru-

minal deposition of bioactive fatty acids in tissue lipids.
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Abstract In ruminants, cis and trans C18:1 isomers are

intermediates of fatty acid transformations in the rumen

and their relative amounts shape the nutritional quality of

ruminant products. However, their exact synthetic path-

ways are unclear and their proportions change with the

forage:concentrate ratio in ruminant diets. This study

traced the metabolism of vaccenic acid, the main trans

C18:1 isomer found in the rumen, through the incubation of

labeled vaccenic acid with mixed ruminal microbes adap-

ted to different diets. [1-13C]trans-11 C18:1 was added to

in vitro cultures with ruminal fluids of sheep fed either a

forage or a concentrate diet. 13C enrichment in fatty acids

was analyzed by gas-chromatography-mass spectrometry

after 0, 5 and 24 h of incubation. 13C enrichment was found

in stearic acid and in all cis and trans C18:1 isomers.

Amounts of 13C found in fatty acids showed that 95% of

vaccenic acid was saturated to stearic acid after 5 h of

incubation with the concentrate diet, against 78% with the

forage diet. We conclude that most vaccenic acid is satu-

rated to stearic acid, but some is isomerized to all cis and

trans C18:1 isomers, with probably more isomerization in

sheep fed a forage diet.

Keywords Vaccenic acid � Isomerization �
C18:1 isomers � Biohydrogenation � Rumen microbes �
Fatty acids � Forage:concentrate ratio

Abbreviations

DMDS Dimethyl disulfide

FA Fatty acid(s)

FAME Fatty acid methyl ester(s)

GC–FID Gas chromatography–flame ionization

detection

GC–MS Gas chromatography–mass spectrometry

Introduction

In ruminants, dietary fatty acids (FA) are extensively

hydrogenated and isomerized by rumen microbes. These

transformations directly determine milk and meat FA

composition, which is a criterion of the nutritional quality of

the products [1]. Ruminal contents contain numerous C18:1

isomers (from cis-6 to cis-15 and from trans-6 to trans-16),

which relative proportions depend on diet composition [2].

However, the detailed production pathways of all the C18:1

isomers found in the rumen are unclear. Recently Shingfield

[3] reviewed studies on ruminal biohydrogenation and

advanced some hypotheses on the production of many

C18:1 isomers from the biohydrogenation of oleic, linoleic

and linolenic acids. More specifically, Mosley et al. [4] and

Proell et al. [5] found that cis-9 and trans-9 C18:1 were not

only hydrogenated to stearic acid, but were also isomerized

to several positional and geometric isomers. However, little

is known about the metabolization of other C18:1 isomers

in ruminants or about the share of these metabolized FA

between stearic acid and C18:1 isomers. As vaccenic acid
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(trans-11 C18:1) is the main trans C18:1 isomer present in

the rumen [6], we undertook to study its isomerization and

biohydrogenation pathways. As the forage:concentrate ratio

of the diet modifies the ruminal FA profile and biohydro-

genation [7, 8], as well as the rumen microbial community

[9], we also examined whether this ratio modified the

isomerization and biohydrogenation pathways of vaccenic

acid. For this purpose, rumen fluid from sheep fed two

contrasting diets was incubated with [1-13C]trans-11 C18:1

during 24 h and the appearance of 13C was traced in stearic

acid and in the C18:1 isomers.

Materials and Methods

Experimental Design

Four adult sheep at maintenance, weighing on average

62 kg and fitted with ruminal cannulas were used as donors

of ruminal contents. Animal surgery and care complied

with the Guide for the Care and Use of Laboratory Animals

[10]. Two sheep received a forage diet (F) composed of

100% meadow hay. The other two sheep were progres-

sively switched to a concentrate diet (C) composed of 40%

meadow hay and 60% barley pellets. The sheep were fed

1,200 g dry matter per day in two equal meals. The ruminal

contents were collected after 2 weeks of adaptation to the

diets. On 3 days (three replicates), 250 mL of ruminal

contents were collected before the morning meal, pooled

by diet and immediately transferred to the laboratory for in

vitro incubation.

In Vitro Incubations

For each of the three replicates, two series of incubators

(F and C) were prepared for the ruminal contents of sheep

fed the F and C diets. Each series contained three control

incubators (without labeled vaccenic acid) and three

experimental incubators (with labeled vaccenic acid), cor-

responding to the three incubation times (0, 5 and 24 h).

Each incubator was a 120-mL bottle containing 500 mg of

substrate (50% meadow hay, 50% barley pellets) and

25 mL of Simplex buffer [11] prewarmed to 39 �C. The

control incubators received 250 lL of pure ethanol. The

experimental incubators received 5 mg of [1-13C]trans-11

C18:1 in 250 lL of pure ethanol [4]. [1-13C]trans-11 C18:1

(chemical purity [95%, isotopic enrichment [99%) was

synthesized by the Commissariat à l’Énergie Atomique

(CEA, Gif-sur-Yvette, France) according to well-estab-

lished procedures [12, 13]. The ruminal contents were

strained through a 250-lm nylon cloth and 15 mL of

ruminal fluid were added to the corresponding incubators

previously gassed with CO2 for 10 min. The incubators

were sealed to ensure anaerobic conditions and placed in a

shaking water bath at 39 �C and 100 shakes/min. One

control incubator and one experimental incubator from

each series (F and C) were taken just before incubation (t0)

or removed after 5 or 24 h of incubation. The pressure was

measured with a pressure sensor to calculate gas produc-

tion, gases were sampled with a syringe to analyze the gas

composition as described by Broudiscou et al. [14], pH was

measured and the whole content of each incubator was

immediately frozen. The contents were then freeze-dried

and weighed to determine the total dry matter content. The

contents were ground in a micro hammer mill through a

1-mm sieve before FA analysis.

Fatty Acid Analysis

Fatty acids were directly transmethylated, essentially as

described by Sukhija and Palmquist [15] with modifica-

tions according to Loor et al. [16]. In addition, recovered

methyl esters were purified through a florisil column

(Florisil�, Sigma-Aldrich, St Louis, USA). Methyl trico-

sanoate (0.2 mg, Sigma-Aldrich, St Louis, USA) was used

as internal standard. Fatty acid methyl esters (FAME) were

divided into three fractions. A first fraction was used for

FA quantification. For this purpose, 1 ll of FAME at a 30:1

split ratio was injected by auto-sampler into a Varian

CP-3800 gas chromatograph (GC) equipped with a flame

ionization detector (FID) and a 100 m 9 0.25 mm i.d.

CP-Sil 88 fused silica capillary column (ChromPack—

Varian Inc., Lake Forest, USA). Chromatographic condi-

tions followed the procedure of Loor et al. [16] except that

the detector temperature was 300 �C. Pure methyl ester

standards purchased from Supelco (Bellefonte, USA),

Sigma (St Louis, USA), Nu-chek Prep (Elysian, USA), and

Biovalley (Conches, France) were used to identify FA

peaks, except for some trans and cis C18:1 isomers that

were identified by order of elution according to Kramer

et al. [17]. Some C18:1 isomers were coeluted (as stated in

Tables 1, 2).

13C Enrichment of Palmitic, Stearic, Linoleic

and Linolenic Acids

A second fraction of the FAME was used to measure 13C

enrichment in C16:0, C18:0, C18:2 n-6 and C18:3 n-3.

Analysis was performed by GC (Agilent model 7890A)

equipped with a mass spectrometer (MS) (Agilent model

5975C inert XL EI/CI) and a 100 m 9 0.25 mm i.d. CP-Sil

88 fused silica capillary column (ChromPack—Varian Inc.,

Lake Forest, USA). GC–MS conditions were as follows:

1 lL was injected in splitless mode; the injector tempera-

ture was maintained at 250 �C; the carrier gas was helium at

844 Lipids (2011) 46:843–850
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a constant injector pressure of 30 psi; the oven temperature

was started at 60 �C, ramped to 165 �C at 15 �C/min (held

for 1 min) and then to 225 �C at 2 �C/min (held for 5 min);

the mass spectrometer was operated under positive chemi-

cal ionization with ammonia reagent gas at 20 mL/min.

13C Enrichment of C18:1 Isomers

To analyze 13C enrichment of each cis and trans C18:1

isomers, a third fraction of the FAME was separated into

cis and trans C18:1 fractions, which were converted into

DMDS adducts and analyzed by GC–MS. More precisely,

this third fraction of the FAME was evaporated under N2

and dissolved in acetone for HPLC separation of cis and

trans C18:1. The HPLC analysis was performed as

described by Juaneda [18], except that the detector was a

photodiode spectrophotometer at 194 nm (Beckman 168

Detector, Brea, CA). The fractions containing the cis and

trans C18:1 isomers were collected and converted into

DMDS adducts using the procedure of Bernard et al. [19].

The DMDS adducts were analyzed by GC (Agilent model

7890A) with mass spectrometry detection (Agilent model

5975C inert XL EI/CI mass detector) using a

30 m 9 0.25 mm i.d. with 0.25 lm film HP5MS (Agilent

Technologies, Santa Clara, USA). Injection volume was

1 lL in splitless mode. Injector temperature was main-

tained at 250 �C. The carrier gas was helium at a constant

flow rate of 1 mL/min. The oven temperature was started

at 70 �C, ramped to 195 �C at 20 �C/min, then to 225 �C

at 1 �C/min (held for 5 min), and finally to 290 �C at

10 �C/min (held for 5 min). The transfer line heater was set

at 300 �C. The mass spectrometer was operated under

electron impact ionization conditions (electron energy

70 eV, source temperature 200 �C). Data were collected in

single reaction monitoring mode.

Calculations and Statistics

Biohydrogenation rates were calculated for oleic, linoleic

and linolenic acids as follows: (%FAt0 - %FA5 or 24h)/

%FAt0 9 100. A statistical analysis of biohydrogenation

rates and fermentation data (pH, gas production and com-

position) was performed using the Mixed procedure of SAS

with diet and vaccenic acid addition as fixed effects, replicate

as random effect and incubation time as repeated measure.

For C16:0, C18:0, C18:2 n-6 and C18:3 n-3 methyl

esters, the atom percent excess (APE) was calculated from

the mass abundance of the labeled and unlabeled molecular

ions using the equation APE = (13C)/(12C ? 13C). The

DMDS adducts produce two distinct spectral fragments

Table 1 Fatty acid amount and

composition in the control

incubators at t0 according to the

diet of the ruminal fluid donor

(diet F: 100% hay; diet C: 60%

barley and 40% hay)

Values are LS means of three

replicates

ND not detectable
a Detected in 3 samples for C

and 1 sample for F, no P value

F C SEM Diet effect

P value

Total fatty acids (mg/incubator) 9.72 31.21 2.369 0.012

Fatty acids (g/100 g total FA)

C16:0 23.49 22.88 0.342 0.136

C18:0 16.99 43.69 0.895 \0.001

C18:1

trans-6 ? 7 ? 8 0.05 0.13 0.011 0.024

trans-9 0.06 0.09 0.008 0.086

trans-10 0.06 0.19 0.022 0.045

trans-11 1.24 2.27 0.149 0.003

trans-12 0.06 0.33 0.006 0.001

trans-13 ? 14 0.12 0.34 0.021 0.017

cis-9 7.78 4.52 0.230 0.003

cis-10 0.12 0.18 0.018 0.011

cis-11 0.71 0.41 0.046 0.030

cis-12 0.01 0.10 0.006 0.056

cis-13 ND ND – –

cis-14 ? trans-16 0.05 0.21 0.014 0.002

cis-15 0.01 0.01 0.006 –a

C18:2

trans-11, cis-15 0.07 0.06 0.021 0.786

cis-9, cis-12 25.88 11.77 0.402 0.001

Conjugated 0.45 0.18 0.055 0.045

C18:3 n-3 8.00 2.97 0.214 0.004
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that are indicative of the double bond position when ana-

lyzed by mass spectrometry. The F fragment is the methyl

thio adduct of the methyl end of the FAME, and the G

fragment is the methyl thio adduct of the carboxyl end.

Thus for DMDS adducts of C18:1 isomers, APE was cal-

culated from the mass abundance of G and G ? 1 frag-

ments using the equation APE = (G ? 1)/[G ? (G ? 1)].

To eliminate the natural levels of 13C, 13C enrichment

(%E) of each FA was calculated as (APEexperimental -

APEcontrol) 9 100 for each incubation time. Data of total

FA content, FA percentages, and 13C enrichments (all on

experimental incubators) were analyzed using the Mixed

procedure of SAS with diet as fixed effect, replicate as

random effect and incubation time as repeated measure.

We estimated the fraction of vaccenic acid that was sat-

urated to C18:0 or isomerized to the other C18:1 isomers. To

this end, we calculated the amounts of 13C-labeled FA that

appeared between 0 and 5 h in C18:0 and in all C18:1 iso-

mers. For the isomers that were strongly metabolized (cis-6,

cis-7 and cis-9), these amounts were corrected for their

metabolization rates. The amounts of 13C that appeared in

C18:0 and in each C18:1 isomer were expressed as a per-

centage of the 13C-labeled vaccenic acid that disappeared.

This calculation was made after 5 h of incubation, which

corresponds to the beginning of biohydrogenation, whereas

after 24 h of incubation most FA were saturated and isom-

erization could not be accurately assessed. These data were

analyzed using the Mixed procedure of SAS with diet as

fixed effect and replicate as random effect.

Results

Fermentation Parameters

Addition of 5 mg of vaccenic acid to the incubators did not

modify the fermentations, as no modification of the fer-

mentation parameters (pH, gas production and composi-

tion) was observed between the control and experimental

incubators (data not shown).

Table 2 Evolution of the fatty

acid amount and composition in

the experimental incubators,

according to the diet of the

ruminal fluid donor (diet F:

100% hay; diet C: 60% barley

and 40% hay)

Values are LS means of three

replicates

ND not detectable
a trans-10 C18:1 of C

incubators was coeluted with

trans-11 C18:1 at t0
b Biohydrogenation

(%) = (%FAt0 - %FA5 or 24 h)/

%FAt0 9 100

Diet F C SEM Diet effect

P value
Time (h) 0 5 24 0 5 24

Total fatty acids (mg/incubator) 15.35 14.96 16.72 33.54 31.97 37.42 2.978 \0.001

Fatty acids (g/100 g total FA)

C16:0 16.09 15.42 15.87 19.33 19.61 19.83 0.384 \0.001

C18:0 11.71 19.83 37.38 38.32 45.37 53.86 1.127 \0.001

C18:1

trans-6 ? 7 ? 8 0.04 1.11 0.44 0.11 0.29 0.22 0.048 \0.001

trans-9 0.04 0.44 0.22 0.06 0.16 0.12 0.021 \0.001

trans-10 0.02 0.56 0.38 –a 0.25 0.41 0.255 0.621

trans-11 32.56 31.95 24.07 16.02 12.80 9.48 0.620 \0.001

trans-12 0.32 0.98 0.55 0.43 0.54 0.43 0.031 \0.001

trans-13 ? 14 0.24 1.53 0.74 0.36 0.60 0.49 0.037 \0.001

cis-9 5.25 4.23 2.10 3.88 3.35 1.82 0.158 \0.001

cis-10 0.10 0.44 0.29 0.14 0.24 0.24 0.028 0.011

cis-11 0.58 0.75 0.59 0.38 0.42 0.24 0.023 \0.001

cis-12 0.02 0.17 0.08 0.09 0.13 0.07 0.012 0.312

cis-13 ND 0.06 0.01 0.00 0.01 0.01 0.010 0.311

cis-14 ? trans-16 0.03 0.38 0.30 0.18 0.31 0.20 0.036 0.890

cis-15 ND 0.06 0.03 0.01 0.03 0.02 0.010 0.171

C18:2

trans-11, cis-15 0.06 0.23 0.11 0.05 0.07 0.03 0.014 \0.001

cis-9, cis-12 17.10 8.30 2.22 9.83 5.76 2.20 0.388 \0.001

Conjugated 0.31 0.28 0.10 0.16 0.09 0.03 0.032 \0.001

C18:3 n-3 5.44 2.76 1.02 2.50 1.23 0.46 0.089 \0.001

Biohydrogenation (%)b

cis-9 C18:1 19.6 60.0 13.3 52.9 2.86 0.071

cis-9, cis-12 C18:2 51.5 87.0 41.0 77.5 1.73 0.004

cis-9, cis-12, cis-15 C18:3 49.2 81.2 50.8 81.4 1.50 0.439
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The pH of the ruminal fluid did not vary between diets

(7.00 vs. 6.81 for F donors and C donors, respectively).

However, the diet of the ruminal fluid donors induced some

modifications of in vitro fermentations: pH at 24 h was not

significantly different for C control incubators and for F

control incubators (6.05 vs. 6.12) but gas production was

higher in C control incubators (3.2 vs. 2.6 mmol after 24 h;

P \ 0.001) with a higher percentage of CH4 (20.6 vs.

17.1% at 24 h; P \ 0.001).

Fatty Acid Composition and Kinetics

The amounts and composition of the FA in the whole

contents of the control incubators at t0 are in Table 1. The

diet of the ruminal fluid donor modified the amounts and

composition of the FA in the incubators: at t0 the C incu-

bators contained more FA and had higher percentages of

C18:0 and trans C18:1, and lower percentages of cis

C18:1, C18:2 and C18:3 n-3 than the F incubators.

The amounts and composition of the FA in the experi-

mental incubators during the incubations are presented in

Table 2. Linolenic, linoleic and oleic acid percentages

declined with time, stearic acid percentage increased and

percentages of the intermediates of biohydrogenation

increased for the first 5 h of incubation, and decreased

thereafter. The amounts of vaccenic acid decreased over

time in the experimental incubators.

Across control and experimental incubators, the biohy-

drogenation of linolenic acid was not modified by the diet

(82.2% for C incubators, and 83.7% for F incubators after

24 h of incubation). The biohydrogenation of oleic and

linoleic acids were lower in C incubators than in F incu-

bators (54.2 vs. 65.8% for oleic acid and 79.0 vs. 89.2% for

linoleic acid after 24 h of incubation).

Vaccenic Acid Metabolism

No 13C enrichment was found in palmitic, linoleic or lin-

olenic acids (data not shown).

a

b

Fig. 1 13C enrichment of C18:0

and C18:1 isomers after 0 (white
bars), 5 (hatched bars) and 24 h

(black bars) of incubation of

[1-13C]trans-11 C18:1 with

ruminal fluid of sheep fed a

forage diet (a) or a concentrate

diet (b). Each bar is the mean of

three replicates. Error bars are

SE
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Following the introduction of labeled vaccenic acid into

the experimental incubators, 13C enrichment was signifi-

cant in C18:0 and in all the cis and trans C18:1 isomers

after 5 and 24 h of incubation, except in cis-6 C18:1 at 5 h

(Fig. 1). cis-6 and cis-9 C18:1 were strongly metabolized

compared with the other isomers, as shown by the decrease

in their amounts between t0 and 5 h or 24 h (data not

shown), which could explain their lower 13C enrichment.

We observed some 13C enrichment of cis-11 C18:1 at t0.

This might be due to an analytical bias with some con-

tamination between cis and trans C18:1 isomers, or pos-

sibly to a very rapid isomerization of vaccenic acid to its

geometric isomer. We also observed 13C enrichment of

trans-10, trans-12 and trans-13 C18:1 at t0 in F incubators.

This might also be due to an analytical bias (the large

amount of vaccenic acid did not allow complete separation

of isomers by GC–MS), or to a rapid isomerization to

neighboring positional isomers (during the freezing time

just after vaccenic acid addition) that was more marked in

the F incubators. Indeed, isomerization of vaccenic acid to

these isomers is confirmed by the fact that the 13C

enrichment of these isomers increased between t0 and 5 h.

In general, 13C enrichment of all FA was higher in the F

incubators (diet effect was significant (P \ 0.05) for

C18:0, cis-7 to cis-14 C18:1 and trans-11 to trans-16

C18:1). The 13C enrichment of vaccenic acid in the

F incubators decreased as early as 5 h of incubation, but

the total amount of vaccenic acid was stable. In the

C incubators, 13C enrichment of C18:0 and the C18:1

isomers markedly increased between t0 and 5 h and then

remained stable between 5 and 24 h. In contrast, in the F

incubators, 13C enrichment of C18:0 and the C18:1 isomers

increased between t0 and 5 h, and then 13C enrichment of

the C18:1 isomers decreased while 13C enrichment of

C18:0 markedly increased between 5 and 24 h.

The 13C enrichments were different between the C18:1

isomers but the amounts of these isomers also differed. 13C

enrichment data could thus not be used directly to estimate

the fraction of labeled vaccenic acid converted to C18:0 or

C18:1 isomers. For this reason, we calculated the per-

centage of disappeared 13C-labeled vaccenic acid that

appeared in C18:0 and in each of the C18:1 isomers

(Fig. 2). Most vaccenic acid was saturated to stearic acid.

Saturation tended to be higher in the C incubators than in

the F incubators (95 vs. 78%, P = 0.06), and conversely

the isomerization into other C18:1 isomers was (or tended

to be) higher in the F incubators. Figure 2 shows a pref-

erential isomerization of vaccenic acid to trans-12, trans-

13, trans-14, trans-15 and cis-11 C18:1, and then to cis-9,

cis-10 ans cis-12 C18:1. The isomerization to the other

isomers was markedly lower. These isomerization prefer-

ences were the same for F and C incubators.

Discussion

As the substrate was the same between incubators, the

differences between diets in the fermentation parameters

were probably due to a difference between the ruminal

fluids. As the pH of the ruminal fluids was the same

between diets and as the pH of C incubators was not sig-

nificantly different from that of the F incubators, we can

infer that the differences were mainly due to differences in

metabolic activity of the microbial communities [20, 21]

rather than pH.

Differences in the amounts of FA at t0 in control incu-

bators show that the ruminal fluid of sheep fed the F diet

contained less FA than the ruminal fluid of sheep fed the C

diet, probably because of a low quality hay that was very

poor in lipids. As the ruminal fluid of sheep fed the F diet

contained small amounts of FA, the proportion of FA

provided by the substrate was higher in the F incubators

than in the C incubators. This explains the differences in

FA percentages between incubators at t0: the FA profile of

the F incubators was closer to the FA profile of a feedstuff

(lower in C18:0 and higher in polyunsaturated FA).

The kinetics of the FA were consistent with the litera-

ture [6], with a decrease in C18 unsaturated FA and an

increase in C18:0 over time. In the control incubators,

vaccenic acid concentration increased during the first 5 h

and decreased thereafter, like all intermediates of biohy-

drogenation. In the experimental incubators, vaccenic acid

decreased over time, which can be explained by the bio-

hydrogenation of the exogenous vaccenic acid that was

Fig. 2 Distribution of disappeared 13C-labeled vaccenic acid into

C18:0 (left scale) and C18:1 isomers (right scale) after 5 h of

incubation with ruminal fluid of sheep fed a forage diet (white bars)

or a concentrate diet (black bars). Each bar is the mean of three

replicates. Error bars are SEM. � diet effect, P \ 0.10; * diet effect,

P \ 0.05
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higher than the synthesis of vaccenic acid from the poly-

unsaturated FA.

A lower biohydrogenation is generally observed with

high concentrate diets compared with forage diets [7, 16].

Our data are consistent with the literature and show that our

in vitro study was representative of FA metabolism in the

rumen.

The 13C enrichment of C18:0 reflects the saturation of

vaccenic acid and the 13C enrichment of the cis and trans

C18:1 isomers reflects its isomerization. Some authors

have shown isomerization of cis C18:1 isomers [4, 22] but

few have studied the isomerization of trans isomers. Kemp

et al. [23] reported the isomerization of some trans C18:1

isomers but only to the adjacent positional isomers and to

the isomer with the opposite geometric configuration.

Proell et al. [5] showed isomerization of trans-9 C18:1 but

only to other trans C18:1 and to cis-9 and cis-11 C18:1.

The larger 13C enrichment of FA in the F incubators was

probably due to a higher initial 13C enrichment of vaccenic

acid in these incubators as less vaccenic acid was naturally

present in the incubators. The decrease in 13C enrichment

of vaccenic acid while its amount did not vary shows a

synthesis of unlabeled vaccenic acid, most probably from

the partial biohydrogenation of the linoleic and linolenic

acids present in the incubators. The initial percentages of

linoleic and linolenic acids and their biohydrogenation

were higher in the F incubators and so induced a higher

synthesis of unlabeled vaccenic acid.

The kinetics of 13C enrichment of C18:0 and the C18:1

isomers show that the microbial community of sheep fed

the C diet metabolized vaccenic acid rapidly (saturation

and isomerization) during the first 5 h and was less active

thereafter. By contrast, in F incubators there seemed to be

either a promotion of saturation after 5 h or an increased

synthesis of the intermediates (C18:1) from biohydroge-

nation of polyunsaturated FA present in the F incubators.

Figure 2 shows a slightly lower isomerization of vac-

cenic acid in the C incubators than in the F incubators.

Abughazaleh et al. [24] studied labeled cis-9 C18:1 in

continuous cultures of ruminal content and showed that a

low pH decreased the conversion of cis-9 C18:1 to trans

C18:1. He advanced the hypotheses of a diminution of

bacterial growth, a diminution of microbial attachment to

feed particles, a change in microbial community, or an

altered enzyme activity. Several authors have shown that

isomerization and saturation can be altered by the com-

position of the diet, especially fish oil supplementation [25]

or by pH and polyunsaturated FA present in the rumen

[26]. In our study, the pH were similar between conditions;

the differences between C and F incubators could thus arise

from differences in initial polyunsaturated FA contents or

differences in microbial community or activity [25]. Our

study show that a diet rich in forage tends to stimulate

isomerization at the expense of saturation of vaccenic acid;

however our study cannot show whether the difference

between diets was due to an increase in isomerization or to

a decrease in saturation, because the amounts of FA at t0
were very different.

Conclusion

In conclusion, vaccenic acid was preferentially saturated to

stearic acid by rumen microbes in vitro but was also isom-

erized to all C18:1 isomers, though in variable proportion. A

higher forage:concentrate ratio tended to increase isomeri-

zation of vaccenic acid at the expense of saturation but did

not modify the profile of the isomers synthesized.
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Abstract Cytoplasmic oil globules of Haematococcus

pluvialis (Chlorophyceae) were isolated and analyzed for

pigments, lipids and proteins. Astaxanthin appeared to be

the only pigment deposited in the globules. Triacyglycerols

were the main lipids (more than 90% of total fatty acids) in

both the cell-free extract and in the oil globules. Lipid

profile analysis of the oil globules showed that relative to

the cell-free extract, they were enriched with extraplastidial

lipids. A fatty acids profile revealed that the major fatty

acids in the isolated globules were oleic acid (18:1) and

linoleic acid (18:2). Protein extracts from the globules

revealed seven enriched protein bands, all of which were

possible globule-associated proteins. A major 33-kDa

globule protein was partially sequenced by MS/MS anal-

ysis, and degenerate DNA primers were prepared and uti-

lized to clone its encoding gene from cDNA extracted from

cells grown in a nitrogen depleted medium under high

light. The sequence of this 275-amino acid protein, termed

the Haematococcus Oil Globule Protein (HOGP), revealed

partial homology with a Chlamydomonas reinhardtii oil

globule protein and with undefined proteins from other

green algae. The HOGP transcript was barely detectable in

vegetative cells, but its level increased by more than 100

fold within 12 h of exposure to nitrogen depletion/high

light conditions, which induced oil accumulation. HOGP is

the first oil-globule-associated protein to be identified in

H. pluvialis, and it is a member of a novel gene family that

may be unique to green microalgae.

Keywords Astaxanthin � Haematococcus � Oil globules �
Oil globule protein � Triacylglycerols

Abbreviations

CFE Cell-free extract

CGP Carotene globule protein

DGDG Digalactosyldiacylgycerol

DGTS Diacylglyceroltrimethylhomoserine

EDA Eicosadienoic acid

HOGP Haematococcus oil globule protein

IEF Isoelectric focusing

LHCP Light-harvesting complex proteins

MGDG Monogalactosyldiacylglycerol

ORF Open reading frame

SQDG Sulfoquinovosyldiacylglycerol

TFA Total fatty acids

Introduction

Oil globules are discrete, sub-cellular organelles sur-

rounded by a monolayer of polar phospholipids, glycolip-

ids or sterols that encircle a hydrophobic core of neutral

lipids [1]. These oil globules are ubiquitous in animals,

plants, and microorganisms. In many microorganisms, such

as yeasts, microalgae and bacteria, the accumulation of oil

globules appears to be induced specifically in response to

environmental stresses, such as nutrient limitation, high
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irradiance or osmotic stress [1, 2]. Although a variety of oil

globule biogenesis models have been postulated, the actual

process remains to be elucidated. Nonetheless, it is com-

monly accepted that globules are formed by vesiculation

from the endoplasmic reticulum (ER) [3].

Two major groups of surface-associated proteins, oleo-

sins and caleosins, are contained in the oil globules of

plants. Oleosins comprise the most abundant family of oil–

body-associated proteins identified in plants, but to date

they have not been found in algae [4]. Caleosin, a calcium

binding lipid-body protein that has also been found to be

associated with ER membranes [5–7], is ubiquitous among

higher plants, and a database search by the authors has

revealed putative caleosin super-family proteins in green

microalgae (unpublished data). A number of studies have

attributed different roles to globule proteins, including

globule formation, degradation, stabilization, and involve-

ment in globule–globule or globule-other organelle inter-

actions [1, 4, 7, 8]. Drosophila, yeast, and mammalian

globules have also been shown to house refugee proteins

that are not directly linked to lipid metabolism [9, 10].

It is known that some unicellular algae contain very

large amounts of oil sequestered in oil globules. In some

species, oil can amount to as much as 60% of the cell dry

mass, with oil accumulation usually being accompanied by

the cessation of cell growth [11–13]. However, little is

known about the protein composition and functional roles

of algal oil globules.

Of particular interest is the high-oil-producing unicel-

lular green alga Haematococcus pluvialis. This alga is

regarded as the best natural source of the high-value red

pigment astaxanthin, a carotenoid that accumulates in algal

cytoplasmic oil globules under various stress conditions

[14]. The accumulation of astaxanthin in H. pluvialis is

positively correlated with lipid accumulation, with the

former depending on the latter but not vice versa [15].

Lipid accumulation, in turn, depends on de novo fatty acid

synthesis [2, 15, 16]. Under nitrate deprivation, astaxanthin

and fatty acids may comprise up to 4 and 40%, respec-

tively, of cell dry mass [16]. As is the case for other

organisms, oil globule formation in Haematococcus was

suggested to be structurally related to ER membranes [17].

H. pluvialis is a unique organism for studying oil

globule formation, since it accumulates both lipids and

carotenoids in the same compartment. Analyses of lipid

class distribution in isolated globules have previously been

reported by Grunewald et al. [18], whose studies indicated

the cytoplasmic origin of globule polar lipids. Zhekisheva

et al. [2] found 16:0, 18:1 and 18:2 fatty acids to be the

major fatty acids in TAG and astaxanthin esters. To deepen

the current understanding of oil globule biogenesis and

function, we isolated astaxanthin-rich oil globules from

H. pluvialis to characterize and identify oil globule proteins.

Seven distinct protein bands associated with globules

were identified. The mRNA for one 33-kDa protein was

isolated and sequenced. The resulting sequence was found

to encode a novel, hydrophobic protein that may have a

specific function in green algae, since homologous

sequences were found only in other species of green algae.

Materials and Methods

Haematococcus pluvialis Strain

H. pluvialis Flotow 1,844 em. Wille K-0084 (Chlorophy-

ceae, order Volvocales) was obtained from the Scandinavia

Culture Center for Algae and Protozoa (SCCAP) at the

University of Copenhagen, Denmark.

Growth Conditions for Algal Cultures

H. pluvialis algal cultures were cultivated as previously

described [2]. To induce the accumulation of astaxanthin-

rich oil globules, cultures were inoculated into nitrate-free

mBG-11 medium to a final cell concentration of 2 9 105

cell mL-1 and subjected to 350 lmol photon m-2 s-1

(designated high light). After 7 days, red cells were harvested

for globule isolation.

For RNA isolation, axenic cultures were grown up to a

cell concentration of 2 9 105 cell mL-1 in 250-mL flasks,

each containing 100 mL of mBG-11; the flasks were held

in a shaker (150 rpm) and exposed to light of 90 lmol

photon m-2 s-1. Cells were then transferred to 250-mL

flasks, each containing 50 mL of nitrogen-depleted mBG-

11 medium and exposed to a light intensity of 200 lmol

photon m-2s-1 to induce astaxanthin accumulation. For

each sample, a separate flask was harvested at 0, 12, 24, 48,

and 72 h.

Growth Parameter Measurements and Pigment Extraction

and Quantification

Culture cell concentration, chlorophyll quantification and

total carotenoid quantification were evaluated as previously

described [16].

Isolation of Globules

An H. pluvialis culture was harvested by centrifugation

(1,5009g, 10 min), suspended in breakage buffer com-

prising 0.2 M sucrose (10 mM MOPS, pH 7.0; 10 mM

KCl; 5 mM Na EDTA; 1 mM DTT; 1 mM PMSF; 1 mM

benzamidine; and 0.5 mg/mL leupeptin), and ruptured with

a Mini Beadbeater (BioSpec Products Inc., OK, USA)

using 2.5-mm glass beads for 4 min. The resulting
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homogenate was centrifuged (1,5009g, 10 min), and the

cell-free extract obtained was fractionated by centrifuga-

tion (25,0009g, 60 min, Sorvall RC 5C plus) on a dis-

continuous sucrose flotation gradient (0.6, 0.4, 0.2, 0 M

sucrose in breakage buffer). The upper layer of the sucrose

gradient containing the oil globules was collected and

centrifuged in an ultracentrifuge (100,0009g, 120 min,

Sorvall Combi plus). The floating oily layer was collected

in 0.3-mL aliquots and kept frozen (-20 �C) until ana-

lyzed. The microsomal fraction comprised the ultracentri-

fuge (100,0009g, 120 min) pellet of the sucrose gradient

supernatant minus the oil globules.

High-Performance Liquid Chromatography Pigment

Analysis

The pigment profile was determined by high-performance

liquid chromatography (HPLC) as described in Zhekisheva

et al. [2]. The chromatogram was recorded at 450 nm, but

the quantification of pigments (in % based on pigment

weights) was performed at 478 nm for xanthophylls,

655 nm for chlorophyll a and 645 nm for chlorophyll b.

Astaxanthin and chlorophylls were identified by compari-

son to their standards, and astaxanthin isomers were iden-

tified from their UV–VIS absorbance spectra, according to

Yuan and Chen [19]. Xanthophylls other than astaxanthin

were identified by their absorbance spectra and calculated

peak III/II ratios, according to Briton et al. [20].

Lipid Analysis

Lipids were extracted from the cell-free extract and oil

globules by the method of Bligh and Dyer [21]. Total lipid

extract was separated into neutral and polar lipids by silica

Bond-Elute cartridges (Varian, CA) using 1.5% methanol

in chloroform (v/v) and methanol to elute neutral and polar

lipids, respectively.

Polar lipids were separated into individual lipids by two

dimensional TLC on Silica Gel 60 glass plates

(10 9 10 cm, 0.25 mm thickness [Merck, Darmstadt,

Germany]) according to Khozin et al. [22]. Neutral lipids

were resolved with petroleum ether:diethyl ether:acetic

acid (70:30:1, v/v/v). Lipid spots on TLC plates were

visualized with 0.05% 8-anilino-4-naphthosulphonic acid

in methanol (w/v) and UV light exposure and then scraped

from the plates and transmethylated for fatty acid analysis.

Fatty Acid Analysis

Fatty acid methyl esters (FAME) were obtained by trans-

methylation of the lipid extracts or individual lipids with

dry methanol containing 2% H2SO4 (v/v) and heating at

80 �C for 1.5 h while stirring under an argon atmosphere.

Gas chromatographic analysis of FAME was performed on

a Thermo Ultra Gas chromatograph (Thermo Scientific,

Italy) equipped with PTV injector, FID detector, and a

fused silica capillary column (30 m 9 0.32 mm; ZB

WAXplus, Phenomenex). FAME were identified by

co-chromatography with authentic standards (Sigma Chemical

Co., St. Louis, MO; Larodan Fine Chemicals, Malmö,

Sweden) and FAME of fish oil (Larodan Fine Chemicals).

Each sample was analyzed in duplicates of three indepen-

dent experiments.

Protein Analysis

Protein samples were prepared as described in Wang et al.

[23], and the BCA method was used for protein determi-

nation [24]. Separation of isolated protein fractions was

performed by SDS PAGE (12%) according to Laemmli

[25] with minor changes. Sample preparation entailed 1 h

of incubation at room temperature in sample buffer con-

taining 80 mM DTT. Bio Rad Precision Plus protein

unstained standards were used as molecular weight

markers.

Two-dimensional gels were prepared as described

[26] with minor changes. Samples of 130 ll, each con-

taining 50 lg of protein, were loaded on 7-cm isoelectric

focusing (IEF) dry strips, pH 3–10 nonlinear (Amersham

Biosciences AB, Uppsala). Protein spots of about 33 kDa

were selected for analysis by mass spectrometry (MS).

Partial Amino Acid Sequencing

Protein spots were manually excised from 2D gels and

digested in-gel with trypsin.

The peptide mixtures were subjected to solid phase

extraction with a C18 resin filled tip (ZipTip Milipore,

Billerica, MA USA) and nanosprayed into the Orbi-trap

MS system in a 50% CH3CN/1% CHOOH solution. MS

was carried out with an Orbi-trap (Thermo Finnigen) using

a nanospray attachment [27]. Data analysis was done using

the Bioworks 3.3 package, and database searches were

performed against the NCBInr database with the Sequest

and Mascot software packages (Matrix Science, England).

De novo sequencing was performed using the Biolynx

package (Micromass, England).

Isolation of Total RNA

Total RNA was isolated with an SV Total RNA Isolation

Kit (Promega USA). From 40 ml of medium containing

2 9 105 cells mL-1, cells were harvested, resuspended in

the kit lysis buffer and broken in Mini Beadbeater (Bio-

Spec Products Inc., OK, USA) using 2.5-mm glass beads

for 4 min. RNA samples were quantified with a Nano Drop
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(ND-1000, Thermo Scientific, USA) spectrophotometer

and stored at -80 �C.

cDNA Preparation, PCR and Sequencing

The Reverse iT 1st Strand Synthesis Kit (ABgene, UK)

was used according to the manufacturer’s instructions to

synthesize cDNA from total RNA. The synthesized cDNA

was used as the template in PCR amplification (with the

degenerate primers listed in Table 3) using touch down

PCR at 56 to 46 �C. The PCR product was extracted and

subcloned, and specific primers for 30 and 50 RACE were

designed. Full-length cDNA was synthesized according to

the protocol described in the manufacturer’s instructions

(BD SMART RACE, Clontech). Searches for homologues

sequences were performed in the NCBI database using the

BLAST program [28].

Results

Globule Isolation

Oil globule accumulation was induced by exposing expo-

nentially growing cells (chlorophyll and astaxanthin were 5

and 1 lg mL-1, respectively) to high light and to nitrogen

deprivation. Chlorophyll and astaxanthin contents in red

cells harvested after seven days were 5 and 168 lg mL-1,

respectively.

The isolation of pure oil globules from H. pluvialis was

hampered by the need to first rupture the robust algal cell

wall. In light of this problem, earlier studies have explored

the rupture process, examining the methods available for

cell breakage (including grinding, French press or freeze

thaw cycles), algal strains with different cell wall mor-

phologies, and the treatments for purifying the isolated

globules, including high ionic strength washes, chaotropic

agents and detergents [29]. Although it was found that the

different procedures produced similar results in terms of

the pigment, fatty acid, and protein compositions of the

isolated globules, all preparations also contained some

contaminating membranes and proteins that were probably

introduced into the globules during cell breakage. We

found that breaking the cells with a Mini Beadbeater was

an efficient and reproducible method for producing a high

oil globule yield. Light microscopy of our preparations

showed a mixed-sized population of yellow–red globules

ranging in diameter from about 200 nm to 4 lm (Fig. 1).

Pigment Analyses

Eight different astaxanthin esters, amounting to about 70%

of the total pigments, were found in the cell-free extract

(CFE), while in the oil globules astaxanthin esters

amounted to about 86% of the total pigments. The three

major peaks on the HPLC chromatogram were attributed to

astaxanthin esters 3, 5 and 6 (peaks 7, 8 and 9, respectively,

in Fig. 2). UV–VIS absorbance spectra (not shown) indi-

cated that peaks 8 and 9 were those of the trans isomer. In

addition to the astaxanthin esters, minor amounts of chlo-

rophyll and the chloroplast-derived xanthophylls––anther-

axanthin, lutein and zeaxanthin––were also detected

(Fig. 2). The retention time of zeaxanthin differed from the

typical retention time previously reported by our group [2],

and zeaxanthin may thus have been present in ester form.

The relative chlorophyll content was higher in the CFE

than in the oil globules––12.7% versus 4.5% (Table 1).

The relative amounts of the other three xanthophylls were

also higher in the CFE than in the oil globule fraction.

Fatty Acid and Lipid Analyses

Fatty acid composition of the total homogenate was similar

to that of the oil globules and was characterized by the four

major fatty acids: 16:0, 18:1, 18:2 and 18:3n-3 (not shown).

To further analyze fatty acid composition and estimate the

distributions of polar and neutral lipids in the oil globule

enriched fraction, we performed a detailed lipid analysis of

the representative sample of oil globules fractionation by

two-dimensional TLC followed by GC analysis of fatty

acid composition and content. About 70% of the total fatty

acids (TFA) in CFE were recovered in the oil globule

fraction, but polar membrane glycerolipids (PL), which

constituted only 3.5% of the TFA in CFE, were reduced to

1.5% in the oil globules. Accordingly, neutral lipid TAG

was a major component of both fractions (Table 2),

accounting for more than 70% of the TFA in neutral lipids

(NL). Diacylglycerol (DAG) and free fatty acids (FFA)

Fig. 1 Oil globules isolated from H. pluvialis. The oil globules were

fractionated on a sucrose flotation gradient. Bar 20 lm
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constituted 7% each of the TFA in NL. FFA were also

included in the calculation due both to their relatively high

proportion and to their potential involvement in NL turn-

over. A relatively large percentage of the fatty acids in the

NL fraction were esterified to astaxanthin in its mono- and

diester forms, with the majority existing as monoesters.

The most salient difference between the oil globules and

the CFE was the decreased proportion of the major thyla-

koid and inner chloroplast membrane lipid [30] mono-

galactosyldiacylglycerol (MGDG) in the oil globules. The

ratio of two galactolipids, MGDG to digalactosyldia-

cylglycerol (DGDG), decreased from 1.3 to 0.4 during oil

globule purification. Consequently, the relative proportions

of the polar lipids––DGDG, sulfoquinovosyldiacylglycerol

(SQDG) and diacylglyceroltrimethylhomoserine (DGTS)––

increased, while that of phosphatidylcholine (PtdCho)

remained unchanged.

There were no substantial differences between the fatty

acid compositions of individual lipids in the CFE (not

shown) and in the oil globule fraction. Despite tiny

amounts of PL, a characteristic fatty acid signature was

evident for each lipid class (Table 2). The galactolipids

MGDG and DGDG were typically enriched with chloro-

plast PUFA, specifically linoleic acid (LNA, 18:2n-6) and

a-linolenic acid (ALA, 18:3n-3), and with C16 PUFA

16:3n-3 and 16:4n-3. Another chloroplast-associated lipid,

SQDG, contained less PUFA but was rich in saturated

palmitic acid, 16:0. Phosphatidylglycerol (PtdGro) con-

tained about 3% 16:1D3-trans––a distinctive feature of this

class of chloroplast lipids (not shown). It appeared that H.

pluvialis oil globules contained the phospholipid PtdCho

and the betaine lipid DGTS as major extraplastidial polar

lipids. PtdCho and DGTS featured similar fatty acid

compositions, namely, the highest percentages of c-lino-

lenic acid (GLA; 18:3D6,9,12, n-6) and stearidonic acid

(SDA; 18:4D6,9,12,15, n-3), indicating their possible

involvement in the D6 lipid-linked desaturation of LNA

(18:2D9,12, n-6) and of ALA (18:3D9,12,15, n-3), respec-

tively. Phosphatidylethanolamine (PtdEth), the minor

component of the PL fraction, contained the highest pro-

portions of C20 long-chain PUFA, particularly, of arachi-

donic acid (AA; 20:4D5,8,11,14, n-6) at 16%. In addition

eicosadienoic acid (EDA; 20:211,14, n-6) and eicosapenta-

enoic acid (EPA; 20:5D5,8,11,14,17, n-3) comprised for about

4% each of TFA in this lipid class. This characteristic fatty

acid composition allows speculation on the involvement of

PtdEth in the D8 desaturation of 20:2n-6 and D17 (n-3)

desaturation of AA. In this context, although it is worth

Fig. 2 HPLC chromatogram

(recorded at 450 nm) of the

pigment extract from

H. pluvialis oil globules. Peaks:

1, antheraxanthin; 2, lutein; 3,

zeaxanthin; 4, astaxanthin ester

1; 5, chlorophyll b; 6,

astaxanthin ester 2; 7,

chlorophyll a ? astaxanthin

ester 3; 8–11, astaxanthin esters

5, 6, 7 and 8

Table 1 Pigment compositiona of cell free extract and of isolated oil globules

Rt (min) Ant Lut Zea Ast 1 Chl b Ast 2 Chl a Ast 3 Ast 4 Ast 5 Ast 6 Ast 7 Ast 8

4.10 4.70 8.50 14.90 16.90 19.20 20.40 20.50 20.90 22.00 24.60 26.40 27.80

Cell free extract 2.6 4.0 13.9 0.0 6.4 0.0 6.3 7.6 1.5 17.4 36.7 2.0 1.7

Oil globules 1.5 1.7 5.8 1.9 1.9 1.1 2.7 10.5 3.0 23.5 42.9 3.7 0.0

Samples containing 10 lg of total pigments were injected into the HPLC. Bold values indicate three major peaks

Ant antheraxanthin, Lut lutein, Zea zeaxanthin, Ast astaxanthin ester, Chl chlorophyll, Rt retention time
a Values are expressed as the percentages of total pigment weight
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noting the abundance of EDA in the FFA pool, we realize

that more thorough studies of PUFA biosynthesis in

H. pluvialis are obviously needed to confirm the predictions

made in the present work.

The neutral acyl lipids TAG and DAG and astaxanthin

esters were enriched with oleic acid (OA, 18:1n-9) and

LNA. The astaxanthin monoesters contained the highest

relative proportions of ALA, and the percentage of palmitic

acid was lowest in DAG and FFA.

Protein Analysis

Four major protein bands with estimated molecular weights

of 20–30 kDa (Fig. 3 lane 8) that appeared in the isolated

globule preparation were also evident in the total homog-

enate fraction of both green (astaxanthin and oil free) and

red (astaxanthin and oil rich) cells (Fig. 3, lanes 1 and 7).

These proteins were identified as chloroplast light-har-

vesting proteins on the basis of their positive cross-reac-

tivity with anti light-harvesting complex protein (LHCP)

antibodies (not shown). To reveal the native proteins of the

globules, we followed the changes in protein profile during

14 days of exposure to nitrate depletion and high light.

During this period, astaxanthin accumulated and chloro-

phyll levels decreased (Fig. 4).

As the globules accumulated, the relative abundances of

only a few protein bands seemed to increase while the total

protein content decreased. Of the proteins that did increase,

we could distinguish seven different protein bands that

appeared in the globule fraction but not in the microsomal

fraction. These proteins were thus all considered to be

globule-associated proteins (Fig. 3).

Globule proteins were also analyzed by 2D gel electro-

phoresis. Two major protein spots, both of about 33 kDa but

with different PI values (Fig. 5), were cleaved with trypsin

and analyzed by MS/MS. Identical partial sequences com-

prising 12 peptides were obtained for the two 2D protein

spots, and these were designated Haematococcus oil globule

protein (HOGP). Based on the sequences of five peptides,

forward and reverse degenerate nucleotide primers were

designed and used in different combinations for PCR

amplification on cDNA from induced cells. The three pep-

tides whose primers produced PCR amplification products

are shown in Table 3, and the five peptides identified in the

final amino acid sequence are indicated in bold letters in

Fig. 6. A PCR product was initially cloned, and the

sequencing was completed by 30-RACE and 50-RACE

extensions (see Table 3 for the primers). A DNA product of

910 bp was obtained with an open reading frame (ORF) of

825 bp (accession number HQ213938) that encoded for a

protein of 275 amino acids. An NCBI search with the protein

query produced significant hits only from green microalgae.

Multiple sequence alignment of HOGP with putative green

algal orthologs revealed identities of 40, 38, and 36% with

Table 2 Fatty acid profilesa of individual lipids from cell free extract (CFE) and isolated oil globules (OG)

16:0 16:2

n-6

16:3

n-3

16:4

n-3

18:0 18:1

n-9

18:1

n-7

18:2

n-6

18:3

n-6

18:3

n-3

18:4

n-3

20:2

n-6

20:3

n-6

20:4

n-6

20:5

n-3

Othersb OG CFE

Polar lipids % PL % PL

MGDG 18.3 1.9 9.2 12.7 1.9 4.8 0.7 12.4 0.7 30.4 0.7 0.3 0.3 0.8 0.3 4.5 9 24

DGDG 29.5 1.7 12.1 1.6 0.9 2.9 0.2 13.9 0.2 34.2 0.3 0.1 0.0 0.1 0.0 2.2 23 19

SQDG 54.8 0.0 0.3 0.1 0.8 4.3 0.4 21.8 0.6 13.5 0.6 0.1 0.4 0.3 0.1 1.8 14 10

PtdGro 42.6 1.8 1.2 0.3 2.2 6.0 6.8 19.5 0.2 8.4 0.9 1.8 0.3 1.6 0.4 6.2 6 3

DGTS 26.9 0.3 0.9 0.6 1.3 1.5 1.0 30.1 7.1 19.0 7.8 0.3 0.1 1.3 0.6 1.3 25 21

PtdCho 34.6 0.3 0.9 0.5 1.4 1.4 1.1 23.2 8.3 15.7 9.1 0.2 0.2 0.8 0.8 1.5 16 16

PtdEtn 26.4 0.3 1.6 0.5 1.9 2.7 9.5 14.3 1.9 6.8 2.1 4.3 0.2 16.2 3.6 7.7 1 2

PtdIns 43.5 0.0 0.4 0.4 2.5 1.8 6.4 31.6 0.5 3.9 0.5 0.4 1.4 1.1 0.3 5.1 6 4

Neutral lipids % NL % NL

TAG 19.8 0.9 3.1 4.3 1.2 26.9 0.7 26.4 1.0 9.9 0.9 0.8 0.5 0.6 0.5 2.4 76 73

FFA 3.7 0.3 0.3 0.4 1.4 33.0 0.6 26.3 0.2 7.2 0.3 24.8 0.2 0.3 0.0 1.0 6 7

DAG 4.2 0.0 0.3 0.2 1.8 44.1 0.8 35.7 0.2 8.3 0.2 0.7 0.5 0.5 0.3 2.1 7 7

Astaxanthin

monoester

13.5 0.4 1.9 2.4 2.3 23.3 1.4 25.9 1.3 18.7 2.0 1.0 0.5 1.2 0.5 3.7 9 10

Astaxanthin

diester

12.4 0.3 0.9 0.7 3.0 37.3 1.5 23.5 1.1 10.8 1.6 2.1 0.5 0.8 0.2 3.5 2 3

Data are presented as the means of replicated representative samples of oil globules and CFE
a Fatty acid composition (% of total fatty acids)
b Includes 14:0, isomers of 16:1, 20:0, 20:1, and 22:0
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Volvox carteri f. nagariensis, Polytomella parva, and Chla-

mydomonas reinhardtii, respectively (Fig. 6). A significant

but smaller homology of 27% identity was also found with

Coccomyxa sp., accession number GW230985 (not shown).

A comparison of the secondary structure of HOGP with

its C. reinhardtii ortholog, which is the only full-length

published sequence, was performed by hydrophobicity plot

analyses [31]. The two proteins showed very similar pat-

terns, with the majority of their hydrophobic regions situ-

ated between amino acids 55–65 and 170–190 of HOGP

(Fig. 7). A short hydrophilic region that is evident in

HOGP at amino acids 105–113 also appeared in the

P. parva sequence but is absent in the C. reinhardtii and

V. carteri f. nagariensis sequences (Figs. 6, 7).

To characterize the induction of the Hogp gene, cultures

were induced to accumulate astaxanthin (see above) for a

period of 72 h, during which RNA was isolated at different

time intervals. Specific primers were designed from our

cDNA sequence, while actin control primers were adopted

from Huang et al. [32]. Astaxanthin accumulation could be

detected spectrophotometrically in a total pigment extract

after as short a time as 12 h, and after three days asta-

xanthin increased by more than tenfold (Fig. 8). Transcript

levels of the Hogp gene, which were almost undetected in

green non-stressed cells, increased by[100-fold after 12 h

of induction. They remained almost constant for 48 h and

started to decrease after 72 h (Fig. 9).

Discussion

The ability of plant or algal cells to accumulate secondary

carotenoids depends on the availability of a sink for

carotenoid deposition [33, 34]. It is likely that deposition of

carotenoids in a lipid sink will prevent end product inhi-

bition of the biosynthetic pathway [35]. In yeasts, for

example, the expression of carotenogenic genes leads only

to minor astaxanthin accumulation [36–38], supposedly as

a consequence of the lack of sinks for the carotenoid end

product. This ‘‘sink hypothesis’’ is supported by our earlier

studies with the carotene globule protein (Cgp), a protein

that is associated with plastidic b-carotene oil globules in

Dunaliella bardawil and that functions in globule stabil-

ization [8]. The ‘‘sink hypothesis’’ may also be applicable

to TAG biosynthesis, where the availability of oil globules

or the enhanced ability to produce them should facilitate

the parallel synthesis and accumulation of storage lipids.

Identifying the main globule-associated enzymes and

Fig. 3 Protein analysis of H. pluvialis total cells and oil globules by

SDS–PAGE: (1-7) protein extracts of total cell homogenates during

stress induction on days 0, 2, 4, 6, 8, 10, and 12; (8), oil globules; (9),

microsomes; (10), molecular weight markers. Arrows between lanes 8

and 9 indicate the proteins thought to be globule-associated

Fig. 4 Changes in chlorophyll (filled square) and astaxanthin (filled
circle) contents during 14 days of cultivation in a column under high

light and nitrogen starvation to induce the accumulation of oil

globules for protein extraction

Fig. 5 2D gel electrophoresis of H. pluvialis oil globule proteins. The

marked bands were excised and subjected to MS analysis
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proteins taking part in the assembly of oil globules can

therefore be a key to future biotechnological manipulation

of microalgae for the high yield production of oil and

carotenoids. Indeed, carotenoid biosynthetic enzymes have

already been shown to be localized in oil globules [18, 39].

The lack of sufficient molecular information and

sequence data for H. pluvialis limits the use of bioinfor-

matics to identify specific protein genes. We therefore

applied proteomics approaches to identify possible glob-

ule-associated proteins, an approach requiring enriched and

contaminant-free oil globule preparations. This approach

poses a major challenge when organelles have to be iso-

lated from cells with a rigid cell wall, as is the case for

Haematococcus, which necessitates aggressive cell break-

age. This is particularly true for the isolation of hydro-

phobic organelles such as oil globules, which can easily

adsorb hydrophobic proteins or pigments released from the

chloroplast during aggressive lysis in apparatuses such as a

French press or a bead beater [40]. Indeed, the chloro-

phylls, xanthophylls and some of the plastid lipids in our

preparations undoubtedly originated in chloroplast mem-

branes, and the consistent detection of LHCPs as the major

proteins in isolated globules (also verified by MS analysis),

even after purification, may be an artifact of isolation. A

possible solution may lie in the production of spheroplasts

by enzymatic treatment, followed by gentle lysis via

osmotic shock. Although previous studies have reported

the successful application of this approach in H. pluvialis

[41, 42], our group has never succeeded in reproducing

their results, even after successful removal of the cellulose

layer from the cell wall [43]. As an alternative, we tried to

use flagellated (motile) cells with reduced cell walls. Our

attempts to isolate oil globules using different breakage

methods and/or motile cells, however, resulted in almost

the same globule composition as that presented in Fig. 1

and Tables 1 and 2.

The globule preparations obtained were rich in asta-

xanthin and in the fatty acids that are characteristic of TAG

in microalgae as compared to the CFE. Moreover, some

chloroplast lipids (MGDG) were substantially reduced in

globule fraction (Table 2). We are therefore confident that

our preparations are largely representative of oil globules

composition in vivo, with the exception of some contam-

inating pigments, lipids and proteins, as mentioned above.

Based on the pigment content of the globules, we con-

cluded that astaxanthin is the only carotenoid accumulating

in the globule fraction. This conclusion is supported by

earlier findings of Grunewald and Hagen [44]. Three

astaxanthin esters comprise the majority of astaxanthin

contributing to the absorbance maximum at 476.6–480 nm.

None of the intermediates of the astaxanthin biosynthesis

pathway or free astaxanthin or b-carotene was detected in

globules, although minor amounts of these pigments were

reported in the total homogenate of red H. lacustris cells

[19]. The fatty acids content of oil globule resembled that

of the CFE, which is to be expected, since oil globule TAG

comprise the vast majority of lipids [16] (Table 2). These

results are in agreement with the findings of Zhekisheva

et al. [2], who induced astaxanthin accumulation in

H. pluvialis only by high light exposure, and those of

Wang et al. [45] for C. reinhardtii cytosolic isolated oil

globules.

The results of oil globule individual lipid analysis are

largely in agreement with the data of Grunewald et al. [18],

who estimated the proportions of different lipid classes in oil

globules of vegetative cells of H. pluvialis by densitometry

of charred lipid spots on TLC plates. In the course of their

preparations, the authors also detected lipids of plastid ori-

gin––DGDG, SQDG, and PG––but they reported the com-

plete absence of MGDG. We were able to detect a relatively

low proportion of MGDG in our oil globule preparations;

however, this lipid class was substantially reduced in oil

globules compared to in CFE, indicating enrichment of oil

globules with other oil globule-specific lipid classes. The

betaine lipid DGTS and the phospholipid PtdCho constituted

the major portion of extraplastidial lipids in oil globules

(about 40% of PL). It appears that DGTS contributed sig-

nificantly to the formation of an oil globule polar lipid

monolayer in green algae [18, 46] in contrast to higher plants

whose oil globule phospholipid monolayer is enriched in

PtdCho and PtdEtn. DGTS shares some properties with

PtdCho, and is abundant in some algal groups and low plants,

Table 3 Primers used in this work

Degenerative

Peptide no. 1: NDAWNMCAS

1FOR: 50 GAY GCN TGG AAY ATG TG 30

1REV: 50 CA CAT RTTCCA NGC RTC 30

Peptide no. 2: TADPVTQTGDDGF

2FOR: 50 ACN GCN GAY CCN GTN AC 30

2REV: 50 TC NCC NGT YTG NGT NAC 30

Peptide no. 3: TAPVVAQAQDL

3FOR: 50 CCN GTN GTN GCN CAR GC 30

3REV: 50 GCY TGN GCN CAN CAN GG 30

Differential expression of Hogp

For 50 AGCGGGAGATAGTGCGGGACA 30

Rev 50 ATGCCCACCGCCTCCATGC 30 (actin control primers)

For 50 CAGCACGCCCTGGACACCCTGAAC 30

Rev 50 GGTTTGGGTGACTGGGTCGGCTGT 30 (specific

primers)

RACE

GSP3 50 ACAAGGCGGTGGCAGACGGGAAG 30

NGSP3 50 CAGCACGCCCTGGACACCCTGAAC 30

5 ukII 50 ATCAACTACGCCCTTCTTCCCGTCTG 30

5 ukIII 50 AAAGTAGCTGTTGCTCGTGGCGATG 30
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but it is absent in higher plants. In C. reinhardtii, PtdCho is

missing, and DGTS is present as a major polar lipid in the oil

globule-enriched fraction [46].

Protein analysis of the isolated globule fraction by SDS

PAGE identified at least seven protein bands that were not

present in the microsomal fraction. The same proteins

accumulated during astaxanthin accumulation, as can be

seen in the protein pattern of total cell homogenates

(Fig. 3). These findings support the notion that the bands

are indeed authentic oil-globule-associated proteins

(Fig. 3). One of the protein bands showed two major

33 kDa spots on 2D gel electrophoresis and was termed

HOGP. The different PIs of the two HOGP spots could be

due to protein phosphorylation. HOGP was analyzed by

MS/MS, and the partial amino acid sequences were utilized

to prepare degenerate DNA primers that were used to clone

the gene encoding HOGP. A database search revealed that

HOGP has orthologs only among green algae. One such

ortholog was recently identified in C. reinhardtii oil

globules and has been shown to affect globule size [46].

Fig. 6 Multiple sequence alignment of H. pluvialis HOGP protein with

putative green algal orthologs from C. reinhardtii (XP_001697668),

Volvox carteri f. nagariensis (FD812477), and Polytomella parva
(EC748417). The peptides identified in MS/MS are marked in bold. The

insert is shaded. The region of misalignment in the hydropathy plot is

underlined. Symbols: identical (asterisk), conserved (colon), semi-

conserved (dot)
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Fig. 7 Hydropathy plots for

H. pluvialis HOGP (filled
diamond) and for C. reinhardtii
protein (filled square).

Word = 9. The C. reinhardtii
sequence was introduced with a

gap from aa 98–108
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The novel family of globule-associated proteins differs

completely in sequence and in secondary structure from

plant oleosins and caleosins, suggesting that green algae

evolved these unique globule-associated proteins, which

may or may not share similar functions with plant oleosins.

A comparison of the orthologous amino acid sequences

from four microalgal species showed that the H. pluvialis

and P. parva sequences each have an insert of 11 amino

acids (Fig. 6) that is not found in C. reinhardtii or

V. carteri f. nagariensis. The hydropathy plot comparison

between the H. pluvialis and C. reinhardtii proteins

revealed another significant difference between the two

proteins, i.e., a highly hydrophilic 9-amino-acid domain

following the 11-amino-acid insertion in H. pluvialis (and

Polytomella) that is hydrophobic in C. reinhardtii and

Volvox. Both differences may account for the divergent

functions of the two proteins. The induction pattern of

HOGP is consistent with its predicted localization in oil

globules: the appearance of the 33-kDa protein in nitrate

depletion/high light inductive conditions is roughly corre-

lated with astaxanthin induction (Figs. 3, 4). The transcript

of the Hogp gene is hardly detectable in green cells but is

highly induced upon exposure of the cells to astaxanthin-

inducing conditions, preceding the appearance of the pro-

tein as expected. The findings presented in this paper thus

indicate that the HOGP protein is a promising candidate for

involvement in globule biogenesis and the stress response

in Haematococcus and related species of green algae.
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Abstract The age-dependent changes in the composition

of triacylglycerols (TAG) in the fat bodies of bumblebee

males were studied using HPLC/MS. Two related species

(Bombus terrestris and B. lucorum) were compared, with the

age of the males being 0–30 days. The total amount of TAG

in B. lucorum was about 2.7 times higher than that in

B. terrestris for all of the ages studied. One to three-day-old

males had the highest content of TAG in their fat bodies

(1.6–2.3 mg/individual in B. terrestris and 3.8–4.2 mg/

individual in B. lucorum). The analytical data show different

patterns in both species. The qualitative composition of fatty

acids in TAG was similar, but the mean relative abundance

between B. terrestris and B. lucorum differed: 14:0, 7 and

14%; 16:0, 20 and 44%; 18:3, 62 and 23%; 18:1, 3 and 8%,

respectively (the data is based on a GC/MS integration). A

statistical evaluation of the dynamic changes in the TAG

composition revealed that in B. terrestris different age

classes were well separated according to their TAG com-

position while in B. lucorum the TAG did not change sub-

stantially during the male’s life. The TAG analyses provide

more precise information on the differences between the

classes studied than the FA composition alone.

Keywords Bombus terrestris � Bombus lucorum �
Fat body � Lipids � Triacylglycerols � Fatty acids �
LC/APCI-MS

Abbreviations

TAG Triacylglycerol(s)

FA Fatty acid(s)

FAME Fatty acid methyl ester(s)

La Lauric acid (12:0)

M Myristic acid (14:0)

Mo Myristoleic acid (14:1)

P Palmitic acid (16:0)

Po Palmitoleic acid (16:1)

S Stearic acid (18:0)

O Oleic acid (18:1)

L Linoleic acid (18:2)

Ln Linolenic acid (18:3)

A Arachidic acid (20:0)

Go Gadoleic acid (20:1)

Ara Arachidonic acid (20:4)

ECN Equivalent carbon number

TIC Total ion current

UPGMA Unweighted pair-group method with arithmetic

mean

PCA Principal component analysis

DA Discriminant analysis

Introduction

The metabolism and management of the nutrients in insects

take place in the fat body [1]. It is a relatively large organ

unique to insects, which is distributed throughout the

insect body, preferentially underneath the integument, and
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surrounding the gut as well as the reproductive organs

[2, 3]. The fat body is composed of adipocytes containing

lipid droplets. Most of the energy stores are triacylglycerols

(TAG) and carbohydrates (mainly glycogen); the latter

serves as a fast energy source. Long-term storage is cov-

ered by TAG because of a higher caloric content per weight

unit than that of glycogen. TAG provide a useful source of

water upon oxidation, yielding almost twice as much

metabolic water as glycogen does. These considerations

have direct implications on the energy metabolism of

insects [4]. TAG originate either from dietary fats or de

novo biosynthesis. Newly-formed fatty acids (FA) are

bound to the glycerol backbone by acyl transferases. The

composition of the TAG depends both on the acyl trans-

ferase specificity and on the pool of available FA [5].

Lipids supply energy for flight and reproduction; they are

crucial during starvation and stress. When needed, lipases in

the fat body hydrolyze TAG to 1,2-diacylglycerols, which

are bound to lipophorins in the hemolymph and transported

to target tissues. The target cells unload diacylglycerols,

hydrolyze them, and liberate FA. The FA act as a source of

metabolic energy to meet the energy requirements of the

insect. They are also essential precursors in the biosynthesis

of many important compounds, including eicosanoids act-

ing in reproduction or hormone signal transduction, cutic-

ular hydrocarbons that protect insects from desiccating, or

pheromones and other semiochemicals [6, 7].

Recently, we have studied the TAG composition in male

fat bodies of several bumblebee species [8, 9] and found

that TAG are species-specific. Our results on lipids and

male-marking pheromones in particular bumblebee species

have led us to a hypothesis on pheromone formation from

lipidic precursors [10, 11]. In several species, the chain

length and double-bond positions in FA seem to correlate

with those in the pheromonal components (B. lapidarius,

B. pratorum, B. ruderatus, B. confusus, B. campestris and

B. bohemicus). Statistical evaluation of our previous ana-

lytical results has revealed a great similarity in TAG com-

position between closely related species, B. terrestris and B.

lucorum [8, 9]. On the other hand, the male-marking

pheromone of these species differs in its main components

and only medium or minor components are shared [12, 13].

Furthermore, the dynamics in the pheromone production

differ greatly; in B. terrestris, the pheromone is formed only

during the first 5 days and stored for the rest of the male’s

life, whereas in B. lucorum the biosynthesis goes on for the

male’s entire life [14, 15]. In connection with our hypoth-

esis on pheromone formation from lipidic precursors, the

different ontogeny of the pheromonal gland in these closely

related species raised the question of whether the fat bodies

will follow a similar pattern. The present study therefore

focuses on the temporal dynamics in TAG compositions in

the fat bodies of B. terrestris and B. lucorum males.

Materials and Methods

Insect Material

Colonies of Bombus lucorum (L.) and Bombus terrestris

(L.) were established by the two-queen cascade method

[16]. All of the mother queens were taken from their nat-

ural habitats during the nest-searching period in order to

minimize the possible negative influence of artificial con-

ditions on the progeny. Bumblebee colonies were kept in

plastic boxes with a volume of 0.6–1 L and fed with

honeybee pollen pellets and concentrated sugar solution

(sucrose: fructose 1:1). When the colonies started to pro-

duce males, male cocoons were removed from the parental

hives and left to mature separately under the care of several

workers supplied with food [16]. The freshly emerged

males were removed and kept according to age. Animals of

the following age were studied: Bombus terrestris: shortly

after eclosion, 1, 2, 3, 4, 5, 7, 10, 12, and 24 days after

eclosion (5 individuals of each age); B. lucorum: shortly

after eclosion, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, and

30 days after eclosion (5 individuals of each age). The

males were killed by freezing (-18 �C) and kept frozen

prior to dissection. The abdomens were opened with fine

scissors. The incision was made from the tip of the abdo-

men along the right side of the tergites and transversely

back to the left side of the tergites at the upper end of the

abdomen, so the cavity of the abdomen could be opened

like a tin can. The digestive tract and genital organs

including the accessory glands were removed. All of the

other tissues (muscles, dorsal vessel, central nervous sys-

tem) covered by peripheral fat body were removed with

microsurgery forceps. The remaining fat was used for

further analysis to minimize the loss of mass.

Chemicals

The TAG standards (99% purity) were purchased from

Larodan Fine Chemicals (Malmö, Sweden) or Nu-Chek

Prep (Elysian, MN, USA). Gradient grade methanol and

hexane (Merck) were used as received; the other solvents

(chloroform, diethyl ether, and 2-propanol) were distilled

in glass from analytical-grade products. The 2,6-di-tert-

butyl-4-methylphenol (butylated hydroxytoluene, BHT)

and ammonium acetate were purchased from Fluka (Buchs,

Switzerland).

Sample Preparation

The dissected fat bodies were transferred one by one into

glass vials with 100 lL of a CHCl3/CH3OH mixture (1:1,

v/v) containing BHT (25 mg/mL). The samples were son-

icated for 15 minutes and stored at -28 �C prior to TLC.

864 Lipids (2011) 46:863–871

123



The isolation of the TAG from the fat body tissues using

semipreparative TLC has been described previously [8].

Briefly, the tissue in the vial was crushed using a small

glass stick, extracted several times with CHCl3, and the

combined total extracts were separated on TLC plates with

hexane/diethyl ether/formic acid (80:20:1) as the mobile

phase. The TAG zone was scraped off the plate and

extracted with freshly distilled diethyl ether. The solvent

was evaporated under an argon stream to dryness and the

residues were weighed and reconstituted in chloroform to a

concentration of 1%. The TAG samples were stored in

sealed amber glass ampoules at -28 �C. For measuring the

TAG age profile of the bumblebee males, we used five

repetitions for each age class.

High Performance Liquid Chromatography/Mass

Spectrometry

HPLC/MS analyses were performed on a system that

consisted of a SMC 1000 vacuum membrane degasser,

P 4000 gradient pump, SN 4000 control unit, LCQ classic

ion-trap mass spectrometer (Thermo Finnigan, San Jose,

CA, USA) (all of the instruments come from Thermo

Separation Products, San Jose, CA, USA), and a personal

computer with Xcalibur software (Thermo Finnigan).

Manual injection was accomplished with a Rheodyne-type

Model D injection valve (Ecom, Prague, Czech Republic)

equipped with a 5 lL internal injection loop. A Labio RT

04 column thermostat (Labio, Prague, Czech Republic)

served to maintain the column temperature at 30 �C. Two

stainless-steel columns Nova-Pak C18 (300 9 3.9 mm,

150 9 3.9 mm, with a particle size of 4 lm; Waters,

Milford, MA, USA) connected in a series were used. Non-

aqueous reversed phase HPLC gradient separations were

performed using acetonitrile (A) and 2-propanol (B) as the

mobile phases. The gradient program was 0 min—100% A,

with a flow rate of 1 mL/min; 108 min—30% A, 70% B,

1 mL/min; 122 min—20% A, 80% B, 0.7 mL/min;

127 min—100% A, 0.7 mL/min; 130 min—100% A,

1 mL/min. Ammonium acetate dissolved in 2-propanol/

water (1:1) at a 100 mmol/L concentration was added post-

column via a tee at a flow rate of 10 lL/min. These

conditions are based on our previous work [17]. The

atmospheric pressure chemical ionization (APCI) source

was operated at 400 �C, where the heated capillary tem-

perature was 200 �C and the corona discharge current was

set to 4.5 lA. The full-scan mass spectra were recorded in

the m/z range of 75–1,300. The mass spectra were inter-

preted with the aid of TriglyAPCI software [18]. Because of

the different probabilities of FA loss during fragmentation,

the relative intensities of the diacylglycerol ions provide

regiospecific distribution information of the FA on the

glycerol backbone. APCI-MS has not been demonstrated to

be able to differentiate between diacylglycerol ions formed

by the loss of sn-1 versus sn-3 FA. Therefore, one can

distinguish FA bonded to the sn-2 position from those

attached to the sn-1/sn-3 positions [19]. In this work, the FA

in sn-2 positions are deduced from the diacylglycerol

fragment with the least abundance. However, the intensity

ratio depends also on the number and position of the double

bonds in a particular FA. Therefore, if the TAG standards

are not available, the positions of the FA on the glycerol

backbone may be interpreted incorrectly [20]. The peak

areas were calculated from reconstructed chromatograms

for the [M ? H]? and [M ? NH4]? ions (with the two

added together).

Transesterification

The TAG fractions were transesterified using a method

described earlier [21]. Briefly, the TAG were dissolved in

CHCl3/CH3OH (2:3, v/v) in a small glass ampoule. After

adding acetyl chloride, the ampoule was sealed and placed

in a water bath at 70 �C. This procedure prevents the loss

of volatile FAME during transesterification. After 90 min,

the ampoule was opened and the reaction mixture was

neutralized with silver carbonate. After a brief centrifuga-

tion, the supernatant was directly analyzed by GC/MS.

Gas Chromatography/Mass Spectrometry

The FAME were analyzed to confirm the results of the

TAG composition. The GC/MS analyses were performed

using a Focus GC (Thermo) coupled with a MD800

quadrupole mass detector (Fisons). A non-polar DB-5 ms

column (30 m 9 0.25 mm i.d., with a film thickness of

0.25 lm; J&W Scientific, Folsom, CA, USA) was used.

The injector was operated in the splitless mode at 220 �C.

The detector temperature was set to 200 �C; the standard

70 eV spectra were recorded at 1 scan/s. The temperature

of the GC oven was programmed as follows: 50 �C held for

1 min, 7 �C/min to 320 �C, held at 320 �C for 10 min.

Helium was used as a carrier gas at 1 ml/min. The data

were analyzed using the Xcalibur (ver. 2.0.7) program. The

relative proportions of the FAME were estimated from the

total ion current (TIC) integration.

Data Analysis

The data for both species were processed with multivariate

exploratory tools to visualize and evaluate the chemical

variability among the particular age classes. All of the

analyses were performed in the Statistica 8 Package by

Statsoft. The relative peak areas representing more than 1

relative percent (0.5% in the FAME analyses) in at least

two individuals of at least one age group were selected and
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standardized again to 100%. Then the relative percentages

were subjected to an analysis of the principle components

(PCA) to reduce the number of descriptive variables. The

PCA allowed us to extract 7 factors explaining more than

92% of the variability in B. terrestris and 8 factors

explaining more than 90% of the variability in B. lucorum.

The factor scores for each individual and the selected

factors were subsequently used to separate the age classes

by means of discriminant analysis (DA) with the age class

as a grouping variable. The dissimilarities between the age

classes were evaluated using the matrix of the Mahalanobis

distances, visualized using cluster analysis with the

unweighted pair-group method with arithmetic mean

(UPGMA).

Results

TAG Quantity

In both species, the amounts of TAG changed during the

life with a high content in the first 5 days in B. terrestris

and 7 days in B. lucorum, respectively (Fig. 1, Tables S1

and S2 in the Supplementary Material). The amount

reached a maximum at 1–2 days in B. terrestris (2.3 mg/

individual) and 2–3 days in B. lucorum (5.1 mg/individ-

ual). After that, a slowly decreasing trend was observed. In

B. terrestris, the seven-day-old males contained around

50% of the highest amount. In very old males, approxi-

mately 10% of the highest values were left (Table S1). In

B. lucorum, the observed trend was similar but with the

amounts shifted to higher values and with higher age

(Table S2). The amount of TAG in B. lucorum was about

2.2 times higher than that in B. terrestris for all of the ages

studied. If we take into account the body weight, the

B. lucorum males (an average weight of 222 mg) contained

2.7 times more TAG in the fat body than B. terrestris (with

an average weight of 280 mg).

LC/MS Analysis of TAG

The main TAG in both species was POLn (10–20% in

B. terrestris and 11–26% in B. lucorum; Tables S3 and S4 in

the Supplementary Material). Other relatively abundant

components differed. In B. terrestris these were OLnLn

(3–14%) and LLL ? OLLn (5–13%), whereas in B. lucorum

POO (7–13%) and OOO (3–13%) were of relatively high

abundance. A seemingly identical medium-abundant com-

ponent turned out to be the isomeric TAG OLnO (12–19% in

B. terrestris) and OOLn (9–18% in B. lucorum), based on the

fragment intensities in mass spectra. A difference between

the species was observed in the composition of the TAG with

respect to the male’s age. In B. terrestris, differences in TAG

profiles were observed among young, mature, and old males

(Fig. 2, left). The profiles of the old males were more com-

plex than those of the younger ones. Interestingly, this was

not the case in B. lucorum, where the TAG profiles were

more or less stable during the male’s entire life (Fig. 2,

right). The variations within particular age classes were

small in both species.

Regarding the particular compounds in the lipids of the

specimens of different age (Tables S3 and S4 in Supple-

mentary Material), all B. lucorum males as well as younger

B. terrestris males differed only on a quantitative level. A

statistical evaluation (PCA) led to the formation of data

clusters separating several age classes in B. terrestris

(Fig. 3). 1-, 2-, and 3-day-old males have very similar TAG

profiles, 0-, 5-, and 10-day-old males are mixed together,

and 7- and 12-day-old males are distinguished from other

classes as well as from one another. The compounds

responsible for the separation of the class of seven-day-old

males were LLnLn, MoLnO, PLnLn, OLnLn, and

LLL ? OLLn. These components were significantly more

abundant in TAG of seven-day-old males as compared to

the other age classes. A clearly distinct class of old

B. terrestris males (24 days) was characterized by the

presence of several unique TAG: MoLL, LL20:4, XLLn,

XLP, XOL, XOP, XOO, and XLnLn. The X moiety

appears at a nominal mass of 15:2 FA, but its presence was

not confirmed after transesterification and the FAME

analysis. It is more likely that X belongs to an oxidation

product. The fat body of old specimens is different from

the younger ones. Its color is darker and the structure looks

corrupted. Thus, some less stable FA may undergo oxida-

tive processes in lipids of the old males [22].

No trend for grouping according to age classes was

observed in B. lucorum. The TAG composition changes

very little with age. The newborn class (0 days) is sepa-

rated to some extent because of higher quantities of
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Fig. 1 The weight of the TAG (in milligrams) extracted from the fat

bodies of males of different ages. The data represent the mean values

of five specimens ± standard error
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LLnLn, PLnLn, SLnO, and POS in the TAG. At its

developmental stage, the metabolism undergoes a lot of

complex processes that may be responsible for a clear

separation of this age class. A continuous shift from

younger to older males (from right to left) can be seen in

Fig. 4. However, in the cluster tree (Fig. 4, right), the age

classes are distributed more or less randomly.

Our TAG quantifications are based on the integration of

signal [M ? H]? and [M ? NH4]? ions (summed together)

from the MS detector. The post-column addition of ammo-

nium acetate enabled us to visualize the TAG-bearing sat-

urated FA (the [M ? H]? fragment in these is very low or

almost absent). The response factors (within a range of

0.4–2.8 according to the data published by Holčapek et al.

[23]) were not taken into account. The aim of our study was a

comparison of the TAG composition between insect species

and age classes, not an absolute quantification that would

have to be based on many standards and calibration curves.

Even without an absolute quantification, we were able to

compare the analyzed samples and see the differences.

GC/MS Analysis of Methyl Esters After

Transesterification

At least three samples of each age class for both studied

species were transesterified and the resulting FAME were

Fig. 2 The TIC chromatograms of the TAG of three age classes of B. terrestris males (0, 7 and 24 days, left) and B. lucorum males (0, 10 and

30 days, right). The numbers above chromatograms represent equivalent carbon numbers (ECN)

Fig. 3 A multivariate exploratory analysis of the data from the LC–

MS analyses in B. terrestris. Left A graphic representation of the

factor scores based on the first 2 principal components extracted from

the PCA performed with the relative areas of the 43 most represented

peaks. Right The patterns of the dissimilarities among the particular

age classes inferred from the LC–MS analysis, visualized as a cluster

tree based on the matrix of the Mahalanobis distances (UPGMA

clustering)
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analyzed using GC/MS. In both species, the FA with chain

length of 16 and 18 carbon atoms dominate (Tables S5 and

S6 in the Supplementary Material). The composition does

not change much during the life of the males. For B. lu-

corum, lower amounts of unsaturated FA are characteristic;

the B. terrestris samples contained up to twice as high

amounts of unsaturated C18 FA than the B. lucorum ones.

The distribution of the FAME in the PCA plot (Fig. 5)

in B. terrestris lipids shows only a slight tendency of

grouping, much less pronounced than that with TAG

(Fig. 3). The 24-day-old males are again far from the other

samples. We can see from a comparison of Figs. 5 and 3

that an analysis of the TAG yields more information on

species-specific lipids than an analysis of the FAME after

transesterification. For B. lucorum, the PCA plot of FAME

shows a similar distribution as the above-discussed TAG

plot (Fig. 4). We can see small changes with increasing

age. The FAME responsible for this trend are C16Me,

C20:1Me, C20Me and C22Me. It corresponds to the LC/

MS analyses, where the TAG containing these acids were

present only in the old specimens. The species-specificity

of the lipid composition can be seen in Fig. 5 as two well-

separated groups, one for each species. The fine structure

of the age classes is not so obvious in this plot.

Discussion

When we compare the results on TAG with our previous

studies [8, 9] regardless of the sn-positions, we can see a

high similarity. The small differences between the results

may be caused by the use of another LC separation method

[17]. The resolution of the peaks in this study is better than

in the previous paper [8]. The overlapping peaks are thus

resolved here and their integration differs. Furthermore, the

insect specimens were different, and one has to take into

account a natural variability of samples from living

organisms. In addition, our threshold (1% for at least 2

samples per age group) can contribute to the difference.

What differs more is the comparison of the sn-positions for

each TAG. The abilities of reversed-phase chromato-

graphic systems to separate regioisomers are limited.

Although the general principles of the determination of

sn-positions from mass spectra are known [19], the com-

plexity of our biological samples prevents us from drawing

unambiguous conclusions about the regioisomery of a

particular molecular species. The use of silver-ion HPLC

[24], particularly in the 2D arrangement [25], would cer-

tainly help, but such a detailed analysis of TAG is not

required in this work. The TAG proportions in such a

mixed peak can vary during the life of males. Therefore,

significant conclusions should not be drawn from the

sn-positions determined by this method.

During the life of the male, the TAG in the fat body

undergo structural changes with some TAG dominating in

young males and others in the older males despite the

amounts of a particular FA remaining the same. According

to the earlier literature, all insect lipids share the same FA

composition based on 8 fatty acids, saturated, monounsat-

urated, and 2 polyunsaturated ones, 18:2 and 18:3 [26].

However, many exceptions from this rule have since been

reported [27]. These exceptions may be the result of

selective adaptations of different insect species. The two

bumblebee species studied in this paper fall more or less

into the pattern of the most common insect FA.

The polyunsaturated FA, 18:2 and 18:3, are highly

abundant in both species; they dominate the FA of the

B. terrestris fat body. It was generally accepted earlier that

polyunsaturated FA (PUFA) are essential to animals and

cannot be biosynthesized. Later, many authors demon-

strated the ability of some insect orders to synthesize lin-

oleic acid [27]. The literature data about the TAG

Fig. 4 A multivariate exploratory analysis of the data from the LC–

MS analyses in B. lucorum. Left A graphic representation of the factor

scores based on the first 2 principal components extracted from the

PCA performed with the relative areas of the 34 most represented

peaks. Right The patterns of the dissimilarities among the particular

age classes inferred from the LC–MS analysis, visualized as a cluster

tree based on the matrix of the Mahalanobis distances (UPGMA

clustering)
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composition in Hymenoptera are scarce. The TAG were

studied on the prepupae of the leafcutting bee Megachile

rotundata [28]. Their results show that about 76% of all of

the FA are unsaturated, mainly 16:1 and 18:3. Such a high

amount of unsaturated FA is probably connected to their

adaptation for overwintering and a cold climate.

The composition of the TAG correlates with the FAME

analysis except for the lauric acid. After transesterification,

the proportion of this acid is not insignificant (0.7–3.5% in

B. terrestris and 1.5–5.3% in B. lucorum). However, the

amounts of those TAG containing La seem to be too low

(LaOLn 1%; LaOP 1.2%, Table S3). These discrepancies

arise from the fact that La is distributed in many small

peaks that were cut off by the set threshold.

The fatty acids bound in the TAG are not only a pool of

energy [2], but there is a great deal of evidence that they

participate in the biosynthesis of the FA-derived sex

pheromones in Lepidoptera and Diptera [29–31]. Lipo-

phorin, the protein transporting diacylglycerols (DAG) in

the hemolymph, is able to transport other molecules, too,

such as TAG, free FA, sterols, carotenoids, and hydrocar-

bons [32]. Thus, the role of lipids as pheromone precursors

has been demonstrated. In bumblebees, our recent results

indicate that the male-marking pheromones, typically

consisting of ethyl esters of fatty acids, may be formed

from precursors bound in TAG in the fat body [10]. The

original idea on the connection between a primary lipid

metabolism and the patrolling male sex pheromone was

based on an observation of the structural similarity of the

lipids in the fat tissue and the labial gland extracts. The

chain length, double-bond position, and geometry are the

same, the putative lipid precursors only need to be

transesterified or further modified to a labial-gland major

component. Indeed, we have found lipase activity in the

labial gland tissue in vitro trans-esterification (Jiroš et al.,

unpublished results). Assuming energy efficiency in nature,

it seems to be unnecessary for bumblebees to invest in an

enzymatic system producing the sex-pheromone compo-

nent in the gland if a large pool of precursors has been

produced already. The amounts of the pheromone stored in

the gland are huge when compared to Lepidoptera (several

milligrams per gland as reported by Žáček et al. [15]).

Lepidopteran sex pheromones have double-bond positions,

and their configuration is different from the fat lipids [33,

34]. The ‘‘trick’’ used by bumblebees is that the common

fatty acid is esterified to uncommon ethyl esters, thus

becoming a distinct pheromone signal.

In some species such as B. pratorum, B. lapidarius,

B. ruderatus, B. confusus, B. campestris, or B. bohemicus,

striking similarities were found in the chain length and

double-bond positions of some FA in the TAG and the

pheromonal components [10, 11]. We have shown in our

previous study that the TAG compositions in fat bodies of

bumblebee males are species-specific [9]. However, no

attention has been paid to the influence of the age of the

specimens studied on the TAG composition. Reports exist

in unrelated insects (moths, beetles or fruit flies) on the

changes of the FA pattern at various stages of development

[35–37]. We have shown here that such changes exist in

bumblebees even within one developmental stage (adult

Fig. 5 A graphic representation

of the factor scores based on the

first two principal components

extracted from the PCA

performed with the relative

areas of the FAME in

B. terrestris and B. lucorum
added together
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males) depending on the age of the specimens. These

changes must be based on the males’ physiology, as their

diet was a standard one, identical in both species and in all

age classes.

B. terrestris and B. lucorum males differ in the temporal

dynamics of the physiological activity of the pheromone

gland and consequently in the time-related production of

the marking pheromone [14, 15]. While in B. terrestris the

pheromone is produced up to the fifth day of a male’s life

and then stored in the gland, in B. lucorum the pheromone

biosynthesis goes on for the male’s entire life. Our finding

on the lipid composition as a result of the fat-body devel-

opment correlates with the earlier published ontogeny of

the pheromonal gland: it confirmed significant changes of

the TAG composition with age in B. terrestris as opposed

to B. lucorum, where the TAG did not significantly differ

with the males’ age.

It could still be possible that de novo synthesis is

additionally involved, perhaps for a tighter regulation of its

production. It has been shown in leaf beetles that different

strategies for producing allomonal compounds are related

to its evolution. The older species are sequestering the host

plant-related compounds while the more evolved species

produce those or similar compounds de novo. The insects

can even switch between the two pathways according to the

conditions and availability of precursors [38]. In bumble-

bees, we still do not have clear evidence disproving our

original schemes of how the male-marking pheromones are

produced. The analytical results on fat-body TAG do not

support our above-mentioned hypothesis showing antici-

pated higher levels of particular TAG as possible precur-

sors. Thus, the biosynthesis of the male-marking

pheromone will be a more complex process than so far

believed.
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Abstract The linoleate 9-lipoxygenase product 9(S)-hy-

droperoxy-10(E),12(Z)-octadecadienoic acid was stirred

with a crude enzyme preparation from the beetroot (Beta

vulgaris ssp. vulgaris var. vulgaris) to afford a product

consisting of 95% of 9(S),12(S),13(S)-trihydroxy-10(E)-oc-

tadecenoic acid (pinellic acid). The linolenic acid-derived

hydroperoxide 9(S)-hydroperoxy-10(E),12(Z),15(Z)-octa-

decatrienoic acid was converted in an analogous way into

9(S),12(S),13(S)-trihydroxy-10(E),15(Z)-octadecadienoic acid

(fulgidic acid). On the other hand, the 13-lipoxygenase-

generated hydroperoxides of linoleic or linolenic acids

failed to produce significant amounts of trihydroxy acids.

Short-time incubation of 9(S)-hydroperoxy-10(E),12(Z)-

octadecadienoic acid afforded the epoxy alcohol 12(R),

13(S)-epoxy-9(S)-hydroxy-10(E)-octadecenoic acid as the

main product indicating the sequence 9-hydroperoxide ?
epoxy alcohol? trihydroxy acid catalyzed by epoxy alcohol

synthase and epoxide hydrolase activities, respectively. The

high capacity of the enzyme system detected in beetroot

combined with a simple isolation protocol made possible by

the low amounts of endogenous lipids in the enzyme prep-

aration offered an easy access to pinellic and fulgidic acids

for use in biological and medical studies.

Keywords Fatty acid hydroperoxide � Epoxy alcohol �
Trihydroxy oxylipin � Pinellic acid

Abbreviations

EAS Epoxy alcohol synthase

GC-MS Gas-liquid chromatography-mass

spectrometry

GLC-FID Gas-liquid chromatography with flame-

ionization detection

HODE Hydroxyoctadecadienoic acid

HPODE Hydroperoxyoctadecadienoic acid

HPOTrE Hydroperoxyoctadecatrienoic acid

MC (–)-Menthoxycarbonyl

Me3Si Trimethylsilyl

NMR Nuclear magnetic resonance

SP-HPLC Straight-phase high-performance liquid

chromatography

UV Ultraviolet

Introduction

The first characterization of unsaturated trihydroxy oxylipins

was published by Graveland in 1970 [1]. In this study,

lipoxygenase-catalyzed oxygenation of linoleic acid in

doughs and flour–water suspensions afforded hydroperox-

ides, hydroxides and epoxy alcohols as well as a fraction

consisting of a mixture of 9,12,13-trihydroxy-10-octadece-

noic and 9,10,13-trihydroxy-11-octadecenoic acids. Although

separation of the regio- and stereoisomeric trihydroxyocta-

decenoates was not achieved, it could be concluded that the

9,12,13-trihydroxy isomer was the dominating one and further

be deduced that this compound originated in linoleic acid

9-hydroperoxide (9-HPODE). Eight stereoisomers (four pairs

of enantiomers) of 9,12,13-trihydroxy-10-octadecenoic acid

are possible because of the three chiral carbons at C-9, C-12

and C-13. In 1991, two studies demonstrated that naturally

occurring 9,12,13-trihydroxy-10-octadecenoic acid has the
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9(S),12(S),13(S) configuration [2, 3]. More recently, 9(S),

12(S),13(S)-trihydroxy-10(E)-octadecenoic acid was isolated

from tubers of Pinellia ternata (crow-dipper), and the trivial

name pinellic acid was given to the compound [4]. The D15(Z)-

unsaturated analog of pinellic acid, i.e. fulgidic acid, has also

been described [5].

Biosynthesis of pinellic acid in plants can take place by

lipoxygenase-catalyzed oxygenation of linoleic acid into

9(S)-HPODE, which can be further converted into the

epoxy alcohol 12(R),13(S)-epoxy-9(S)-hydroxy-10(E)-oc-

tadecenoic acid in the presence of epoxy alcohol synthase

(EAS) [6, 7] or peroxygenase [8]. Pinellic acid is formed

from the epoxy alcohol by action of epoxide hydrolase

activity, which catalyzes regio- and stereospecific opening

at C-12 of the C-12/C-13 epoxide [7, 8]. Also linoleic acid

13-hydroperoxide (13-HPODE) can be converted to

9,12,13-trihydroxyoctadecenoates as shown in chemical

model systems [9, 10].

Pinellic acid and other trihydroxyoctadecenoates are

produced in plants during wounding and infection by

fungal pathogens [11–13]. Interestingly, such trihydroxy

oxylipins inhibit growth of fungi and germination of spores

[12, 13] and may play a role in plants’ defense against

pathogenic fungi. Further interest in trihydroxyoctadece-

noates stems from their presence in beer [3, 14, 15], in

which beverage they may contribute a bitter taste [16].

More recent studies on pinellic acid are focussed on the use

of this trihydroxy oxylipin as an oral adjuvant for nasal

influenza vaccines [4, 17–19].

The present paper describes a new EAS-epoxide

hydrolase pathway in the beetroot by which 9-lipoxyge-

nase-generated fatty acid hydroperoxides are converted

into specific trihydroxy acids. Based on the results, a pro-

cedure for easy preparation of pinellic acid of [99.5%

stereochemical purity was elaborated. This enzymatic

approach offers an alternative to earlier described prepa-

rations of pinellic acid by organic chemical synthesis [17,

20–23].

Experimental Procedures

Fatty Acid Hydroperoxides

9(S)-HPODE, 13(S)-HPODE, 9(S)-HPOTrE and 13(S)-

HPOTrE were prepared by lipoxygenase-catalyzed oxy-

genation of linoleic or linolenic acids [7] followed by

purification by straight-phase high-performance liquid

chromatography (SP-HPLC). [1-14C]9(S)-HPODE (specific

radioactivity 15.1 kBq/lmol) was prepared in the same

way starting with [1-14C]linoleic acid (Perkin-Elmer,

Boston, MA).

Reference Oxylipins

Regio- and stereoisomeric epoxy alcohols including methyl

12(R),13(S)-epoxy-9(S)-hydroxy-10(E)-octadecenoate were

prepared by incubating fatty acid hydroperoxides with per-

oxygenase from broad bean or oat seeds followed by isolation

by SP-HPLC [7]. 9(S),12(S),13(S)-Trihydroxy-10(E)-octa-

decenoic acid (pinellic acid), 9(S),12(S),13(S)-trihydroxy-

10(E),15(Z)-octadecadienoic acid (fulgidic acid) and other

isomeric trihydroxy oxylipins were prepared from linoleic

and linolenic acids as described in detail [7].

Enzyme Preparation

Beetroots (red beets) obtained from a local market were

peeled and the flesh portion finely diced in 6 volumes/

weight of ice-cold 0.1 M phosphate buffer pH 6.7. The

mixture was homogenized at 0 �C for 3 9 30 s using a

Polytron and then filtered through gauze. The filtrate was

used for all preparative incubations with fatty acid hydro-

peroxides. For ultraviolet (UV) spectrophotometric assay,

the filtrate was diluted 1:7.7 (v/v) with 0.1 M phosphate

buffer pH 6.7.

Incubations and Treatments

For generation of oxidation products for structural work,

fatty acid hydroperoxides (300 lM) were stirred with

enzyme preparation (5 mL) at 23 �C for 5 or 30 min. The

mixtures were acidified to pH 5 and rapidly extracted with

75 mL of diethyl ether. Material obtained after evaporation

of the solvent was methyl-esterified by treatment with

diazomethane and either analyzed by SP-HPLC or

trimethylsilylated and analyzed by gas–liquid chromatog-

raphy-mass spectrometry (GC–MS) or gas–liquid chro-

matography with flame-ionization detection (GLC-FID).

Preparation of Pinellic Acid (free acid form

of compound II)

A typical preparation of pinellic acid (batches of 15–20 mg)

was carried out as follows. Beetroots were peeled and the

flesh portion finely diced (40 g). Potassium phosphate buffer

(240 mL) was added, and homogenization was performed at

0 �C using a Polytron. Following filtration through gauze,

179 mL of the filtrate was stirred with 500 lM 9(S)-HPODE

(27.9 mg) at 23 �C for 1 h. The incubation mixture was

acidified to pH 3 and extracted with ethyl acetate. The

extracted product (53 mg) was dissolved in 3 mL of 2-pro-

panol/chloroform 1:2 (v/v); this solution was divided and

loaded on two 0.5-g aminopropyl cartridges (Supelco,

Bellefonte, PA). Neutral lipids were eluted with 6 mL of the
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same solvent mixture, whereas pinellic acid was obtained by

elution with 15 mL of ethyl acetate/acetic acid 98:2 (v/v).

The latter eluates from the two columns were combined

and taken to dryness affording a white solid (23.6 mg;

yield, 80%). Analysis of this material by GC–MS and

GLC-FID revealed 97% trihydroxyoctadecenoate and 3%

other materials (mainly 9-HODE). Regio- and stereochem-

ical analysis of the trihydroxyoctadecenoate [24] showed

98% 9(S),12(S),13(S)-trihydroxy-10(E)-octadecenoic acid

(pinellic acid) and 2% of other isomeric trihydroxyocta-

decenoates. An aliquot of this material was crystallized

from methanol/diethyl ether to provide pinellic acid,

[99.5% pure according to GC–MS and GLC-FID, m.p.

105.5–106.5 �C (earlier reported, 104–106 �C [17, 21]).

Instrumental Methods

For SP-HPLC, a column of Nucleosil 50-5 (200 9 4.6 mm)

purchased from Macherey–Nagel (Düren, Germany) was

used. The column effluent was passed through serially con-

nected detectors for measurement of UV absorbance (210 or

234 nm) and radioactivity. For isolation of methyl esters of

epoxy alcohols and trihydroxy acids, solvent systems of

2-propanol/hexane (1.5:98.5, vol/vol) and 2-propanol/hex-

ane (7:93, vol/vol), respectively, were used. The flow rate

was 2 mL/min.

For GC–MS, a Hewlett-Packard model 5970B mass

selective detector connected to a Hewlett-Packard model

5890 gas chromatograph equipped with a 12-m phenyl-

methylsilicone capillary column was used.

GLC-FID was carried out with a Hewlett-Packard model

5890 gas chromatograph equipped with a flame-ionization

detector and a 25-m methyl silicone capillary column.

Helium at a flow rate of 25 cm/s was used as the carrier

gas. Retention times were converted into C-values as

described [25].

UV spectra were recorded on a Hitachi (Tokyo, Japan)

model U-2000 UV/VIS instrument. Assay of EAS activity

was performed by continuous measurement of the absor-

bency at 235 nm.
1H-NMR spectra were recorded on deuteriochloroform

solutions using a Bruker 400 MHz instrument. Tetra-

methylsilane was used as internal chemical shift reference.

Chemical Methods for Structure Determination

Catalytic hydrogenation of epoxy alcohols and trihydr-

oxyesters [26], oxidative ozonolysis [27], and acid-pro-

moted hydrolysis of allylic epoxy alcohols [24] were

performed as indicated. Steric analysis of epoxy alcohols

and trihydroxyesters was carried out as described in detail

[24].

Results and Discussion

Isolation of oxidation products

[1-14C]9(S)-HPODE (300 lM) was stirred at 23 �C for

30 min with the enzyme preparation from beetroot, and the

methyl-esterified product was subjected to SP-radio-HPLC.

A major peak of radioactivity due to compound II appeared

(95% of the chromatographed radioactivity) (Fig. 1b).

Reducing the time of incubation to 5 min resulted in lower

formation of compound II, and instead the less polar

compound I was the main product (Fig. 1a).

Incubation of 9(S)-HPOTrE (300 lM) with enzyme

preparation for 30 min followed by extraction, methyl-

esterification and isolation by SP-HPLC afforded the

trihydroxyester compound III ([90%). As described for

9(S)-HPODE, when the incubation time was reduced to

5 min, the yield of compound III was lowered, and instead

an epoxy alcohol methyl ester was the main product; this

however, was not further characterized.

Structure of Compound I

No absorption band in the range 210–300 nm was observed

in the UV spectrum of compound I demonstrating the dis-

appearance of the conjugated diene of the incubated 9(S)-

HPODE. On SP-HPLC, compound I comigrated with methyl

12(R),13(S)-epoxy-9(S)-hydroxy-10(E)-octadecenoate, sug-

gesting the identity of compound I with this epoxy alcohol or

an isomer thereof. The mass spectrum of the Me3Si deriva-

tive of compound I showed a molecular ion at m/z 398 (rel-

ative intensity, 2%) and further ions at m/z 383 (3; M?—15;

loss of �CH3), 259 [18; Me3SiO?=CH-(CH2)7-COOCH3],

241 [87; M? - 157; loss of �(CH2)7-COOCH3], 225 (21), 99
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Compound II

Compound II

Fig. 1 SP-radio-HPLC analysis of methyl-esterified incubation prod-

ucts obtained after incubation of [1-14C]9(S)-HPODE (300 lM) with

enzyme preparation (5 mL) from beetroot. a Incubation at 23 �C for

5 min. b Incubation at 23 �C for 30 min. The column was eluted with

2-propanol/hexane (1.5:98.5, vol/vol) (0–20 min) followed by 2-pro-

panol/hexane (7:93, vol/vol) (20–50 min) at a flow rate of 2 mL/min
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[100; ?O:C-(CH2)4-CH3], and 73 (80; Me3Si?), thus

indicating the presence of an epoxide group at C-12/C-13

and a hydroxyl group at C-9. The mass spectrum and C-value

were identical to those of the Me3Si derivative of authentic

methyl 12(R),13(S)-epoxy-9(S)-hydroxy-10(E)-octadece-

noate [7]. Oxidative ozonolysis performed on the (-)-

menthoxycarbonyl (MC) derivative of compound I followed

by methyl-esterification afforded the MC derivative of

dimethyl 2(S)-hydroxy-1,10-decanedioate, in this way

demonstrating the presence of a double bond in the D10

position and showing that the C-9 alcohol had the ‘‘S’’ con-

figuration. Oxylipins possessing an allylic epoxy alcohol

structure undergo facile hydrolysis into predictable patterns

of trihydroxyesters under mildly acidic conditions [10, 24],

and accordingly a sample of 1 mg of compound I was treated

with methanol/1 mM hydrochloric acid (1:50, v/v) at 23 �C

for 10 min. Regio- and stereochemical analysis [24] of the

resulting trihydroxyesters (Me3Si derivatives) by GC–MS

and GLC-FID revealed the presence of the following com-

pounds (abundance, C-value, numbering according to Ref.

[24]): methyl 9(S),12(S),13(S)-trihydroxy-10(E)-octadece-

noate (61%, C-22.46, isomer 10a), methyl 9(S),12(R),13(S)-

trihydroxy-10(E)-octadecenoate (18%, C-22.63, isomer

11a), methyl 9(S),10(R),13(S)-trihydroxy-11(E)-octadece-

noate (15%, C-22.58, isomer 7a), and methyl 9(S),10(S),

13(S)-trihydroxy-11(E)-octadecenoate (6%, C-22.36, iso-

mer 6a) (Scheme 1). Acid treatment of authentic methyl

12(R),13(S)-epoxy-9(S)-hydroxy-10(E)-octadecenoate pro-

duced an identical result, thus conclusively demonstrating

the identity of compound I with this epoxy alcohol.

Structure of compound II

The mass spectrum of the Me3Si derivative of compound II

showed ions at m/z 545 (0.4%; M?-15; loss of �CH3), 460

[15; M?-100; rearrangement with loss of OHC-(CH2)4-

CH3], 439 [2; M?-(31 ? 90); loss of �OCH3 plus

Me3SiOH], 387 (4; M? - 173; loss of �CH(OSiMe3)-(CH2)4-

CH3), 259 [16; Me3SiO?=CH-(CH2)7-COOCH3], 230 [5;

rearrangement with loss of OHC-CH = CH–CH(OSiMe3)-

CH(OSiMe3)-(CH2)4-CH3], 173 [100; Me3SiO?=CH-

(CH2)4-CH3], 147 (11; Me3Si-O?=SiMe2), 103 (11;

Me3SiO?=CH2), and 73 (69; Me3Si?), thus indicating a

9,12,13-trihydroxyoctadecenoate. The C-value (22.46) was

identical to that of the corresponding derivative of authentic

methyl 9(S),12(S),13(S)-trihydroxy-10(E)-octadecenoate

but differed from those of other possible trihydroxyocta-

decenoate isomers (cf. Ref. [24]). Oxidative ozonolysis

performed on the tris-MC derivative of compound II fol-

lowed by methyl-esterification afforded the MC derivative of

dimethyl 2(S)-hydroxy-1,10-decanedioate, thus locating the

double bond to the D10 position and assigning the ‘‘S’’ con-

figuration to C-9. 1H-NMR spectral data of compound II are

given in Table 1. The coupling constant observed for the

R

OHO

R

HO HO OH

R

HO OH

R

HO HO OH

Isomer 10a (Compound II)
(C-22.46)

Isomer 11a
(C-22.63)

Isomer 7a
(C-22.58)

Isomer 6a
(C-22.36)

OH

R

HO OHOH

Compound I

6%

61%

15%

18%

9

10

11

12 13

Scheme 1 Structures, percentages and C-values of isomeric trihydroxyesters produced upon acid-catalyzed hydrolysis of compound

I. Numbering of trihydroxyesters corresponds to numbers used in Ref. [24]. R = (CH2)7-COOCH3
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olefinic protons at C-10 and C-11 (J = 15.5 Hz) confirmed

that the D10 double bond had the ‘‘E’’ configuration. Final

identification of compound II as methyl 9(S),12(S),13(S)-

trihydroxy-10(E)-octadecenoate (methyl ester of pinellic

acid) was provided by melting point data, i.e. 92.0–92.5 �C;

earlier reported 92.5–93.0 �C [21].

Structure of Compound III

The trihydroxyester formed following incubation of

9(S)-HPOTrE gave analytical results identical to those

previously recorded for methyl 9(S),12(S),13(S)-trihy-

droxy-10(E),15(Z)-octadecadienoate (methyl ester of ful-

gidic acid) with regard to C-value and mass spectrum [7].

Proof for the identity of compound III with this oxylipin,

i.e., the D15(Z)-unsaturated analog of compound II, was

provided by results of catalytic hydrogenation, which

produced methyl 9(S),12(S),13(S)-trihydroxyoctadecano-

ate, and oxidative ozonolysis, which produced methyl

hydrogen 2(S)-hydroxy-1,10-decanedioate (cf. Ref. [7]).

Substrate Specificity of the Beetroot EAS Activity

As described above, 9(S)-HPODE and 9(S)-HPOTrE were

both rapidly converted when added to the enzyme prepa-

ration from beetroot. However, neither 13(S)-HPODE nor

13(S)-HPOTrE were similarly converted as judged by

analysis of the incubation products by SP-HPLC or GC–

MS. In order to further study this point, UV spectropho-

tometric assays of the rate of hydroperoxide consumption

by the beetroot enzyme preparation were performed. As

seen in Fig. 2, a rapid disappearance of the conjugated

diene chromophore absorbing at 235 nm was noted for the

two 9-hydroperoxides, whereas the two 13-hydroperoxides

were essentially stable during the incubation period.

Conclusion

Beetroot contains a strong EAS activity, which is active on

linoleic and linolenic acid 9-hydroperoxides, as well as an

epoxide hydrolase activity, which stereospecifically con-

verts the epoxy alcohol produced into a trihydroxy acid

Table 1 1H-NMR data for compound II

Proton d (ppm) Multiplicity J (Hz)

2 2.31 t 7.4

3 1.62 m

4–7,14–17 1.25–1.45 m

8 1.53 m

9 4.15 q 6.1, 12.2

10 5.83 dd 5.8, 15.5

11 5.72 dd 6.2, 15.5

12 3.95 dd 6.1

13 3.48 m

18 0.90 t 6.9

OCH3 3.67 s

OH 2.29 s

Recorded at 400 MHz in CDCl3 with tetramethylsilane as internal

chemical shift reference
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Fig. 2 UV-spectrophotometric assay of hydroperoxidase activity in

the beetroot. Enzyme preparation diluted 1:7.7 (v/v) with potassium

phosphate buffer pH 6.7 (2 mL) was treated at 23 �C with the

following fatty acid hydroperoxides: 9(S)-HPODE (51 lM; filled
circles), 9(S)-HPOTrE (52 lM; filled squares), 13(S)-HPODE

(46 lM; filled diamonds), and 13(S)-HPOTrE (45 lM; filled trian-
gles). The absorbance at 235 nm was monitored versus time

R

OHO

R

HO HO OH

Pinellic acid

12(R ),13(S )-epoxy-9(S)-hydroxy-
10(E )-octadecenoic acid

R

9(S)-HPODE

HOO

Epoxy alcohol synthase

Epoxide hydrolase
+ H2O

Scheme 2 Sequence of reactions in the conversion of 9(S)-HPODE

into pinellic acid (free acid form of compound II). R = (CH2)7-

COOH
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(Scheme 2). The former activity is reminiscent of the EAS

enzymes earlier studied in the fungus Saprolegnia parasi-

tica [6] and in potato leaves [7], however, whereas these

enzymes produce two isomeric epoxy alcohols from each

hydroperoxide, the beetroot EAS forms a single one. A

related conversion has been studied using an enzyme

preparation from oat seeds, in which case the EAS activity

was due to a peroxygenase [8]. The epoxide hydrolase

activity found in beetroot appears to be related to similar

activities earlier found in potato leaves [7] and oat seeds

[8].

The nature of the beetroot EAS and epoxide hydrolase is

currently under investigation and the results will be

reported shortly. Meanwhile, the high catalytic activities of

the two enzymes, combined with an uncomplicated pro-

tocol for product isolation, offer a practical way to prepare

considerable amounts of pinellic and fulgidic acids.
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Abstract LipidomeDB Data Calculation Environment

(DCE) is a web application to quantify complex lipids by

processing data acquired after direct infusion of a lipid-

containing biological extract, to which a cocktail of inter-

nal standards has been added, into an electrospray source of

a triple quadrupole mass spectrometer. LipidomeDB DCE

is located on the public Internet at http://lipidome.bcf.ku.

edu:9000/Lipidomics. LipidomeDB DCE supports targeted

analyses; analyte information can be entered, or pre-

formulated lists of typical plant or animal polar lipid ana-

lytes can be selected. LipidomeDB DCE performs isotopic

deconvolution and quantification in comparison to internal

standard spectral peaks. Multiple precursor or neutral loss

spectra from up to 35 samples may be processed simulta-

neously with data input as Excel files and output as tables

viewable on the web and exportable in Excel. The pre-

formulated compound lists and web access, used with

direct-infusion mass spectrometry, provide a simple

approach to lipidomic analysis, particularly for new users.

Keywords Triple quadrupole mass spectrometry �
Precursor scan � Neutral loss scan � Direct infusion �
Lipid quantification � Lipidomics

Abbreviations

DCE Data Calculation Environment

m/z Mass/charge

MS Mass spectrometry

QqQ Triple quadrupole

Introduction

Lipidomics is a developing strategy for functional

genomics. Characterizing large numbers of mutants or the

results of experimental manipulations applied to large

numbers of samples is becoming increasingly feasible.

Triple quadrupole (QqQ) mass spectrometers are robust

and widely available instruments, and their ability to iso-

late a signal stemming from the subset of a sample’s

molecules that produce a specific pair of mass/charge (m/z)

values provides detection specificity for lipidomic analysis.

Direct-infusion QqQ mass spectrometry (MS), using pre-

cursor and neutral loss scans, as originally proposed by

Brügger et al. [1], offers many advantages as a lipidomics

platform. Direct infusion, in comparison to introducing

samples through a liquid chromatography interface, is more

easily implemented and allows for the rapid analysis of

many samples. Another, less recognized advantage of
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direct-infusion is that the continuous influx of sample

allows the user to adjust the scanning time to improve

signal detection, without concern for elution time. How-

ever, a potential bottleneck in the implementation of any

lipidomic strategy is the ability to process the data into

quantitative lipid profiles. In particular, new users need a

simple approach, and many users need to be able to process

large data sets.

A number of tools for analysis of mass spectral data

from lipids have been developed. Tools designed for direct-

infusion QqQ MS analysis include the algorithm developed

by Kurvinen et al. [2], LIMSA [3, 4], and the method

developed by Ejsing et al. [5], LipidQA [6] and AMDMS-

SL [7]. Each tool is capable of lipid quantification from

direct infusion QqQ mass spectral data, and each has spe-

cial features. Some have the ability to combine data from

multiple spectra for identification and analysis of lipids at

the true molecular species level [5–7]. Some provide for

visualization and statistical analysis of the output data

[2–5].

Here we describe a new tool for mass spectral data anal-

ysis for lipidomics. The strength of LipidomeDB Data

Calculation Environment (DCE) is its ability to rapidly

and simultaneously analyze multiple spectra from up to

35-sample input in one step. It differs from currently avail-

able tools in being on the web. It provides pre-formulated

lists of target lipid analytes, including lists for plant lipids,

and can accept user-defined target analyte lists.

Materials and Methods

Programming

LipidomeDB DCE has a web interface and a database

backend (called LipidomeDB), and scripts to read and

perform calculations on input data provided in Excel for-

mat. LipidomeDB is a MySQL database that stores the

defined lipid species and formulas, and the users’ experi-

mental data. Much of the LipidomeDB DCE is coded in

JSP. The user interface is implemented primarily in JSP

with Javascript used to perform client-side computations,

such as those related to isotopic abundances, and with Java

used for server-side data analysis, such as searching the

database for target lipid species matching uploaded data

with the target species lists, and isotopic deconvolution.

Input Spectral Data

The input data are spectral peak lists acquired by precursor

or neutral loss scanning, typically using a triple quadrupole

mass spectrometer in the multiple channel analyzer (MCA)

mode (a mode that averages or sums the signal from

multiple scans to produce a spectrum). Data processing,

i.e., baseline subtraction, smoothing and centroiding (or

integration), are performed with the mass spectrometer’s

acquisition software. Spectra, each as a list of m/z versus

signal, are exported from the acquisition program to Excel

files for upload to LipidomeDB DCE. AB Sciex pro-

grammers have written a script, called ‘‘Multiple Period

Processing,’’ that exports data in the proper format; how-

ever, the format may be replicated manually or through

other scripts. The format of the Excel spreadsheets for

upload is specified in the documentation accompanying

LipidomeDB DCE, and example files are provided.

Algorithms and Functions

Algorithms and functions are described briefly below. Full

details are provided in the documentation (tutorial) for

LipidomeDB DCE accessed from its home page:

http://lipidome.bcf.ku.edu:9000/Lipidomics.

Target Lipid Information

The mass of target lipids and abundances of their isotopic

variants are calculated from the chemical formula by

adding the masses of the component atoms. The adduct

formed by the target lipids is specified by the user. Possible

adduct choices, in the negative mode, are [M - H]-, [M-

CH3]-, [M ? Cl]- and [M ? C2H3O2]- (i.e., [M ? ace-

tate]-), and in the positive mode, [M ? H]?,

[M ? NH4]?, [M ? Li]?, [M ? Na]? and [M ? K]?.

Lipid Search

The peaks corresponding to specified adduct ions of the

internal standards and target lipids are located in the input

data by m/z, and the value of each corresponding signal is

collected. Any mass that is within the specified mass tol-

erance window (specified compound mass ± the mass

tolerance) is considered a candidate mass for the specified

target lipid or internal standard. The search algorithm

provides three options, in case multiple masses are found

within the mass tolerance window. The three options are:

‘‘Nearest Mass,’’ which selects the m/z closest to the lipid

ion’s m/z, ‘‘Highest Signal,’’ which selects the m/z having

the highest corresponding signal value, and ‘‘Sum of Sig-

nals,’’ which sums signals within the specified mass

tolerance target window.
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Isotopic Deconvolution (Correction) of Signal and Lipid

Analyte Quantification

Quantification is essentially the method described by

Brügger et al. [1] and used in the LIMSA analytical tool

[3, 4]. Isotopic deconvolution to remove signals because of

‘‘A ? 1’’ and ‘‘A ? 2’’ isotopic variants (in LipidomeDB

DCE, called a1 and a2), in order to detect the ‘‘A’’ peaks of

other compounds at the same nominal mass, is performed

in a manner similar to the ‘‘subtraction’’ method in the

LIMSA analytical tool [3].

After the corrected signals are established by deconvo-

lution, the amount of each target lipid is calculated.

The amount is calculated from the corrected signals for

the target lipids, the signals for 1–3 internal standards and

the corresponding internal standard amounts specified

by the user. A linear calibration curve (signal vs. m/z) fits

the signals of the internal standards [3] and is used to correct

for mass-dependent variation in instrument response. If any

internal standard is not detected, an error message appears

on an output page for the individual spectrum (i.e., the

spectrum for one target list and one sample); if this error is

present, the target analytes are not quantified in the sample

with the missing standards. If the internal standards are

detected, data calculations are shown on the output page for

the individual spectrum.

Results and Discussion

The primary function of LipidomeDB DCE is to search for

m/z and signal for entered target lipid species in integrated

(centroided) mass spectra uploaded by the user, to isoto-

pically deconvolute the signals, and to quantify the signals

in comparison to internal standard signals and amounts, in

order to calculate the amount of each target lipid species in

the samples. LipidomeDB DCE has three phases, shown

in Fig. 1, data collection, data analysis, and result output

and collection.

Getting Started

To use LipidomeDB DCE, a login ID can be acquired by

following instructions on the home page. A ‘‘tutorial’’ (i.e.,

documentation) accessible from the home page includes

complete instructions for the use of LipidomeDB DCE.

The instructions include brief directions for performing the

lipidomic experiments, including suggestions for sample

preparation, internal standards and their addition, acquisi-

tion of the mass spectral data and formatting of the mass

spectral data for input into LipidomeDB DCE. The intent

of this part of the tutorial is to simplify and describe the

process of performing lipidomic analyses. Also available,

on the home page and by following links in the tutorial, are

example input data files, acquired on mouse intestinal lipid

Fig. 1 Scheme indicating the

workflow of the system and

relationships of the three phases

of LipidomeDB DCE: data

collection, data analysis, and

result output and collection

Table 1 Categories of step-by-step directions in the LipidomeDB

DCE tutorial

Step 1. Assemble the data to be entered

Step 2. User log-in

Step 3. Enter data about the samples

Step 4. Enter the first target compound set

a. Enter a target compound set from an existing (pre-formulated)

list

b. Enter your own target compound set

Step 5. Enter any additional target compound sets

Step 6. Provide data about internal standard amounts

Step 7. Upload the input data generated from the experiments in

Excel format

Step 8. Collect the results

Lipids (2011) 46:879–884 881
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Fig. 2 Screenshot of target compound input sheet. The screenshot shows the pre-formulated list for ‘‘Animal LPC’’

Fig. 3 Screenshot of spectral

files upload sheet
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extracts, and the output file that should be obtained when

the data are processed according to the instructions,

allowing users to test the interface function and verify

correct usage. Step-by-step directions for using Lipid-

omeDB DCE (as shown in Table 1) with screenshots are

provided in the tutorial. Also in the tutorial are sections

discussing normalization to tissue metrics and practical

considerations about the limitations of the quantitative

capabilities of direct-infusion electrospray ionization QqQ

MS-based analysis.

Input Data

The input to LipidomeDB consists of lists of target lipids,

i.e., lipid species being analyzed, lists of internal standards

utilized, internal standard amounts, and the mass and signal

lists from precursor or neutral loss scan(s) (Fig. 1). Either

pre-formulated lipid species target lists, user-specified lipid

target lists or a combination of the two types of lists can be

used. If the user composes his own sheets, they can be saved

for his later use. The pre-formulated target lists for ‘‘plants’’

Fig. 4 Screenshot of summary.

A summary of data for all

targeted compound sets from all

samples can be exported as an

Excel file
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and ‘‘animals’’ are based on lipid species detected by the

Kansas Lipidomics Research Center’s analytical laboratory

by electrospray ionization QqQ MS in a number of higher

plant and mammalian species. Figure 2 is a screenshot of

the interface for indicating the target lipids and the corre-

sponding internal standards. Similar pages are used for each

group of lipids to be analyzed (i.e., for each precursor or

neutral loss scan). The pre-formulated lists provide a suitable

and quick starting point for many users. Amounts of internal

standards are entered, and mass spectral data are uploaded in

Excel files. The interface for uploading the mass spectral data

is shown in Fig. 3. LipidomeDB DCE searches the m/z of

mass spectral data for the m/z values of lipids and internal

standards in the target lists.

Data Calculation and Output

Data calculation is described briefly in the ‘‘Materials and

Methods’’ section, and in more detail in the tutorial. The

output of LipidomeDB DCE can be viewed on (1) a sheet

showing calculations for one target list for one sample, (2)

as a summary showing calculated data for one target

compound set from all samples or (3) as a summary of data

for all targeted compound sets from all samples (Fig. 4).

The sheet showing calculations for one target list for one

sample (i.e., data from one spectrum) allows the user to

confirm detection of the internal standards, to view the

corrections for isotopic variants (isotopic deconvolution

results) and to view the results of the quantification. The

summary sheets provide the data in several convenient

forms. All sheets can be viewed on the web or exported in

Excel format.

Summary

LipidomeDB DCE is a well-documented web application for

analysis of direct infusion electrospray ionization QqQ mass

spectral data, with the capability to analyze multiple scans

from up to 35 samples simultaneously. The pre-formulated

lists of plant and animal polar lipids provide a quick start for

lipidomic data analysis that should provide for ease in

performing lipidomics analyses. In the long term, the web-

accessible lipidomics data calculation system and database

can be developed for storage and retrieval of lipidomics data

in the context of experimental metadata.
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Abstract Supplementation with a mixture of trans-10, cis-

12 (t10,c12) and cis-9, trans-11 (c9,t11) isomers of conju-

gated linoleic acid (CLA), or t10,c12 CLA alone, reduces

body weight and fat deposition in animals and some humans.

However, these anti-obesity actions of t10,c12 CLA are

routinely accompanied by increased markers of inflamma-

tion and insulin resistance. Thus, we examined the extent to

which blocking c-Jun NH2-terminal kinase (JNK) signaling

using the JNK inhibitor SP600125 attenuated markers of

inflammation and insulin resistance in primary human adi-

pocytes treated with t10,c12 CLA. SP600125 attenuated

t10,c12 CLA-mediated phosphorylation of cJun and

increased protein levels of activating transcription factor

(ATF) 3, two downstream targets of JNK. SP600125 atten-

uated t10,c12 CLA-mediated induction of inflammatory

genes, including interleukin (IL)-6, IL-8, IL-1b, ATF3,

monocyte chemoattractant protein (MCP)-1, and cycloox-

ygenase-2. Consistent with these data, SP600125 prevented

t10,c12 CLA-mediated secretion of IL-8, IL-6, and MCP-1.

SP600125 prevented t10,c12 CLA suppression of lipogenic

genes including peroxisome proliferator activated receptor

gamma, liver X receptor, sterol regulatory element binding

protein, acetyl-CoA carboxylase, and stearoyl-CoA

desaturase. Additionally, SP600125 blocked t10,c12 CLA-

mediated induction of suppressor of cytokine synthesis-3

and suppression of adiponectin and insulin-dependent glu-

cose transporter 4 mRNA levels. Collectively, these data

suggest that JNK signaling plays an important role in t10,c12

CLA-mediated regulation of inflammatory and lipogenic

gene expression in primary cultures of human adipocytes.

Keywords Conjugated linoleic acid � Adipocytes � JNK �
cJun � Inflammation � Lipogenic genes

Abbreviations

ACC Acetyl-CoA carboxylase

AP-1 Activator protein

apm-1 Adiponectin

ATF Activating transcription factor 3

BMI Body mass index

BSA Bovine serum albumin

c9,t11 CLA Cis-9, trans-11 conjugated linoleic acid

t10,c12 CLA Trans-10, cis-12 conjugated linoleic acid

COX Cyclooxygenase

DEX Dexamethasone

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

FA Fatty acid

GAPDH Glyceraldehyde-3-phosphate

dehydrogenase

GLUT4 Insulin-dependent glucose transporter 4

HBSS Hanks balanced salt solution

IBMX 1-methyl-3-isobutylxanthine

IL Interleukin

IRS Insulin receptor substrate

ISR Integrated stress response

JNK c-Jun-NH2-terminal kinase

LXR Liver X receptor
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MAPK Mitogen-activated protein kinase

MCP Monocyte chemoattractant protein

MEK Mitogen-activated protein kinase kinase

NFjB Nuclear factor kappa B

PPAR Peroxisome proliferator activated receptor

SCD Stearoyl-CoA desaturase

SOCS Suppressor of cytokine synthesis

SREBP Sterol regulatory element binding protein

SV Stromal vascular

TG Triglyceride

TZD Thiazolidinedione

Introduction

Obesity is a global health issue with *500 million people

classified as obese and 1.5 billion overweight in 2008,

including 43 million children under the age of five reported

in 2010 [1]. One potential strategy for reducing adiposity is

consumption of conjugated linoleic acid (CLA), unsatu-

rated fatty acids found in ruminant meats and dairy prod-

ucts, or in dietary supplements and fortified foods.

Conjugated linoleic acid refers to a group of conjugated

octadecadienoic acid isomers derived from linoleic acid, a

fatty acid that contains 18 carbons and 2 double bonds in

cis configuration at the 9th and 12th carbons [i.e., cis-9, cis-

12 octadecadienoic acid]. Microbes in the gastrointestinal

tract of ruminant animals convert linoleic acid into dif-

ferent isoforms of CLA through biohydrogenation. This

process changes the position and configuration of the

double bonds, resulting in a single bond between one or

both of the two double bonds (i.e., cis-9, trans-11 (c9,t11)

or trans-10, cis-12 (t10,c12) octadecadienoic acid). Con-

suming a mixture of c9,t11 and t10,c12 CLA isomers, or

t10,c12 CLA alone, reduces body fat mass in rodents,

particularly mice, and some humans [reviewed in 2].

However, the isomer-specific mechanism by which CLA

reduces adiposity is unclear. Furthermore, a number of

clinical studies report potential side effects of CLA sup-

plementation including increased levels of markers of

inflammation (e.g., inflammatory cytokines, chemokines,

or prostaglandins), insulin resistance, hyperlipidemia, and

lipodystrophy [3–7]. These anti-obesity and adverse side

effects of CLA appear to be due primarily to the t10,c12

isomer. In contrast, the c9,t11 isomer appears to have anti-

inflammatory and anti-diabetic properties without reducing

body weight [8].

We have demonstrated that t10,c12 CLA reduces glu-

cose and fatty acid uptake and triglyceride content in cul-

tures of human adipocytes, in part, by activating

extracellular signal-related kinase (ERK) [9] and nuclear

factor kappa B (NFjB) [10]. These in vitro data have been

confirmed in vivo [11]. Activated NFjB [12–14] and ERK

[15–17] induce markers of inflammation and antagonize

peroxisome proliferator activated receptor (PPAR)c activ-

ity, thereby causing insulin resistance. However, the extent

to which t10,c12 CLA activates other kinases or tran-

scription factors that impact inflammatory signaling, insu-

lin sensitivity, and triglyceride content in human

adipocytes, and their mechanism of action, are unclear.

We recently demonstrated that t10,c12 CLA increased

the phosphorylation levels of c-Jun NH2-terminal kinase

(JNK) and downstream targets cJun and activating tran-

scription factor (ATF3), members of the redox-sensitive

transcription factor activator protein-1 (AP-1), that induce

inflammatory gene transcription [18, 19]. c-Jun NH2-ter-

minal kinase activation is known to enhance inflammation

and insulin resistance associated with obesity, and lack of

JNK1 or JNK2 reduces body fat and improves insulin

sensitivity in vivo [20, 21] and in vitro [22]. However, the

role of JNK in activating cJun or ATF3 in CLA-treated

cultures and the extent to which this activation regulates

inflammatory and lipogenic gene expression has not been

investigated.

Based on these data, we hypothesized that JNK plays an

important role in t10,c12 CLA-mediated activation of AP-1

and induction of inflammatory genes and suppression of

lipogenic genes. To test this hypothesis, we employed the

chemical JNK1-3 inhibitor, SP600125. By using this

inhibitor, we demonstrate that JNK is involved in the

regulation of t10,c12 CLA-induced inflammatory signal-

ing, and suppression of gene markers for adipogenesis,

lipogenesis, and insulin signaling in cultures of newly-

differentiated human adipocytes. Therefore, JNK may be

an important target for preventing 10,12 CLA-mediated

inflammation.

Materials and Methods

Materials

All cell culture ware were purchased from Fisher Scientific

(Norcross, GA). Lightning Chemiluminescence Substrate

was purchased from Perkin Elmer Life Science (Boston,

MA). Immunoblotting buffers and precast gels were pur-

chased from Invitrogen (Carlsbad, CA). Adipocyte media

was purchased from Zen Bio (Research Triangle Park,

NC). The Nuclear Extract Kit was purchased from Active

Motif (Carlsbad, CA). Polyclonal antibodies for anti-gly-

ceraldehyde-3-phosphate dehydrogenase (GAPDH) and

ATF3 and monoclonal antibody for anti-PPARc were

obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

Anti-total and anti-phospho (P) JNK (Thr183/Try185) and

P-cJun (Ser63) antibodies were purchased from Cell
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Signaling Technologies (Beverly, MA). Anti-nucleoporin

was purchased from BD transduction laboratories (San

Jose, CA). HyClone fetal bovine serum was purchased

from Fisher Scientific. Isomers of CLA (?98% pure) were

purchased from Matreya (Pleasant Gap, PA). The cell

permeable selective JNK1-3 inhibitor SP600125 (#420119;

Anthra [1,9-cd]pyrazol-6(2H)-one, 1,9-pyrazoloanthrone;

JNKII) was purchased from EMD Chemicals (Gibbstown,

NJ). This inhibitor of JNK1-3 is competitive with respect to

ATP, and has over a 300-fold greater selectivity for JNK

compared to other mitogen-activated protein kinase

(MAPK) including ERK and p38 [23], and specifically

inhibits the phosphorylation of cJun serine residues 63 and

67 [24, 25]. All other reagents and chemicals were pur-

chased from Sigma Chemical Co. (St. Louis, MO) unless

otherwise stated.

Culturing of Human Primary Adipocytes

Abdominal white adipose tissue was obtained with consent

from the Institutional Review Boards at the University of

North Carolina at Greensboro and the Moses Cone

Memorial Hospital, during elective abdominoplasty of non-

diabetic Caucasian and African American females between

the ages of 20–50 years old with a body mass index B32.0.

These selection criteria allow for reduced variation in

gender, age, and obesity status. Tissue was digested using

collagenase; stromal vascular cells were isolated as previ-

ously described [9]. Stromal vascular cells were differen-

tiated with adipocyte media (AM-1) containing 1 lM

rosiglitazone and 250 lM 1-methyl-3-isobutylxanthine for

3 days, which yielded cultures containing *30–50% adi-

pocytes. On days 6–12, cells were pretreated with 5, 20, or

80 lM SP600125 JNK inhibitor dissolved in DMSO for

30 min, and subsequently treated with 50 lM t10,c12 CLA

or bovine serum albumin (BSA) vehicle control for

12–24 h depending on the experimental outcome mea-

sured. All cultures were normalized to contain the same

amount of BSA and DMSO vehicles. Each independent

experiment was repeated at least twice using a mixture of

cells from three subjects, unless otherwise indicated.

Fatty Acid Preparation

t10,c12 CLA was delivered as a free acid complexed to

7.5% fatty acid-free BSA at a 4:1 molar ratio as previously

described [9].

RNA Isolation and PCR

Total RNA was isolated from the cultures using Tri

Reagent purchased from Molecular Research Center

(Cincinnati, OH), according to manufacturer’s protocol.

For quantitative real time PCR, 2.0 lg total RNA was

converted into first strand cDNA using Applied Biosystems

High-Capacity cDNA Archive Kit (Foster City, CA). Real

time PCR was performed in an Applied Biosystems 7500

FAST Real Time PCR System using Taqman Gene

Expression Assays. To account for possible variation in

cDNA input or the presence of PCR inhibitors, the

endogenous reference gene GAPDH was simultaneously

quantified for each sample, and these data normalized

accordingly. The Relative Standard Curve Method using

seven, two-fold dilutions ranging from 100–1.56 ng RNA

was used to check primer efficiency and linearity of each

transcript according to Applied Biosystem’s Guide to

Performing Relative Quantification of Gene Expression

Using Real-Time Quantitative PCR.

Nuclear and Cytosolic Separation

Nuclear and cytosolic cellular fractions were prepared

using a commercially available kit from Active Motif as

previously described [10].

Immunoblotting

Immunoblotting using 20 lg of protein per lane was con-

ducted using 4-12% NuPage precast gels (Invitrogen) as

previously described [10]. Briefly, PVDF membranes were

blocked with 5% milk in TBST for 1 h and washed 3 9 in

TBST for 5 min. Blots were incubated overnight at 4�C

with primary antibodies targeting P-JNK, P-cJun, total

cJun, and ATF3 at a dilution of 1:1,000, and subsequently

incubated in the respective horseradish peroxidase-conju-

gated secondary antibody at a dilution of 1:5,000 at room

temperature for 1 h. Primary and secondary antibodies

targeting GAPDH were used at a 1:5,000 dilution. Primary

and secondary antibodies targeting PPARc were used at

dilutions 1:200 and 1:2,000, respectively. After washing,

blots were treated with chemiluminescence reagent for

1 min and film was exposed using a SRX-101A Konica

Minolta flim developer. Densitometry was performed using

a Kodak Image Station 440 CF by Perkin Elmer and Kodak

Molecular Imaging Software Version 4.0.

Secretion of IL-6, IL-8, and Monocyte Chemoattractant

Protein (MCP)-1

The concentrations of IL-6, IL-8, and MCP-1 were deter-

mined using the BioPlex� Suspension Array System from

Bio-Rad (Hercules, CA) following the manufacturer’s

protocol. Briefly, media was collected from cultures that

were pretreated with 5, 20, or 80 lM SP600125 for 30 min,

and subsequently treated with 50 lM t10,c12 CLA or BSA

for 24 h. The media was centrifuged at 13,2009g for
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10 min at 4�C to clear the samples of any cell debris.

Samples and standards were run in duplicate. Based on the

manufacturer’s report ‘Bio-Plex Pro Human Cytokine,

Chemokine, and Growth Factor Assays-Bulletin 5828,’ the

intra-assay % CVs for IL-6, IL-8, and MCP-1 are 7, 9, and

9%, respectively. The inter-assay % CVs are 11, 4, and 7%,

respectively.

Statistical Analyses

Data are expressed as the means ± S.E. Data were ana-

lyzed using one-way analysis of variance followed by

Tukey’s-HSD tests for each pair for multiple comparisons.

Differences were considered significant if p \ 0.05. All

analyses were performed using JMP IN, Version 9 Soft-

ware (SAS Institute, Cary, NC).

Results

The JNK Inhibitor SP600125 Attenuates t10,c12 CLA-

Mediated Activation of cJun and ATF3

We previously demonstrated that treatment of newly-dif-

ferentiated human adipocytes with 50 lM t10,c12 CLA,

but not c9,t11 CLA, for 6 h increased phosphorylation

levels of JNK and cJun, which was sustained for 24 h when

compared to vehicle (BSA)-treated cultures in total cell

extract [18, 19]. However, a direct role for JNK in the

activation of cJun and upregulation of inflammatory genes

in response to t10,c12 CLA treatment has not been deter-

mined. In order to implicate a role for JNK in the activation

of cJun, we examined JNK and cJun phosphorylation in

cytosol and nuclear fractions after 6, 12, and 24 h of

treatment with t10,c12 CLA. Phosphorylation of JNK was

increased at 6 h and was sustained at 24 h in the cytosolic

fraction, and increased in the nuclear fraction at 24 h with

t10,c12 CLA. Consistently, cJun phosphorylation by

t10,c12 CLA was detected almost exclusively in the

nuclear fraction at all time points (Fig. 1a). Interestingly,

t10,c12 CLA increased total cJun levels compared to the

BSA control in the nuclear fraction at all time points.

Based on the robust t10,c12 CLA-mediated activation of

JNK and cJun, we investigated the extent to which pre-

treatment with the JNK inhibitor SP600125 blocked

t10,c12 CLA-mediated phosphorylation of cJun after 12 h

of treatment. Concentrations of SP600125 ranging between

5–80 lM were chosen based on studies using Jurkat T cells

in which the IC50 for blocking cJun phosphorylation was

10 lM and using CD4 ? cells isolated from human

peripheral blood mononuclear cells in which the IC50 for

blocking cyclooxygenase (COX)-2 and tumor necrosis

factor alpha expression was 5 and 10 lM, respectively

[23]. SP600125 suppressed t10,c12 CLA-mediated phos-

phorylation of cJun and increase in the protein levels of

ATF3, an AP-1 family member, in total cell lysates

(Fig. 1b). These data suggest that JNK is involved in

t10,c12 CLA-mediated cJun activation.

SP600125 Attenuates t10,c12 CLA Induction

of Inflammatory Genes

Next, we determined the extent to which SP600125

blocked t10,c12 CLA-induced inflammatory gene expres-

sion. Pretreatment of cultures with SP600125 attenuated

t10,c12 CLA-induction of IL-8, IL-6, IL-1b, MCP-1,

COX2, and ATF3 (Fig. 2a). Consistent with these data,

SP600125 attenuated t10,c12 CLA-mediated secretion of

IL-8, IL-6, and MCP-1 (Fig. 2b). Collectively, these data

demonstrate that SP600125 suppresses t10,c12 CLA-med-

iated induction of inflammatory gene expression and pro-

tein secretion.

SP600125 Blocks t10,c12 CLA Suppression

of Lipogenic Genes

Inflammatory transcription factors such as NFjB and AP-1

in concert with MAPKs like ERK have been shown to

inhibit lipogenic gene expression, in part, by suppressing

Fig. 1 a Cultures of newly-differentiated human adipocytes were

treated with BSA vehicle or 50 lM t10,c12 CLA for 6, 12, or 24 h.

Nuclear and cytosolic fractions were prepared using the Nuclear

Extract Kit from Active Motif and analyzed for the determination of

the protein levels of P-JNK, JNK, P-cJun, cJun, GAPDH, and

nucleoporin. b Cultures were pretreated for 30 min with 5, 20, or

80 lM SP600125 (SP) followed by a 12 h treatment with BSA

vehicle or 50 lM t10,c12 CLA. Subsequently, total cell lysates were

harvested for the determination of the protein levels of P-cJun, cJun,

ATF3, and GAPDH. Data are representative of two a or three

b independent experiments
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PPARc activity [12–17]. Due to the hypothesized role of

JNK in regulating t10,c12 CLA-induced inflammation, we

investigated the impact of SP600125 on t10,c12 CLA-

mediated suppression of lipogenic gene expression and

PPARc protein levels. Consistent with our hypothesis,

SP600125 blocked t10,c12 CLA-mediated suppression of

the expression of transcription factors that regulate lipid

metabolism (i.e., PPARc/a, sterol regulatory element

binding protein (SREBP)-1c, liver X receptor (LXR)a) and

several of their downstream targets (i.e., acetyl-CoA car-

boxylase (ACC)-1, stearoyl-CoA desaturase (SCD)-1) in a

concentration-dependent manner (Fig. 3a). Additionally,

20 lM SP600125 modestly prevented a CLA-mediated

decrease in PPARc protein levels (Fig. 3b). Taken toge-

ther, these data suggest that JNK activity regulates t10,c12

CLA-mediated suppression of lipogenic genes, which may

contribute to the ability of t10,c12 CLA to decrease the

triglyceride levels in adipocytes.

SP600125 Prevents t10,c12 CLA-Mediated Regulation

of Genes Involved in Insulin Signaling

We previously demonstrated that t10,c12 CLA-induced

inflammation leads to a suppression of insulin signaling

and sensitivity [9, 10, 18, 19]. Therefore, we determined

the extent to which JNK impacted the expression of genes

associated with insulin signaling. SP600125 attenuated

t10,c12 CLA-mediated induction of suppressor of cytokine

synthesis (SOCS)-3, a protein reported to cause insulin

resistance (Fig. 4). Consistent with these data, t10,c12

CLA-mediated suppression of insulin-dependent glucose

transporter (GLUT) 4 and adiponectin mRNA levels,

which are positively associated with insulin sensitivity, was

attenuated by SP600125 in a concentration-dependent

manner (Fig. 4). Further studies are needed to confirm a

role for JNK in CLA-mediated suppression of insulin-

stimulated glucose uptake.

Discussion

Consistent with our hypothesis, t10,c12 CLA-mediated

activation of cJun and ATF3 was attenuated by the

chemical JNK inhibitor, SP600125. SP600125 also blocked

t10,c12 CLA-induced inflammatory gene expression and

cytokine secretion, and suppression of lipogenic genes and

markers of insulin signaling. Taken together, these data

suggest that JNK plays a role in t10,c12 CLA-mediated

induction of markers of inflammation and insulin resistance

in cultures of human adipocytes. However, due to the

potential lack of specificity of chemical inhibitors (i.e.,

they can inhibit other kinases including ERK and p38,

albeit at much lower selectivities [23]), JNK gene silencing

experiments are needed to confirm these results. Knock-

down experiments are also need to determine the extent to

which JNK signaling impairs insulin-stimulated glucose

uptake in t10,c12 CLA-treated cultures, because such

longer-term studies were not possible with SP600125 (data

not shown).

Treatment times differed based on the experimental

outcome measured. Historically, we have shown in our

primary cultures of newly-differentiated human adipocytes

that t10,c12 CLA increases phosphorylation of MAPKs

between 6–24 h, induces inflammatory gene expression

and protein secretion between 12–48 h, decreases adipo-

genic gene expression from 18 to 72 h, and PPARc protein

Fig. 2 a Cultures of newly-

differentiated human adipocytes

were pretreated with 5, 20, or

80 lM SP600125 (SP) for

30 min, followed by treatment

with BSA vehicle or 50 lM

t10,c12 CLA for 18 h a or 24 h

b. Subsequently, RNA was

harvested and the mRNA levels

of IL-8, IL-6, IL-1b, MCP-1,

ATF3, and COX-2 were

measured by real time qPCR

and normalized to GAPDH

endogenous control. Means

(?SE; n = 2–3 a or n = 4 b)

not sharing a lower case letter

differ significantly (p \ 0.05).

(b). Media were collected and

analyzed for IL-8, IL-6, and

MCP-1 levels using the BioRad

Multiplex System. Data are

representative of two b or three

a independent experiments
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from 24 to 48 h [9, 10, 18, 19, 32, 33]. Therefore, we chose

a 12 h time point to examine JNK phosphorylation, 18 h

for inflammatory gene expression, 24 h for cytokine/che-

mokine secretion, and 24 h for adipogenic, lipogenic, and

insulin-sensitizing gene expression. The timing of these

events fits our hypothesis that JNK phosphorylation occurs

prior to t10,c12 CLA-mediated induction and secretion of

inflammatory proteins, leading to the suppression of adi-

pogenic/lipogenic gene and protein levels.

c-Jun NH2-terminal kinase-mediated activation of cJun

results in induction of several inflammatory genes includ-

ing IL-8, IL-6, and COX2, and also genes involved in cell

death or apoptosis. For example, SP600125 or RNA

interference of JNK in 3T3-L1 adipocytes prevented free

fatty acid-induced MCP-1 expression [26]. Consistent with

these data, we showed that inhibiting JNK with the

chemical inhibitor SP600125 prevented t10,c12 CLA-

mediated inflammatory gene expression and protein

secretion (Fig. 2). This prevention was accompanied by an

increase in the expression lipogenic and insulin sensitizing

genes and PPARc protein levels that promote lipogenesis

or insulin signaling (Fig. 3).

One possible explanation for these data is that by

inhibiting JNK activity, t10,c12 CLA was unable to

decrease PPARc activity, which drives the expression of

genes that promote glucose and fatty acid uptake and

triglyceride synthesis and deposition in adipocytes.

Indeed, PPARc2 activity is regulated by phosphorylation

[27]. Notably, phosphorylation at serine residue 112 by

ERK or JNK has been reported to decrease PPARc
activity by ubiquination and proteosome degradation [28],

and by decreasing its ligand-dependent and ligand-inde-

pendent transactivating functions [15, 29–31]. Consistent

with this hypothesis, we have shown that t10,c12 CLA

increases PPARc phosphorylation prior to reducing

PPARc protein levels. Furthermore, supplementation with

Rosiglitazone, a PPARc agonist [32], or resveratrol, an

anti-inflammatory polyphenol [33], attenuates delipidation

by t10,c12 CLA. Thus, inhibiting t10,c12 CLA-mediated

JNK signaling may increase PPARc activity, thereby

increasing the expression of lipogenic and insulin-signal-

ing genes. Consistent with this hypothesis, SP600125

supplementation of t10,c12 CLA-treated cultures

increased the expression of lipogenic and insulin-

Fig. 3 Cultures of newly-differentiated human adipocytes were

pretreated with 5, 20, or 80 lM SP600125 (SP) for 30 min, followed

by treatment with BSA vehicle or 50 lM t10,c12 CLA for 24 h.

a RNA was harvested and the mRNA levels of PPARc, PPARa,

LXRa, SREBP-1c, ACC-1, and SCD-1 were measured using real time

qPCR and normalized to GAPDH endogenous control. Means (?SE;

n = 2–3) not sharing a lower case letter differ significantly

(p \ 0.05). b Cultures were harvested for the determination of the

protein levels of PPARc and GAPDH. PPARc levels were quantified

by densitometry and normalized to the loading control, GAPDH.

Densitometry values are expressed as % of BSA vehicle control. Data

are representative of two b or three a independent experiments

Fig. 4 Cultures of newly-differentiated human adipocytes were

pretreated with 5, 20, or 80 lM SP600125 (SP) for 30 min, followed

by treatment with BSA vehicle or 50 lM t10,c12 CLA for 24 h.

Subsequently, RNA was harvested and the mRNA levels of SOCS-3,

GLUT4, and apm1 were measured by real time qPCR and normalized

to GAPDH endogenous control. Means (?SE; n = 2–3) not sharing a

lower case letter differ significantly (p \ 0.05)
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signaling genes compared to cultures treated with t10,c12

CLA alone (Fig. 3).

We previously showed using the ERK inhibitor U0126

that ERK activation by t10,c12 CLA is one mechanism by

which t10,c12 CLA suppresses lipogenic gene expression

and insulin-stimulated glucose uptake [9]. Therefore, it is

tempting to speculate that t10,c12 CLA antagonizes

PPARc activity via activation of MAPKs like ERK and

JNK, thereby inhibiting PPARc target genes. In support of

this hypothesis, knockdown of JNK1, but not JNK2,

increased basal and troglitazone-stimulated PPARc repor-

ter activity [34].

c-Jun NH2-terminal kinase deficiency in animals on a

high-fat diet protects them from developing insulin resis-

tance [20]. Similarly, mitochondrial dysfunction-induced

insulin resistance in 3T3-L1 adipocytes is prevented by

knockdown of JNK1 [35]. Several reports show that JNK

directly phosphorylates insulin receptor substrate (IRS)-1

at serine 307, thus inactivating insulin receptor signaling.

However, we did not observe any effects of t10,c12 CLA

or SP600125 on IRS-1 ser 307 phosphorylation (data not

shown), in spite of SP600125 blocking t10,c12 CLA

induction of SOCS-3, a protein reported to phosphorylate

ser 307 on IRS-1. Nevertheless, t10,c12 CLA-mediated

suppression of the mRNA levels adiponectin and GLUT4,

proteins associated with insulin sensitivity, was completely

prevented by SP600125 (Fig. 4).

Taken together, these data suggest that JNK may be an

important target for preventing t10,c12-CLA mediated

inflammation. Further studies are needed to confirm a role

for JNK in t10,c12 CLA-mediated insulin resistance. RNA

interference studies targeting JNK are also needed to

confirm these data. Future research will also focus on

identifying upstream activators of JNK and ERK and

potential mechanisms by which these MAPK pathways are

linked to insulin resistance and suppression of lipogenesis

in adipocytes.
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Abstract In the present study, the anti-inflammatory

action of lysophosphatidylethanolamine (lysoPtdEtn),

orally administered, in zymosan A-induced peritonitis was

examined. Oral administration of 2-DHA-lysoPtdEtn

(ED50, *111 lg/kg) or 2-ARA-lysoPtdEtn (ED50, 221 lg/

kg) was found to inhibit the plasma leakage in mice treated

with zymosan A. In support of this, 2-polyunsaturated acyl-

lysoPtdEtn diminished the formation of LTC4, a lipid

mediator responsible for vascular permeability. Next,

2-DHA-lysoPtdEtn (ED50, 110 lg/kg) or 2-ARA-lysoPt-

dEtn (ED50, 123 lg/kg) effectively inhibited the leukocyte

extravasation into the peritoneum. Consistent with this,

each polyunsaturated-lysoPtdEtn diminished the formation

of LTB4 and 12-HETE, potent chemotactic factors. Addi-

tionally, the level of pro-inflammatory mediator (IL-1 b,

IL-6, TNF-a or NO) was lowered remarkably in contrast to

the augmentation of anti-inflammatory interleukin IL-10.

Furthermore, 2-(15-HETE)-lysoPtdEtn and 2-(17-HDHE)-

lysoPtdEtn, 15-lipoxygenation product of 2-ARA-lysoPt-

dEtn and 2-DHA-lysoPtdEtn, respectively, were more

potent than corresponding lysoPtdEtn, suggesting the

action of 2-acyl-lysoPtdEtn might be expressed through

15-lipoxygenation. In support of this, the formation of

15-HETE and LXA4 was upgraded in accordance with an

increasing dose of 2-ARA-lysoPtdEtn. Separately, anti-

inflammatory actions, 2-polyunsaturated acyl-lysoPtdEtns

also drastically diminished leukocyte infiltration in a later

phase of zymosan A-induced peritonitis, indicating that

these lipids also possess pro-resolving activity. Taken

together, it is suggested that polyunsaturated lysoPtdEtns

and their lipoxygenation derivatives, could be classified as

potent anti-inflammatory lipids.

Keywords Anti-inflammatory � 2-ARA-lysoPtdEtn �
2-DHA-lysoPtdEtn � 2-(15-HETE)-lysoPtdEtn �
2-(17-HDHE)-lysoPtdEtn � Zymosan A
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4,7,10,13,15,19-

docosahexaenoyl-sn-glycero-

3-phosphoethanolamine

ARA Arachidonic acid

DHA Docosahexaenoic acid

15-HETE 15(S)-hydroxy-5,8,11,13-

eicosatetraenoic acid

17-HDHE 17-(S)-hydroxy-

4,7,10,13,15,19-

docosahexaenoic acid

LTB4 Leukotriene B4

LTC4 Leukotriene C4

PGE2 Prostaglandin E2

LXA4 Lipoxin A4

ED50 50% Effective dose

LOX Lipoxygenase

TNF-a Tumor necrosis factor alpha

IFN-c Interferon gamma

IL-1b Interleukin 1-beta

IL-6 Interleukin-6

Introduction

Inflammation is defined as a part of complex biological

responses of vascular tissue toward exogenous harmful

stimuli [1]. It becomes apparent that inflammation, nor-

mally results from an excessive inflammatory response or

failure of resolution [2], is recognized as a causative in

various diseases such as atherosclerosis, cancer, or asthma,

and some neuropathological disorders such as Alzheimer’s

disease or Parkinson’s disease. Additionally, lipid-derived

mediators have proved to actively participate in the

inflammation process and cooperate with others compo-

nents in regulating the biological response to inflammation

[3]. During the time course of inflammation, the lipid

mediator could switch from a pro-inflammatory class such

as prostaglandins and leukotrienes in the initial phase to

biosynthesis of an anti-inflammatory and pro-resolving

class including resolvin D series, resolvin E series, pro-

tectin D [4], maresin [5] in the resolution phase.

Lysophospholipid is a bioactive lipid class that plays

important roles in the physical function and pathological

conditions in the human body [6, 7]. Whereas the biolog-

ical function of lysophosphatidylcholine (lysoPtCho), an

abundant lysophospholipid in vivo, in inflammation it has

been extensively studied and proved to be dependent upon

the length and unsaturation degree of fatty acyl group [8,

9], the biological action of lysoPtdEtn, presents in human

serum at a level of about several hundred ng mL-1, has

been still unknown [10] except that the report that lys-

oPtdEtn expressed a potent anti-inflammatory activity in

colitis induced by rectal administration of ethanol and tri-

nitrobenzene sulfonic acid in rats [11]. Our recent works

have proved that polyunsaturated-lysoPtCho, containing

omega-3 or omega-6 fatty acid and its hydroxyl derivatives

possess potent anti-inflammatory properties in vivo as well

as in the in vitro model [8, 9, 12]. Anti-inflammatory

activity of polyunsaturated lysoPtCho was suggested to be

due to the combination effect of lysoPtCho itself and its

metabolites. Moreover, 15-hydroxy derivative or

17-hydroxy derivative, derived from the sequential action

of 15-LOX [13, 14] and GSH-peroxidase [15] on 1-ARA-

lysoPtCho and 1-eicosapentaenoyl-lysoPtCho or 1-DHA-

lysoPtCho, respectively, proved to possess more potent

anti-inflammatory activity than their corresponding lys-

oPtCho suggesting that 15-lipoxygenase might be crucial

for the anti-inflammatory effect of polyunsaturated lys-

oPtChos. However, the lysoPtCho form had been reported

to be cytotoxic at relative small concentrations, in contrast

to lysoPtdEtn which was less cytotoxic [16, 17]. Sepa-

rately, it was reported that 18:0a/15S-HETE-PE potently

inhibited cytokine generation in human monocytes, pro-

viding more evidence for anti-inflammatory activity of

phosphatidylethanolamine (PtdEtn) in vitro [18]. However,

it is still questionable whether polyunsaturated-lysoPtdEtn

could express anti-inflammatory activity as observed with

polyunsaturated acyl lysoPtCho. In this study we examined

the anti-inflammatory actions of 2-ARA-lysoPtdEtn and

2-DHA-lysoPtdEtn, their corresponding oxygenation prod-

ucts, 2-(15-HETE)-lysoPtdEtn and 2-(17-HpDHE)-lysoPt-

dEtn, respectively, to elucidate the mechanism responsible

for their anti-inflammatory actions.

Materials and Methods

C18 (plasm)-22:6 PtEtn and C18 (plasm)-20:4 PtEtn, ara-

chidonic acid (ARA), docosahexaenoic acid (DHA) (pur-

ity, 99%) were procured from Avanti Polar Lipids Inc.

(Alabaster, Alabama, USA). All the enzyme were from the

Sigma Company, unless otherwise indicated. Soybean

lipoxygenase-1 (Type I-B), zymosan A (Z4250-1G) (Sac-

charomyces cerevisiae) were purchased from Sigma-

Aldrich Corp. (St. Louis, MO, USA). 12/15-lipoxygenase

(porcine leukocyte, 135.6 units/ml), 15-lipoxygenase-2

(human recombinant, 250 units/ml), 15-LOX inhibitor (PD

146176), EIA assay kits for prostaglandin E2 (PGE2),

15-HETE, leukotriene B4 (LTB4), leukotriene C4 (LTC4),

and the nitrate/nitrite colorimetric assay kit were from

Cayman Chemical (Ann Arbor, MI, USA). Lipoxin A4

(LXA4) and 12-HETE were from Oxford Biochemical

Research Corp. (Box 522, Oxford, MI, USA) and Assay

Designs Corp., respectively. The EIA assay kit for
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12-HETE was supplied by Assay Design Inc. (Ann Arbor

MI, USA). ELISA assay kits for cytokines (TNF-a, IL-1b,

IL-4, IL-6 and IL-10) were obtained from eBioscience, Inc.

(Science Center Drive, San Diego, USA).

Preparation of 2-ARA-lysoPtdEtn

and 2-DHA-lysoPtdEtn

2-DHA-lysoPtdEtn and 2-ARA-lysoPtdEtn were from the

acidic hydrolysis of C18 (plasm)-22:6 PE and C18 (plasm)-

20:4 PE, respectively according to a previous report with

slight modification [19]. Briefly, PE was suspended in a

mixture of 2.5 M HCl (0.8 ml), methanol (2 ml) and

chloroform (1 ml) for 20 min at room temperature with

vigorous stirring. Hydrolysis products were extracted from

the reaction mixtures by the method of Bligh and Dyer and

further purified by TLC on silica gel 60 plate, which was

developed with a mobile solvent system (chloroform:

methanol: H2O; 65:25:4). Eventually, the band containing

lysoPtdEtn was scraped off, extracted with methanol and

kept at -80 �C until used.

Preparation of 2-(15-HETE)-lysoPtdEtn

and 2-(17-HDHE)-lysoPtdEtn

2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn (200 lM) was

oxidized by soybean LOX-1B (4 KU/ml) in 5 ml of borax

buffer (50 mM, pH 9.0) for 1 h. Then, hydroperoxide was

subsequently reduced to the corresponding hydroxide by

addition of SnCl2 (1 mM) with vigorous stirring for 10 min

at room temperature. The hydroxide derivative product was

extracted using the Bligh and Dyer method [9, 20] and

further purified by RP-HPLC using Zorbrax eclipse XDB

C18 column (5 lm, 50 9 4.6 mm, Agilent Technologies,

USA) with an isocratic solvent system (ACN: water: for-

mic acid; 60:40:0.1) [21]. The amount of 1-(15-HEPE)-

lysoPtdEtn or 2-(17-HDHE)-lysoPtdEtn was determined by

measuring absorbance of purified lipid at 234 nm using

E1m,1cm = 28,000, and the lipids were stored at -80 �C

until used [18]

Determination of Kinetic Values in LOXs-Catalyzed

Oxygenation of 2-ARA-lysoPtdEtn

or 2-DHA-lysoPtdEtn

Oxygenation of 2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn

by LOXs was monitored via the increase in absorbance at

234 nm according to the formation of conjugated diene. In

the kinetic study, lysoPtdEtns (0–20 lM) were incubated

with soybean LOX-1B (2.5 units/ml), porcine leukocyte

12/15 LOX (1 unit/ml), or human 15-LOX-2 (1 unit/ml) in

50 mM borax buffer (pH 9.0), 50 mM phosphate buffer

(pH 7.4) containing 5 mM EDTA and 0.03% Tween 20, or

50 mM Tris–HCl buffer (pH 7.2) containing 0.003%

Tween 20, respectively. The kinetic parameters, Km and

Vm, were determined by Linwear–Burk plot analysis as

previously reported [9]. One unit of LOX activity was

defined as the amount of LOX that can produce one

nanomole of conjugated diene per min.

Identification of Oxygenation of 2-docosahexaenoyl-

lysoPtdEtn or 2-ARA-lysoPtdEtn by Soybean 15-LOX

Using LC/ESI-MS

Soybean 15-LOX-1B (10 units/ml) was incubated with

either 2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn (100 lM)

in 500 ll of 5 mM borax buffer (pH 9.0). After 30 min

incubation at room temperature, the reaction products

(30 ll) were directly analyzed by LC/ESI-MS which was

performed using a MSDI spectrometer (HP 1100 series

LC/MSA, Hewlett Packard, USA), equipped with a

Zorbrax eclipse XDB C18 column (5 lm, 50 9 4.6 mm,

Agilent Technologies, Washington, USA). The LC–MS

solution was utilized for data collection and manipulation.

The oxidized product was eluted (0.5 ml/min) with an

isocratic solvent system of 60% solvent B [0.1% formic

acid/acetonitrile in solvent A (0.1% formic acid/metha-

nol], and the eluent was monitored at 234 nm, full-scan

mass spectra were obtained within the range of m/z

400–700, and the data acquisition was conducted in both

negative and positive modes. The condition for EIS–MS

analysis of HPLC peak included a capillary voltage of

200 V, a drying gas flow of 1.5 mL/min, and a temper-

ature of 200 �C.

Animal Experiment

ICR mice (4–6 weeks of age, 29–30 g body weight) were

procured from Koatech Co., Korea, and housed in cages

(10 mice per cage) under viral antibody-free conditions.

Mice were fed with standard food (Sangyang Co., Korea)

that containing no less than 4.5% total fat with 0.26%

omega-3 fatty acid and \0.01% ARA acid. All animal

experiments were conducted according to the Guide for

Care and Use of Laboratory Animals of the National

Research Council (NRC, 1996), which was approved by

the Committee of Animal Care and Experiment of

Chungnam National University, Korea.

Zymosan A-Induced Peritonitis in ICR Mice

Peritonitis was stimulated by i.p. administration of

zymosan A (1 mg/mouse) as described previously [22–

24]. For the measurement of plasma leakage, mice were

treated orally with 200 ll of each lysoPtdEtn taken from
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ethanol stock solution and diluted in PBS buffer (final

ethanol concentration \0.5%), 60 min prior to i.p.

administration (1 mg/mouse) of zymosan A, and 100 ll

of 0.5% Evans Blue dye, dissolved in PBS, was intrave-

nously injected just prior to zymosan A injection [25, 26].

Sixty minutes later, unless otherwise indicated, mice were

killed using isoflurane inhalation, and peritoneal lavage

was performed with 3 ml of ice cold PBS. Then, cells

were centrifuged out of the lavage fluid. Finally, Evans

blue dye extravasation amount was determined by mea-

suring the absorbance of supernatants at 610 nm, and

normalized with a standard curve [22, 23, 27]. Separately,

in order to measure leukocyte infiltration, lipids were

administered 60 min prior to i.p administration of zymo-

san A. Four hours after zymosan A injection, peritoneal

lavage was taken, and total cells in the lavage fluid was

enumerated using light microscopy with trypan blue

staining [22, 28]. In an attempt to evaluate the effect of

15-LOX inhibitor (PD146176) [29] on the pharmacolog-

ical activity of polyunsaturated lysoPtdEtns, mice were

treated orally with 2-ARA-lysoPtdEtn or 2-docosahex-

aenoyl-lysoPtdEtn (50–150 lg/kg), followed by i.p.

administration of PD146176, a specific 15-LOX inhibitor,

60 min prior to intra-peritoneal administration of zymosan

A (1 mg/mice) and eventually, leukocyte infiltration was

assessed as described above.

Determination of Inflammatory Lipid Mediators

or Cytokine Level in Peritoneal Lavage Fluid

To determine the level of pro-inflammatory lipid mediators

in exudates, 1 ml of peritoneal lavage fluid was transferred

to micro-centrifuge tubes and centrifuged (15,000 rpm,

3 min). Supernatants were used directly for enzyme

immunoassay (EIA) analysis of PGE2, LTB4, LTC4,

12-HETE, 15-HETE, or LXA4 level as described before

[24, 30]. Whereas levels of pro-inflammatory (IL-1b, IL-6,

TNF-a) or anti-inflammatory cytokines (IL-4, IL-10) were

determined by ELISA assay according to the manufac-

turer’s instructions. Additionally, the content of nitric

oxide (NO) in the lavage fluid was quantitated by a nitrate/

nitrite colorimetric assay kit supplied by Cayman Chemical

Company (Ann Arbor, MI, USA).

Statistical Analysis

Data were calculated and displayed as means ± SEM.

Group comparisons were performed using one-way anal-

ysis of variance (ANOVA) followed by Neuman Keuls

multiple comparison test or Student’s t test where appro-

priate; with P value B 0.05 was considered as statistically

significant (sufficient to reject the null hypothesis).

Results

Identification of Product from 15-LOX-catalyzed

Oxygenation of 2-ARA-lysoPtdEtn

or 2-DHA-lysoPtdEtn

The formation of 2-(15-HpETE)-lysoPtdEtn and 2-(17-

HpDHE)-lysoPtdEtn, 15-LOX-catalyzed oxidation prod-

ucts of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn,

respectively, was analyzed by LC–ESI–MS using both the

positive and negative mode. Figure 1 shows that a peak

with a retention time of 1.6 min (Inset, Fig. 1a) appeared as

a predominant product possessing the mass spectrum of a

compound corresponding to hydroperoxy derivative of

2-ARA-lysoPtdEtn (Fig. 1a); mass-to-charge ratio (m/z) at

532 (M–H)- in negative scan mode, and 500 (M ? H–

H2O–O)?, 516 (M ? H–H2O)?, 534 (M ? H)?, 556

(M ? Na)?, and 572 (M ? K)? in positive scan mode

(Fig. 1b). Likewise, as shown in Fig. 1c, d, the mass

spectrum of the major peak (RT, 1.7 min) (Inset, Fig. 1c)

including molecular ions indicative of hydroperoxy deriv-

ative of 2-DHA-lysoPtdEtn had been obtained; m/z at 556

(M–H)- in negative scan mode, and 524 (M ? H–H2O–

O)?, 540 (M ? H–H2O)?, 558 (M ? H)?, 580 (M ?

Na)?, and 596 (M ? K)? in positive scan mode [31].

Therefore, it was suggested that soybean LOX effectively

converted 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn into

their corresponding 15-hydroperoxy derivative products.

Determination of Kinetic Values in Oxygenation

of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn

by Various LOXs

As 15-lipoxygenation had been known to be required for

anti-inflammatory action of polyunsaturated lysoPtCho

[12], the oxygenation of 2-polyunsaturated acyl-lysoPtdEtn

by different LOXs was examined. When 2-ARA-lysoPt-

dEtn or 2-DHA-lysoPtdEtn was incubated with 15-LOXs

(soybean LOX-1, leukocyte 12/15-LOX or human recom-

binant 15-LOX-2), a time-dependent increase in absor-

bance at 234 nm was observed, indicating the formation of

a conjugated diene (data not shown). Subsequently, the

kinetic values for oxygenation of 2-ARA-lysoPtdEtn or

2-DHA-lysoPtdEtn by 15-LOX were determined from

Lineweaver–Burk plot analysis, and compared to those for

ARA or DHA. As displayed in Table 1, the most favorable

substrate in case of soybean LOX-catalyzed oxygenation

was found to be 2-DHA-lysoPtdEtn, showing catalytic

efficacy (Vm/Km) value of 30.4 units/lg/lM, which was

approximately ninefold higher than that of DHA (Vm/Km,

3.5 units/lg/lM). Meanwhile, 2-ARA-lysoPtdEtn demon-

strated a Vm/Km value of 10.9 units/lg/lM, which was
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larger than that of ARA (Vm/Km, 7.4 units/lg/lM). Sim-

ilarly, when the oxygenation of 2-ARA-lysoPtdEtn and

2-DHA-lysoPtdEtn by human 15-LOX-2 was analyzed, the

Vm/Km values for 2-DHA-lysoPtdEtn and 2-ARA-lys-

oPtdEtn were estimated to be 48.2 and 14.8 units/lg/lM,

respectively, which were about 8- and 1.5-fold higher than

that of DHA and ARA, respectively. Thus, it was demon-

strated that 2-DHA-lysoPtdEtn and 2-ARA-lysoPtdEtn

were more effective substrates than DHA and ARA,

respectively, for human recombinant 15-LOX-2. Finally, in

the oxygenation by leukocyte 12-LOX, the Vm/Km value

for 2-ARA-lysoPtdEtn was estimated to be 10.3 units/lg/

lM, which was found to be two times larger than that of

ARA (Vm/Km, 4.5 units/lg/lM). Taken all together, it

was suggested that 2-polyunsaturated acyl-lysoPtdEtn is a

more effective substrate than the acid form in 12-LOX or

15-LOX-catalyzed oxygenation. Nonetheless, 2-ARA-lys-

oPtdEtn and 2-DHA-lysoPtdEtn were not oxygenated sig-

nificantly by murine recombinant 12-lipoxygenase from

platelets (data not shown).

Fig. 1 LC/ESI–MS analysis of products from soybean 15-LOX

catalyzed oxidation of 2-ARA-lysoPtdEtn (a, b) or 2-DHA-lysoPtdEtn

(c, d). The hydroperoxide derivative obtained from 30 min-incubation

of soybean 15-LOX with 2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn

(100 lM) in 500 ll of 5 mM borax buffer (pH 9.0) was directly

analyzed by LC/ESI-MS as described in ‘‘Materials and Methods’’.

The representative mass spectra of a major peak with retention time of

1.6 and 1.7 min (inset of a and b), respectively were obtained by the

ESI–MS system using negative scan mode (a, b) and positive scan

mode (c, d)

Table 1 Kinetic values in oxygenation of each lipid by soybean LOX-1, leukocyte 12/15-LOX, or human recombinant 15-LOX-2

Enzyme Substrate Km (lM) Vmax (units/mg) Vm/Km (units/mg/lM)

Soybean LOX-1 2-ARA-lysoPtdEtn 5.4 ± 0.9a 59.0 ± 8.6a 10.9 ± 0.2a

2-DHA-lysoPtdEtn 2.7 ± 0.7b 80.6 ± 8.3a 30.4 ± 5.1b

ARA 12.7 ± 0.4c 93.5 ± 6.5a 7.4 ± 1.5a

DHA 24.2 ± 2.1d 84.4 ± 5.2a 3.5 ± 0.2c

Leukocyte 12-LOX 2-ARA-lysoPtdEtn 8.4 ± 0.5a 87.1 ± 3.9a 10.3 ± 1.0a

2-DHA-lysoPtdEtn 6.1 ± 0.0a 60.2 ± 4.5a 9.9 ± 2.2a

ARA 8.5 ± 0.6 30.9 ± 6.5 4.5 ± 1.0b

DHA 11.6 ± 1.6c 95.8 ± 8.2c 8.2 ± 0.8a

Human 15-LOX-2 2-ARA-lysoPtdEtn 2.1 ± 0.4a 31.9 ± 3.7a 14.8 ± 0.9a

2-DHA-lysoPtdEtn 1.4 ± 0.3a 68.8 ± 10.1b 48.2 ± 4.5b

ARA 5.1 ± 1.2b 59.7 ± 7.6b 11.7 ± 0.4a

DHA 8.1 ± 1.5c 50.2 ± 4.6b 6.2 ± 0.1c

Each lipid (0–20 lM) was incubated with soybean LOX-1B (2.5 units/ml), porcine leukocyte 12/15 LOX (1 unit/ml), and human 15-LOX-2

(1 unit/ml) in 50 mM borax buffer (500 ll, pH 9.0), 50 mM phosphate buffer (500 ll, pH 7.4) containing 5 mM EDTA and 0.03% Tween 20,

and 50 mM Tris–HCl buffer (500 ll, pH 7.2) containing 0.003% Tween 20, respectively. Data were expressed as means ± SEM values of

triplicates experiments. Means displayed with same letter are not significantly different
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Prevention by 2-ARA-lysoPtdEtn

or 2-DHA-lysoPtdEtn Against Zymosan

A-Induced Plasma Leakage

Increased vascular permeability caused by reversible

opening of endothelial cells tight junction, followed by the

leak of protein and fluids from the vascular compartment

into the extravascular compartment, is one predominant

event in acute inflammation. In order to see anti-inflam-

matory actions of 2-ARA-lysoPtdEtn or 2-docosahex-

aneoyl-lysoPtdEtn in acute inflammation, we investigated

the effect of lysoPtdEtn, orally administered, on zymosan

A-induced vascular permeability based on the extravasa-

tion of Evans Blue dye as marker. As shown in Fig. 2, both

2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn, orally admin-

istered, 60 min prior to zymosan A treatment (i.p., 1 mg/

mouse) dose-dependently decreased zymosan A-induced

plasma leakage in ICR mice. Oral intake of 2-ARA-lys-

oPtdEtn at doses of 50 and 150 lg/kg suppressed the

plasma leakage by 17 and 36%, respectively, while that of

2-DHA-lysoPtdEtn at doses of 50 and 150 lg/kg caused

*42 and *58% reduction of plasma leakage, respectively.

The 50% effective dose (EC50) for 2-ARA-lysoPtdEtn and

2-DHA-lysoPtdEtn was estimated to be about 221 and

111 lg/kg, respectively. By contrast, no remarkable inhi-

bition of plasma was expressed by oral intake of DHA up

to 150 lg/kg (data not shown), suggesting the structural

importance of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn.

Effect of the 15-LOX Inhibitor, administrated i.p.,

on Anti-inflammatory Action of 2-ARA-lysoPtdEtn

and 2-DHA-lysoPtdEtn in Zymosan A-Induced

Leukocyte Infiltration

Leukocyte extravasation is a subsequent event after the

reversible opening of the endothelial cell tight junction at

the onset of acute inflammation [32]. Therefore, in order to

examine the ability of polyunsaturated lysoPtdEtn to reg-

ulate zymosan A-induced inflammation, the effect of

2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn on zymosan

A-induced leukocyte infiltration was investigated. As dis-

played in Fig. 3, 2-ARA-lysoPtdEtn and 2-DHA-lysoPt-

dEtn, orally administered, significantly (P \ 0.05)

prohibited the zymosan A-induced migration of leukocytes

into the peritoneum in dose-dependent fashion; 2-ARA-

lysoPtdEtn and 2-DHA at 150 lg/kg decreased total leu-

kocyte infiltration by 56 and 60%, respectively, compared

with the group challenged with zymosan A alone, sug-

gesting that two lysoPtdEtn derivatives were potent

inhibitors of leukocyte trafficking. The EC50 values for

2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn were estimated

to be about 123 and 110 lg/kg, respectively. However,

such anti-inflammatory actions of 2-DHA-lysoPtdEtn or

2-ARA-lysoPtdEtn were completely reversed by concom-

itant treatment with PD146176, a specific 15-LOX inhibi-

tor (Fig. 3), indicating that the action of 2-DHA-lysoPtdEtn

or 2-ARA-lysoPtdEtn might be expressed mainly through

the 15-LOX-induced oxygenation pathway.

Suppressive Effect of 2-ARA-lysoPtdEtn

and 2-DHA-lysoPtdEtn on Zymosan A-Induced

Formation of Pro-inflammatory Lipid Mediator

in Peritoneum

In separate experiments, to investigate the mechanism

responsible for the inhibitory effect of 2-ARA-lysoPtdEtn

or 2-DHA-lysoPtdEtn on plasma leakage as well as leu-

kocyte infiltration, the effect of 2-ARA-lysoPtdEtn or

2-DHA-lysoPtdEtn on zymosan A-induced formation of

pro-inflammatory or anti-inflammatory lipid mediators was

assessed. As displayed in Fig. 4a, oral administration of

2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn significantly

reduced zymosan A-induced formation of LTC4 with EC50

values of about 132 and 84 lg/kg, respectively. Thus,

2-DHA-lysoPtdEtn was more potent than 2-ARA-lysoPt-

dEtn in suppressing the formation of LTC4, an important

vascular permeability inducer. Furthermore, Fig. 4b

indicated that the formation of LTB4, a potent chemo-

attractant lipid, was also diminished by 2-ARA-lysoPtdEtn

Fig. 2 Prevention by 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn

against zymosan A-induced plasma leakage. 2-ARA-lysoPtdEtn

(filled) or 2-DHA-lysoPtdEtn (blank) (50 or 150 lg/kg), diluted in

ice cold PBS, was administered orally to mice, 1 h prior i.p.

administration of zymosan A (1 mg/mouse), followed by intravenous

injection of Evans blue (5% in PBS, 100 ll/mouse). Two hours later,

plasma leakage was determined by measuring the absorbance of cell

free-supernatant of lavages at 610 nm, and calculating the amount of

Evans blue using a standard curve of known concentrations of the

dye. The value was expressed as the percentage of the sample value of

the value of the zymosan A-treated group. Result are presented as

means ± SEM (n = 5). #, P \ 0.001 when compared to PBS-treated

group; *, P \ 0.05 and; **, P \ 0.01 when compared to zymosan

A-treated group
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(EC50, 139 lg/kg) and 2-DHA-lysoPtdEtn (EC50, 211 lg/

kg) in a dose-dependent manner, supporting the notion that

the reduction of LTB4 formation might be related to the

suppressive effect of 2-polyunsaturated acyl-lysoPtdEtn on

zymosan A-induced leukocyte extravasation. Additionally,

the amount of 12-HETE, another chemo-attractant lipid

mediator was also dose-dependently reduced by 2-ARA-

lysoPtdEtn or 2-DHA-lysoPtdEtn (Fig. 4c), supporting the

idea that the decrease of 12-HETE level might at least

partially account for the suppressive effect of 2-polyun-

saturated acyl-lysoPtdEtn on vascular permeability. Espe-

cially, 2-DHA-lysoPtdEtn almost completely inhibited

12-HETE formation at dose of 150 lg/kg. However, no

significant alternation of PGE2 level was observed after the

treatment with 2-polyunsaturated acyl-lysoPtdEtn (not

shown), suggesting that suppression of PGE2 might not be

responsible for the anti-inflammatory action of 2-polyun-

saturated acyl-lysoPtdEtn.

Effect of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn

on Zymosan A-Induced Formation of Pro-inflammatory

or Anti-inflammatory Cytokine

Production of both pro-inflammatory cytokines (e.g. IL-1,

IL-6, TNF-a) and anti-inflammatory cytokines such as

IL-10 is essential in the control of inflammation [1]. Here,

we monitored a panel of cytokines in the exudate to assess

whether 2-polyusaturated acyl-lysoPtdEtn could regulate

their levels. Four hours after zymosan A treatment, most

cytokine was dramatically up-regulated, compared to the

control (Fig. 5). Of interest, 2-ARA-lysoPtdEtn and

2-docosahexaenoyl-lysoPtdEtn dose-dependently reduced

the levels of pro-inflammatory cytokine including TNF-a,

IL-1b or IL-6, while showing no significant effect on other

pro-inflammatory cytokines such as IL-2 or IFN-c (not

shown). In the meantime, oral administration of 2-ARA-

lysoPtdEtn and 2-DHA-lysoPtdEtn caused a dose-depen-

dent elevation of anti-inflammatory cytokine, IL-10.

Noticeably, 2-DHA-lysoPtdEtn and 2-ARA-lysoPtdEtn

(150 lg/kg) increased the IL-10 level by approximately

four- and five-fold, respectively, compared to the zymosan

A-challenged group (P \ 0.05).

Suppressive Effect of 2-polyunsaturated

Acyl-lysoPtdEtn on Zymosan A-Induced NO

Production in Plasma Leakage

Nitric oxide (NO) plays a key role in the inflammation

process especially including regulation of inflammatory

cell transmigration into the inflamed site and up-regulation

of vascular permeability In zymosan A-induced peritonitis,

NO is produced by activated macrophages and eventually

be oxidized within few second to nitrite or nitrate [33].

Therefore, to examine whether 2-polyusaturated acyl-lys-

oPtdEtn could attenuate the level of NO, we determined the

amount of NO formation in exudate. As expected, 2-DHA-

lysoPtdEtn as well as 2-ARA-lysoPtdEtn, orally adminis-

tered, drastically suppressed zymosan A-induced NO

production in ICR mice (Fig. 6). Interestingly, 2-DHA-

lysoPtdEtn (50 lg/kg) almost completely suppressed the

Fig. 3 Effect of 15-LOX inhibitor on anti-inflammatory action of

2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn in zymosan A-induced

leukocyte extravasation. Mice were orally given 2-ARA-lysoPtdEtn

(filled) or 2-DHA-lysoPtdEtn (blank) (50 or 150 lg/kg) concurrently

with or without PD146176 (i.p., 100 lg/mouse), 60 min prior i.p.

administration of zymosan A (1 mg/mouse). Peritoneal lavages were

collected after 4 h, and the total number of leukocyte was enumerated

utilizing light microscopy after staining with trypan blue dye. Results

are mean ± SEM. (n = 5). #, P \ 0.001 when compared to PBS-

treated group; *, P \ 0.05; **, P \ 0.01 when compared to zymosan

A-treated group; �, P \ 0.05, significant difference between treated

groups
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NO formation caused by zymosan A stimulation; 2-ARA-

lysoPtdEtn at 50 and 150 lg/kg diminished the NO level

by 60 and 70%, respectively. Taken all together, it was

suggested that at least some part of inflammatory action of

2-polyunsaturated lysoPtdEtn was ascribed to the inhibition

of NO production.

Suppressive Effect of 2-(15-HETE)-lysoPtdEtn

and 2-(17-HDHE)-lysoPtdEtn on Zymosan A-Induced

Plasma Leakage and Leukocyte Infiltration

In a subsequent experiment, we elucidated which metabolic

pathway is crucial for the anti-inflammatory action of

2-polyunsaturated acyl-lysoPtdEtn. Since 15-LOX activity,

but not COX activity, was crucial for the anti-inflammatory

action of 2-polyunsaturated lysoPtdEtn (Figs. 3, 4), we

investigated the anti-inflammatory effect of 2-(15-HETE)-

lysoPtdEtn and 2-(17-HDHE)-lysoPtdEtn, derived from

15-LOX-oxygenation of 2-ARA-lysoPtdEtn and 2-DHA-

lysoPtdEtn, respectively, on zymosan A-induced peritoni-

tis. As demonstrated in Fig. 7a, plasma leakage induced by

zymosan A was suppressed by 2-(15-HETE)-lysoPtdEtn

(EC50, *48 lg/kg) and 2-(17-HDHE)-lysoPtdEtn (EC50,

42 lg/kg) in a dose-dependent manner. Of notice, Fig. 7b

indicated that EC50 of 2-(15-HETE)-lysoPtdEtn and 2-(17-

HDHE)-lysoPtdEtn was estimated to be about *42 and

28 lg/kg, respectively. Especially, 2-(15-HETE)-lysoPt-

dEtn and 2-(17-HDHE)-lysoPtdEtn, orally administered at a

dose as low as 50 lg/kg could almost completely suppress

leukocyte infiltration. In comparison, it was found that the

suppression effect of 2-(15-HETE)-lysoPtdEtn and 2-(17-

HDHE)-lysoPtdEtn on leukocyte infiltration was more

potent than that of 2-ARA-lysoPtdEtn (EC50, *123 lg/kg)

and 2-DHA-lysoPtdEtn (EC50, *110 lg/kg), respectively

(P \ 0.01), indicating that oxidized derivatives were more

potent than the corresponding polyunsaturated acyl lys-

oPtdEtn in expressing anti-inflammatory action in vivo.

Taken together, these data indicate that 15-LOX oxygena-

tion products of 2-polyunsaturated acyl-lysoPtdEtn could

be active metabolites directly responsible for the anti-

inflammatory action in vivo.

Effect of 2-ARA-lysoPtdEtn on the Formation

of 15-HETE and LXA4 in the Peritoneum of Mice

Previously, lysophospholipids administered to mice, were

reported to be hydrolyzed by lipase activity [9] to release

the hydrolysis product which in turn was converted to an

active anti-inflammatory metabolite [12]. With this in

mind, we examined the possible formation of 15-HETE

and LXA4 from 2-ARA-lysoPtdEtn in peritoneal exudate

after oral administration of 2-ARA-lysoPtdEtn. Figure 8

indicates that oral administration of 2-ARA-lysoPtdEtn

causes an increase in the level of 15-HETE (Fig. 8a) and

LXA4 (Fig. 8b) in the exudate; 2-ARA-lysoPtdEtn at 15,

50 and 150 lg/kg enhances 15-HETE level by approxi-

mately 3.5-, 5- and 9-fold, respectively, and the LXA4 level

by about 2-, 4- and 5.5-fold, respectively. However, the

formation of 15-HETE was not significant in the exudate

from mice administered with 2-ARA-lysoPtd in combina-

tion with PD146176 (100 lg/mouse) (data not shown).

Separately, the 4 h hydrolysis of the exudate sample in

1 N NaOH was carried out to see the possible reincorpo-

ration of the 15-HETE product into the phospholipids. As

illustrated in Fig. 8a, the amount of 15-HETE in hydro-

lyzed samples, obtained from alkaline hydrolysis of peri-

toneal exudates was apparently greater than that in the

Fig. 4 Suppressive effect of 2-ARA-lysoPtdEtn or 2-docosahexae-

noyl-lysoPtdEtn on zymosan A-induced pro-inflammatory lipid

mediator formation in mice. Mice were orally given 2-ARA-

lysoPtdEtn (filled) or 2-DHA-lysoPtdEtn (blank) (15–150 lg/kg)

60 min prior to administration of zymosan A (i.p., 1 mg/mouse).

Peritoneal lavages were collected at 4 h and the level of pro-

inflammatory lipid mediator in cell-free supernatant was assessed by

an EIA kit according to the manual. Each sample was determined in

duplicate. Results are means ± SEM (n = 5). #, P \ 0.001 when

compared to the PBS-treated group; *, P \ 0.05; **, P \ 0.01 when

compared to zymosan A-treated group
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corresponding non-hydrolyzed samples, suggesting that

some part of 15-lipoxygenation products of 2-ARA-lys-

oPtdEtn, could exist as the lysophospholipid or phospho-

lipid form. In contrast, there was no alteration of the

15-HETE level irrespective of alkaline hydrolysis in peri-

toneal samples from mice treated orally with 2-DHA-lys-

oPtdEtn up to 150 lg/kg (data not shown). From this, it

was supposed that some part (\40%) of 15-HETE might be

deposited in the lysophospholipid or phospholipid. The

presence of lysophospholipid- and phospholipid-bound

15-HETE could provide a support for the 15-lipoxygen-

ation of polyunsaturated acyl-lysoPtdEtn in vivo. None-

theless, it is not excluded that free 15-HETE was

reincorporated into the phospholipid.

Oral Administration of 2-Polyunsaturated

Acyl-lysoPtdEtn Induced Resolution of Zymosan

A Induced Peritonitis

In order to see whether 2-ARA-lysoPtdEtn and 2-DHA-

lysoPtdEtn could attenuate the resolution of zymosan

A-induced peritonitis, we examined the effect of 2-ARA-

lysoPtdEtn and 2-DHA-lysoPtdEtn on zymosan A-induced

leukocyte infiltration in ICR mice. In our previous data [9],

it was observed that the total number of leukocytes infil-

trated reached a maximum approximately 12 h after

zymosan A treatment. Therefore, 2-ARA-lysoPtdEtn or

2-DHA-lysoPtdEtn was administered 12 h after zymosan A

treatment to see their effect on the resolution phase in

zymosan A-induced peritonitis. As shown in Fig. 9,

2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn, orally adminis-

tered at the peak of inflammation (12 h post-zymosan A

treatment), effectively decreased the total leukocyte infil-

tration at the time points of 15, 20 and 24 h, whereas

2-ARA-lysoPtdEtn produced *23, 21 and 33% reduction

of total leukocyte number, respectively, 2-DHA-lysoPtdEtn

gave approximate 29, 33 and 44% reduction. In summary,

Fig. 5 Effect of 2-ARA-

lysoPtdEtn or

2-docosahexaenoyl-lysoPtdEtn

on zymosan A-induced pro-

inflammatory and anti-

inflammatory cytokine

formation. Mice were orally

given 2-ARA-lysoPtdEtn (filled)

or 2-DHA-lysoPtdEtn (blank)

(15–150 lg/kg) 60 min prior

administration of zymosan A

(i.p., 1 mg/mouse). Peritoneal

lavages were collected at 4 h,

and the cytokine level in cell-

free supernatant was assessed

by ELISA assay kit according to

manufactures’ protocol. Results

are means ± SEM (n = 5). #,

P \ 0.001 when compared to

PBS-treated group; *, P \ 0.05;

**, P \ 0.01 when compared to

the zymosan A-treated group

Fig. 6 Suppressive effects of 2-ARA-lysoPtdEtn and 2-docosahex-

aenoyl-lysoPtdEtn on zymosan A-induced formation of NO in mice.

Mice were orally given 2-ARA-lysoPtdEtn (filled) or 2-DHA-

lysoPtdEtn (blank) (15–150 lg/kg), 60 min prior to administration

of zymosan A (i.p., 1 mg/mouse). Peritoneal lavages were collected at

4 h and the NO level in cell-free supernatant was measured by

colorimetric assay according to the manufacturer’s protocol. Results

are means ± SEM (n = 5). #, P \ 0.001 when compared to PBS-

treated group; *, P \ 0.05; **, P \ 0.01 when compared to the

zymosan A-treated group
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it is suggested that 2-polyunsaturated acyl-lysoPtdEtn

accelerates the resolution of zymosan A-induced

peritonitis.

Discussion

Nowadays, inflammation has been recognized as the central

component of many prevalent diseases such as atheroscle-

rosis, cancer, asthma, autoimmune disease, stroke, Alzhei-

mer’s disease and Parkinson’s disease [1]. Interestingly, it

now become apparent that inflammation is a dynamic pro-

cess with the participation of new family of endogenous

anti-inflammatory and pro-resolving lipid mediators such as

resolvins, maresin and protectin derived from omega

3-polyunsaturated fatty acids [4, 5, 34]. These lipid medi-

ators, actively biosynthesized in the resolution phase of

acute inflammation, control the duration and magnitude

of inflammation [4]. Whereas anti-inflammatory actions of

lipid mediators, derived from polyunsaturated fatty acids

and polyunsaturated lysoPtCho, have been well-established

[3, 4, 8, 9, 12, 35], the biological function of polyunsatu-

rated lysoPtdEtn derivatives in inflammation has not been

clarified yet. Very recently, we found that oral administra-

tion of 1-DHA-lysoPtCho prevented zymosan A-induced

peritonitis [13]. In our present study, it is proposed that

2-polyunsaturated acyl lysoPtdEtns also effectively sup-

presses acute inflammation induced by zymosan A.

It has been known that induction of vascular perme-

ability and leukocyte infiltration are important events of

biological response at the onset of acute inflammation [36].

In the present work, the anti-inflammatory action of

2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn was first sub-

stantiated by their effective prevention against zymosan

A-induced plasma leakage with a potency similar to that of

Fig. 7 Suppressive effect of hydroxyl derivatives of polyunsaturated

acyl-lysoPtdEtn on zymosan A-induced plasma leakage or leukocyte

infiltration. 2-(15-HETE)-lysoPtdEtn (filled) or 2-(17-HDHE)-lysoPt-

dEtn (blank) was orally administered to mice 60 min prior to the

zymosan A challenge (1 mg/mouse; i.p.). Plasma leakage (a) and total

leukocyte migration (b) was determined according to the methods

described in Figs. 2 and 3, respectively. Results are means ± SEM

(n = 5). #, P \ 0.001 when compared to PBS-treated group; *,

P \ 0.05; **, P \ 0.01, ***, P \ 0.001 when compared to the

zymosan A-treated group

Fig. 8 Dose-dependent effect of 2-ARA-lysoPtdEtn on the level of

15-HETE or LXA4 before or after alkaline hydrolysis of the exudate

from mice. Mice were orally treated with 2-ARA-lysoPtdEtn, 60 min

prior to administration of zymosan A (i.p., 1 mg/mouse). The exudate

samples were collected at 120 min after zymosan A treatment, and

then 15-HETE (a) or LXA4 (b) in non-hydrolyzed (filled) or 1 N

NaOH-hydrolyzed sample (blank) was extracted and determined by

EIA kit according to manual. Results are means ± SEM (n = 5). #,

P \ 0.01 when compared to the PBS-treated group; *, P \ 0.05; **,

P \ 0.01, ***, P \ 0.001 when compared to the zymosan A-treated

group; ?, P \ 0.05 was the significant difference between groups
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polyunsaturated lysoPtCho [12]. Such a potent effect is

possibly associated with the suppressive effect of 2-acyl-

lysoPtdEtn on the formation of LTC4 since early vascular

permeability depends largely on cysteinyl-leukotriene

(cysLT) released by resident peritoneal macrophages.

Although vascular permeability is known to depend on

PGE2 from multiple cellular origins in zymosan A-induced

peritonitis [26, 37], the level of PGE2 was not altered by

2-polyunsaturated-lysoPtdEtn. Another mechanism possi-

bly responsible for the anti-inflammatory action of poly-

unsaturated acyl lysoPtdEtns could be due to the decreased

formation of NO, released from macrophages, which

reversibly opens the endothelial cells tight junction leading

to an enhancement of vascular permeability [33]. This

might be partly supported by our present finding that the

formation of NO in the peritoneum was reduced by

2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn at relatively

small doses.

In addition, the anti-inflammatory action of 2-poly-

unsaturated-lysoPtdEtn, represented by inhibition of leu-

kocyte migration, could be related to the suppression of the

formation of pro-inflammatory chemotactic lipid media-

tors. Support for this may come from the suppressive effect

of 2-polyunsaturated-lysoPtdEtns on the formation of

LTB4 [4] and 12-HETE [38, 39], two potent arachidonate-

derived chemo-attractants responsible for leukocyte infil-

tration in the initial process of the inflammatory phase.

Moreover, the levels of representative pro-inflammatory

cytokines (TNF-a, IL-1b, IL-6), possessing chemo-attrac-

tant properties [1, 40] were significantly diminished by

2-polyunsaturated-lysoPtdEtns. Noteworthy is that 2-poly-

unsaturated acyl-lysoPtdEtn up-regulated IL-10, a potent

anti-inflammatory cytokine, secreted by macrophage in

acute inflammation, which showed a tonic inhibitory effect

on the leukocyte migration and the formation of pro-

inflammatory cytokine (TNF-a, IL-1b, IL-6) as well as

chemokines (MCP-1, MIP-1a and MIP-2) in zymosan A

peritonitis [41]. Additionally, IL-10 could block NF-kB

activation by stabilization of IkBa [42, 43], and in turn,

inhibit the induction of inducible nitric oxide synthetase

(iNOS), resulting in decreased formation of nitric oxide

(NO). Furthermore, activation of human monocyte and

monocyte-derived dendritic cells by cysteinylated leuko-

trienes was down-regulated by IL-10 [44]. Collectively,

IL-10 could extensively regulate zymosan A-induced

peritonitis through both direct and indirect manners.

In previous studies we proved that 15-lipoxygenase

activity was necessary for the anti-inflammatory function of

2-polyunsaturated acyl-lysoPtCho in zymosan A-induced

peritonitis [8, 9]. Our present study also indicated that

15-lipoxygenase activity was crucial for the anti-inflam-

matory function of 2-polyunsaturated acyl-lysoPtdEtn,

since PD146176, a specific inhibitor of 15-LOX, suppressed

the effect of 2-polyunsaturated acyl-lysoPtdEtn on leuko-

cyte infiltration. In support of this, 2-(15-HETE)-lysoPtdEtn

and 2-(17-HDHE)-lysoPtdEtn were more potent as anti-

inflammatory lipids than 2-ARA-lysoPtdEtn and 2-DHA-

lysoPtdEtn, respectively, supporting the assumption that the

hydroxyl derivatives might be more direct precursors for

active metabolites accounting for the anti-inflammatory

action of 2-polyunsaturated acyl-lysoPtdEtn in vivo.

A pathway for further metabolism for 2-polyunsaturated

acyl-lysoPtdEtn might be a hydrolytic process since a

lipase activity capable of hydrolyzing polyunsaturated

lysophospholipids had been reported to be available in an

in vivo system [9]. In support of this notion, the formation

of 15-HETE in the peritoneum was augmented in accor-

dance with an increasing dose of 2-ARA-lysoPtdEtn, and

diminished by PD146176, a specific inhibitor for 15-LOX.

Therefore, 15-HETE-lysoPtdEtn metabolite, generated

from the oxygenation of 2-ARA-lysoPtdEtn, orally

administered, by 15-LOX, could serve as a source for the

15-HETE supplement in vivo. Noteworthy, the 15-HETE

level of 1 N NaOH-hydrolyzed sample was significantly

higher than that of non-hydrolyzed sample, suggesting two

possibilities; some part of 2-(15-HETE)-lysoPtdEtn was

still not hydrolyzed by lipase activity or 15-HETE, released

from 2-(15-HETE)-lysoPtdEtn, could be re-incorporated

into the lipid or lysophospholipid by the lysophospholipid

acyltransferase activity [45] in the in vivo condition. It had

Fig. 9 Induction of resolving zymosan A-induced peritonitis by

2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn. Mice were i.p. adminis-

tered with zymosan A (1 mg/mouse) alone (triangles ) or with either

2-ARA-lysoPtdEtn (open circles) or 2-DHA-lysoPtdEtn (closed
circles) (12 h after zymosan A treatment). At the indicated periods,

peritoneal lavage samples were collected and the total number of

leukocyte infiltrated was enumerated according to the method

described in Fig. 3. Results are means ± SEM (n = 5). *,

P \ 0.05; the 2-ARA-lysoPtdEtn-treated group vs. the zymosan

A-treated group; �, P \ 0.05, ��, P \ 0.01, 2-DHA-lysoPtdEtn-treated

group vs. zymosan A-treated group
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been previously reported that 15-HETE could be stored in

the phospholipid, and the lipid after hydrolysis might be

used as precursory substrate for LXA4 formation [46]. In

this regard, the dose-dependent increase of LXA4 forma-

tion in the peritoneum after oral administration of 2-ARA-

lysoPtdEtn may indicate that 15-HETE generated from

15-lipoxygenation of 2-ARA-lysoPtdEtn and subsequent

enzymatic hydrolysis, was oxygenated by 5-LOX activity

to produce 5-hydroperoxy, 15-hydroxyeicosatetraenoic

acid, a direct precursor for LXA4 and LXB4 formation [47].

Likewise, it is quite possible that 2-DHA-lysoPtdEtn may

be oxygenated to form 2-(17-hydroxyDHA)-lysoPtdEtn,

which subsequently is hydrolyzed by a lipase activity to

release 17-hydroxydocosahexaenoic acid (17-HDHE), a

precursor for the formation of anti-inflammatory and

proresolving lipid mediators such as protectin D [34] or

resolvin D [32, 48]. Taken together, it is quite possible that

the anti-inflammatory activity of 2-ARA-lysoPtdEtn and

2-DHA-lysoPtdEtn in zymosan A-induced peritonitis is the

consequence of bioactive oxygenated lipid mediators.

Besides, an additional mechanism for anti-inflammatory

activity of 2-polyunsaturated acyl-lysoPtdEtn was reported

to be related to the inhibition of 5-LOX activity by

15-HETE [49], resulting in the reduction of LTB4 and

LTC4 level, as well as the suppression of LTB4-evoked

chemotaxis for leukocyte in acute inflammation [50].

Likewise, DHA [51] and 17-HDHE [52], generated from

the metabolite of 2-DHA-lysoPtdEtn can indirectly or

directly participate in the inhibition of 5-LOX activity,

leading to the reduction of the leukotrienes level. As sug-

gested from the present results, the anti-inflammatory

action of 2-ARA-lysoPtdEtn in vivo might be at least

partially ascribed to the effect of its oxygenated metabo-

lites such as lipoxins (LXs). Previously, the anti-inflam-

matory activity of LXA4 through various mechanistic

routes has been well-established. For instance, LXs inhibit

leukocytes activation, chemotaxis, adhesion, transmigra-

tion, and pro-inflammatory mediator generation [53, 54].

Additionally, it also inhibits the increase in vascular per-

meability triggered by activated leukocytes [55, 56].

Additionally, LXA4 could diminish LTC4-induced vascular

permeability [56]. Noteworthy, LXA4 formation could give

an elevation of IL-10 level [57]. Meanwhile, the anti-

inflammatory action of 2-DHA-lysoPtdEtn in vivo may be

derived from the effect of its bioactive metabolites such as

17-HDHE or protectin D in vivo [27, 32]. 17-HDHE has

been known to express the anti-inflammatory action

through inhibition of the NF-jB pathway and down-regu-

lation of 5-LOX expression in macrophages [52]. Besides,

anti-inflammatory lipids such as protectin D1 or resolvin D

[32, 48], presumably derived from the in vivo metabolism

of 2-DHA-lysoPtdEtn, might be involved in its anti-

inflammatory activity through suppression of leukocyte

migration, down-regulation of pro-inflammatory cytokines,

and inhibition of the NF-jB pathway. Since the anti-

inflammatory effect of 2-DHA-lysoPtdEtn was almost

completely reversed by a specific inhibitor of 15-LOX, it

was suggested that maresin [5], formed via 12-LOX oxy-

genation pathway, might not be important for the anti-

inflammatory action of 2-DHA-lysoPtdEtn [5]. Moreover,

2-DHA-lysoPtdEtn was not oxygenated by platelet

12-LOX (data not shown). Separately, the suppressive

effects of 2-arachidonoyl-lysoPtdEtn and 2-DHA-lysoPt-

dEtn on leukocyte infiltration in the exudate in a later phase

(12 h) of zymosan A-induced peritonitis may reflect their

effects on pro-resolution through the removal of phago-

cytized cells [58]. Such a pro-resolving action of 2-poly-

unsaturated acyl-lysoPtdEtn may be related to the

generation of bioactive metabolites such as LXA4, resolv-

ing or protectin, responsible for resolution of acute

inflammation [59].

An alternative mechanism accountable for the anti-

inflammatory action of 2-ARA-lysoPtdEtn or 2-DHA-lys-

oPtdEtn could be re-acylation of the corresponding

oxygenation product; 15-HETE or 17-HDHE into phos-

pholipids [18, 60]. In an earlier study, 18:0/15-HETE-

phosphatidylethanolamine derivatives, generated from the

re-acylation of 15-HETE into lysophospholipid, was

reported to inhibit the release of pro-inflammatory cytokine

from lipopolysaccharide-stimulated monocytes [18].

Another plausible mechanism for the anti-inflammatory

actions of 2-polyunsaturated acyl-lysoPtdEtn in vivo may

be from the inhibitory effect 15-HETE and 17-HDHE on

12-LOX activity, responsible for 12-HETE formation, as

suggested from a strong inhibition of 12/15 LOX by

15-HETE and 17-HDHE [61]. In agreement with this, the

present study has shown that oral administration of 2-ARA-

lysoPtdEtn and 2-DHA-lysoPtdEtn, precursors for forma-

tion of 15-HETE and 17-HDHE, respectively, diminished

the level of 12-HETE in the peritoneum dose-dependently.

In turn, the reduction of 12-HETE could result in abrogation

of pro-inflammatory cytokine levels and monocyte chemo-

attractant protein (MCP-1) as had been reported previously

[62–64]. Of note, the suppressive effect of 2-polyunsatu-

rated acyl-lysoPtdEtns on zymosan A-induced 12-HETE

formation in the present study was greater than that of

1-polyunsaturated acyl-lysoPtChos [9]. Taken together, the

anti-inflammatory actions of 2-polyunsaturated acyl-lys-

oPtdEtn could be exerted through multiple mechanisms.

In conclusion, our present observations concerning the

anti-inflammatory and pro-resolving activity of 2-polyun-

saturated acyl-lysoPtdEtn may suggest that it can be a new

anti-inflammatory lipid useful for the prevention as well

as treatment of the zymosan A-induced peritonitis model.

In future studies to expand its application, anti-inflam-

matory and pro-resolving activity of 2-polyunsaturated

904 Lipids (2011) 46:893–906
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acyl-lysoPtdEtn is to be studied using other inflammation

models. Furthermore, the structural design to obtain more

stable derivatives of 2-polyunsaturated acyl-lysoPtdEtn

should be also considered to broaden the practical use of

2-polyunsaturated acyl-lysoPtdEtn as an anti-inflammatory

lipid agent.
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Abstract The schweinfurthins, a family of natural prod-

ucts derived from the isoprenoid biosynthetic pathway

(IBP), have marked growth inhibitory activity. However,

the biochemical basis for the schweinfurthins cellular

effects has remained ill-defined. Here, the effects of the

synthetic schweinfurthin, 3-deoxyschweinfurthin (3dSB)

on multiple aspects of isoprenoid homeostasis are explored.

Cytotoxicity assays demonstrate a synergistic interaction

between 3dSB and the HMG-CoA reductase inhibitor

lovastatin but not with other IBP inhibitors in a variety of

human cancer cell lines. The cytotoxic effects of 3dSB

were enhanced in cells incubated in lipid-depleted serum.

3dSB was found to enhance the lovastatin-induced

decrease in protein prenylation. In addition, 3dSB decrea-

ses intracellular farnesyl pyrophosphate and geranylgeranyl

pyrophosphate levels in both established cell lines and

primary cells. To determine whether 3dSB alters the reg-

ulation of expression of genes involved in isoprenoid

homeostasis, real-time PCR studies were performed in

human cell lines cultured in either lipid-replete or -deplete

conditions. These studies demonstrate that 3dSB abrogates

lovastatin-induced upregulation of sterol regulatory ele-

ment-containing genes and lovastatin-induced downregu-

lation of ABCA1. In aggregate, these studies are the first to

demonstrate that a schweinfurthin exerts pleiotropic effects

on isoprenoid homeostasis.

Keywords Isoprenoid � Schweinfurthin � Lovastatin �
Farnesyl pyrophosphate � Geranylgeranyl pyrophosphate �
Sterol � ABCA1 � Prenylation
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MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide
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SREBP Sterol regulatory element-binding protein
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Zara Zaragozic acid
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Introduction

Schweinfurthins are a family of natural compounds that

were originally isolated from the leaves of the flowering

tree Macaranga schweinfurthii in Western Cameroon [1].

The extracts from these leaves were noted to have potent

growth inhibitory activity in the NCI 60-cell line cancer

screen and subsequent isolation of the active components

identified schweinfurthins A and B with mean GI50’s of

0.36 and 0.81 lM, respectively [1]. Extensive structure–

function analysis has provided insight into the key struc-

tural features which are necessary to retain schweinfurthin-

like activity [2–7], but the mechanism of action has yet to

be determined. Given the difficulty in isolating sufficient

quantities of these compounds to allow for further bio-

logical exploration, a number of analogues have been

prepared, including 3-deoxyschweinfurthin B (3dSB)

(Fig. 1), which has a mean GI50 of 0.74 lM and has been

shown to retain schweinfurthin-like activity [8].

The schweinfurthin family shares the common structural

feature of having one or more prenyl side chains. The

prenyl groups are derived from the isoprenoid biosynthetic

pathway (IBP) which is responsible for the synthesis of all

sterol and non-sterol isoprenoids (Fig. 1). In addition to the

products displayed in Fig. 1, this pathway also leads to the

synthesis of other biologically important molecules such as

the ubiquinones, dolichols, and retinoids [9]. There is an

extraordinary degree of complexity with regards to regu-

lation of the IBP and sterol homeostasis [10]. The

expression of the majority of the enzymes in the IBP are

regulated through sterol regulatory element-binding protein

(SREBP) transcription factors [11, 12]. In conditions of

sterol depletion, SREBPs upregulate the expression of

genes with SRE-containing promoters, leading to increased

de novo synthesis of sterols and nonsterols as well as

increased cellular uptake of sterols via the LDL receptor.

Conversely, in conditions of sterol excess, SREBPs are

sequestered in the endoplasmic reticulum (ER) via Insigs

and there is upregulation of sterol efflux proteins such as

ATP-binding cassette transporter 1 (ABCA1) via liver

X receptor (LXR)-mediated regulation [13–15].

Sterols (including oxysterols, cholesterol, and lanos-

terol), nonsterols [e.g., farnesyl pyrophosphate (FPP) and

geranylgeranyl pyrophosphate (GGPP)], and miRNA

(MiR-33) have all been shown to be important regulators of

isoprenoid homeostasis [16–21]. Furthermore, a multitude

of natural products derived from the IBP have been dem-

onstrated to affect IBP regulation and sterol homeostasis

through a variety of mechanisms, including the diterpenes

cafestol, Daphnetoxin and Gniditrin [22, 23], monoter-

penes [24, 25], tocotrienols [26], and triterpenoids [27–29],

further highlighting the extraordinarily complex relation-

ship between the IBP and its products. Finally, select

inhibitors of the IBP also alter regulation of the IBP and

affect the expression of derivatives of the IBP [30–35].

Thus, given the extent to which IBP products and inhibitors

can influence IBP regulation, we were interested in

exploring the potential interaction between schweinfurthins

Fig. 1 a Structures of

schweinfurthin B and

3-deoxyschweinfurthin B

(3dSB). b The isoprenoid

biosynthetic pathway (IBP) and

pharmacological inhibitors.

Abbreviations: Lov lovastatin,

ZA zoledronic acid, Zara
zaragozic acid, DGBP digeranyl

bisphosphonate

908 Lipids (2011) 46:907–921

123



and IBP inhibitors, determining the effects of schwein-

furthins on isoprenoid homeostasis, and providing insight

into the basis for schweinfurthins’ biological activity. Here

we demonstrate that the synthetic schweinfurthin 3dSB

enhances inhibition of protein prenylation and induction

of cytotoxicity in the setting of mevalonate depletion

and reveal that 3dSB disrupts regulation of isoprenoid

homeostasis.

Materials and Methods

Reagents

Lovastatin (converted to the dihydroxy-open acid form

prior to use), DL-mevalonic acid lactone (converted to

mevalonate prior to use), FPP, GGPP, and zaragozic acid

were obtained from Sigma (St. Louis, MO). Zoledronic

acid was purchased from Novartis (East Hanover, NJ).

Digeranyl bisphosphonate (DGBP) [36] and 3-deoxy-

schweinfurthin [5] were kindly supplied by Professor

David Wiemer, Department of Chemistry, University of

Iowa. 3dSB was dissolved in DMSO. Anti-pan-Ras was

obtained from InterBiotechnology (Tokyo, Japan). Anti-b-

tubulin, anti-Rap1a, anti-Rab6, and anti-goat IgG HRP

antibodies were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA). Anti-mouse and anti-rabbit HRP-linked

antibodies were obtained from Amersham (GE Healthcare,

Piscataway, NJ). D*-GCVLS and D*-GCVLL (dansyl-

labeled peptides) were obtained from Bio-Synthesis

(Lewisville, TX). Rat recombinant FTase and GGTase I

were purchased from Jena Biosciences (Jena, Germany).

HPLC-grade water was prepared with a Milli-Q system

(Millipore, Bedford, MA). All solvents were optima or

HPLC grade. Lipoprotein deficient serum was obtained

from Hyclone (Thermo Scientific, Logan, UT).

Cell Cultures

Human multiple myeloma (RPMI-8226 and U266) and

human glioblastoma multiforme (SF-295) cell lines were

purchased from American Type Culture Collection

(Manassas, VA). A549 cells, a human non-small cell lung

cancer cell line, were obtained from the NCI (Frederick,

MD). Cells were grown in RPMI-1640 media with 10%

(RPMI-8226, SF-295) or 15% (U266) heat-inactivated fetal

calf serum supplemented with glutamine and penicillin–

streptomycin at 37 �C and 5% CO2. A549 cells were

maintained in F-12 media supplemented with 10% fetal

calf serum, glutamine, and penicillin–streptomycin. For the

studies involving primary cells, after informed consent,

peripheral blood samples were obtained from patients with

acute leukemia. The protocol (IRB ID # 200610770) was

approved by our Institutional Review Board for human

subjects. Mononuclear cells were isolated from peripheral

blood of patients with newly diagnosed acute leukemia and

incubated ex vivo with 3dSB or lovastatin for 24 h. Formal

pathological review of the bone marrow samples as well as

cytogenetic analysis was performed by UIHC Hemato-

pathology.

MTT Assay

For the suspension cell lines (RPMI-8226 and U266), cells

were seeded (5 9 104/150 lL per well) in 96-well flat-

bottom plates and incubated for 48 h at 37 �C and 5% CO2

in the presence or absence of compounds. For the adherent

cell lines (SF-295 and A549), cells were plated in 24-well

plates, allowed to reach 65% confluency, and then incu-

bated in the presence or absence of compounds for 48 h.

MTT assays were performed as previously described [3,

43]. The absorbance for control untreated cells was defined

as an MTT activity of 100%. DMSO treatment did not alter

MTT activity by more than 5%.

Western Blot Analysis

Cells (5 9 106/5 mL) were incubated in the presence or

absence of drugs. At the conclusion of the incubations,

cells were collected, washed with PBS, and lysed in RIPA

buffer (0.15 M NaCl, 1% sodium deoxycholate, 0.1% SDS,

1% Triton (v/v) X-100, 0.05 M Tris–HCl) containing

protease and phosphatase inhibitors. Protein content was

determined using the bicinchoninic acid method (Pierce

Chemical, Rockford, IL). Equivalent amounts of cell lysate

were resolved by SDS-PAGE, transferred to polyvinyli-

dene difluoride membrane, probed with the appropriate

primary antibodies, and detected using HRP-linked sec-

ondary antibodies and Amersham Pharmacia Biotech ECL

Western blotting reagents per manufacturer’s protocols.

Intracellular FPP and GGPP Measurements

Intracellular FPP and GGPP levels were measured using

the previously reported reversed phase HPLC methodology

[38]. Briefly, following incubation with drugs, cells were

collected and counted using a hemocytometer. Isoprenoid

pyrophosphates were extracted from cell pellets with

extraction solvent (butanol/75 mM ammonium hydroxide/

ethanol 1:1.25:2.75). Following drying down by nitrogen

gas, the FPP and GGPP in the residue were incorporated

into fluorescent GCVLS or GCVLL peptides by farnesyl-

transferase or geranylgeranyl transferase I, respectively.

The prenylated fluorescent peptides were separated and

quantified by reversed phase HPLC with fluorescence

detection.
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HMGR Activity Assay

The HMG-CoA reductase assay kit was purchased from

Sigma (St. Louis, MO) and the assay was performed

according to manufacturer’s specifications. This assay

detects the oxidation of NADPH by HMGR in the presence

of HMG-CoA. The decrease in absorbance at 340 nm over

time was measured using a Molecular Devices SpectraMax

M2e microplate reader. Measurements were taken every

25 s. Pravastatin, which was included in the kit, was used

as the positive control. The reaction mixture was incubated

in the presence or absence of varying concentrations of

3dSB.

Real-Time PCR

RPMI-8226 or U266 cells were grown in the presence or

absence of drugs in media containing either standard FCS

or 10% LPDS for 24 h. Each condition was performed in

triplicate. RNA was isolated using an RNeasy kit (Qiagen,

Valencia, CA) and a BioRad (Hercules, CA) cDNA syn-

thesis kit was used to prepare cDNA. Primers for HMGR,

FDPS, SS, GGDPS, SREBP-2, Insig-1, LXRa, ABCA1 and

b-actin (Supplementary Table 1) were designed using

PrimerQuest. Real-time PCR was performed on an Applied

Biosystems Model 7900HT using an Applied Biosystems

(Carlsbad, CA) reaction kit with SYBR green. Data were

analyzed using ABI SDS 2.3 software and normalized to b-

actin RNA. Quantities were determined using the relative

standard curve method. Each sample was run in triplicate.

Statistical Analysis

Two-tailed t testing was used to calculate statistical sig-

nificance for the studies involving measurement of FPP and

GGPP levels. An a of 0.05 was set as the level of signifi-

cance. Isobologram analysis was used to evaluate the data

from the MTT assays via CalcuSyn software (Biosoft). The

software analyzes drug interactions based on the method of

Chou and Talalay [26]. Combination indices (CI) \0.8

were deemed synergistic, CI [1.2 antagonistic, and CI

[0.8 but less than 1.2 were deemed additive. ANOVA was

used to compare changes in gene expression level follow-

ing treatment with two drugs (lovastatin alone, 3dSB alone,

and the two in combination) under four sets of conditions

(two cell lines, two media conditions). The gene expression

levels were compared separately for each of the four con-

ditions. Expression levels were log-transformed to satisfy

the ANOVA assumptions of normality and equal variances.

Differences in expression levels were evaluated with the

two-sided pair-wise comparisons of the treatment groups.

The False Discovery Rate approach using q values was

applied to adjust for multiple comparisons [39, 40]

(Supplementary Table 2). Pair-wise comparisons for which

the q values were less than 0.05 were declared to be

statistically significant. This criterion ensures that the

expected proportion of incorrectly rejected pair-wise

comparisons is no greater than 5%. SAS version 9.2 and R

2.11.1 were used for the analysis.

Results

The Combination of 3dSB and Lovastatin Induces

Synergistic Cytotoxic Effects in Human Malignant

Cell Lines

The cytotoxic effects of 3dSB, both alone and in combi-

nation with the HMGR inhibitor lovastatin, in MTT assays

were assessed in two human multiple myeloma cell lines

(RPMI-8226 and U266), a human glioblastoma multiforme

cell line (SF-295) and a human non-small cell lung cancer

cell line (A549) (Fig. 2a). The RPMI-8226 and SF-295

cells have been previously noted to be particularly sensitive

to schweinfurthins with mean GI50’s for schweinfurthin B

of 15 and 24 nM, respectively [1]. The A549 cells, on the

other hand, represent a relatively more resistant cell line,

with a mean GI50 of 0.34 lM [1]. The U266 cell line was

not part of the NCI 60-cell line panel, but was chosen for

these studies based on our prior work which demonstrated

resistance to select IBP inhibitors as a consequence of

markedly elevated basal isoprenoid levels [41]. Consistent

with the NCI findings for schweinfurthin B, the RPMI-

8226 cells were noted to be the most sensitive to 3dSB with

an IC50 of *150 nM and the A549 cells the least sensitive

with an IC50 of 5 lM at 48 h. The SF-295 and U266 cells

displayed intermediate sensitivity to 3dSB alone with IC50

values of 0.5 and 1 lM, respectively. Interestingly, the

addition of lovastatin to 3dSB resulted in enhanced cyto-

toxicity in all four cells. The nature of this interaction was

evaluated by isobologram analysis and determined to be

synergistic (Table 1). Furthermore, when RPMI-8226 or

U266 cells were incubated in media containing lipoprotein

deficient serum (LPDS), the cytotoxicity of 3dSB, both

alone (3dSB IC50 of 80 nM for RPMI-8226 and 0.3 lM for

U266) and in combination with lovastatin, was increased

(Fig. 2b). This suggested a dependence on sterol avail-

ability for 3dSB cytotoxicity.

To determine whether the synergistic interaction was

unique to lovastatin, or was observed with other IBP

inhibitors, additional MTT assays were performed in which

cells were treated with 3dSB in the presence or absence of

the FDPS inhibitor zoledronic acid (ZA), the GGDPS

inhibitor digeranyl bisphosphonate (DGBP), or the squa-

lene synthase inhibitor zaragozic acid (Zara). As shown in

Table 1, none of these agents displayed a synergistic
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interaction with 3dSB. In particular, for the RPMI-8226

cells, both DGBP and ZA displayed an antagonistic inter-

action with 3dSB.

3dSB Enhances Lovastatin-Induced Decrease in Protein

Prenylation

The pleiotropic effects of statins in malignant cells have

generally been attributed to their ability to inhibit protein

prenylation. To determine whether 3dSB, either alone or in

combination with lovastatin, altered protein prenylation,

immunoblot analysis was performed. Antibodies directed

against Ras (substrate of FTase), Rap1a (substrate of

GGTase I) and Rab6 (substrate of GGTase II) were uti-

lized. For Ras and Rab6, the appearance of a more slowly

migrating band represents unmodified protein, while for

Rap1a, the antibody detects only unmodified protein. As

shown in Fig. 3a, 3dSB alone has no effect on the pre-

nylation status of the three proteins. As expected, lovastatin

decreases both farnesylation and geranylgeranylation.

Interestingly, 3dSB was noted to potentiate the effects of

lovastatin in the RPMI-8226 cells as evidenced by the

increase in the ratio of unmodified to modified protein for

Ras and Rab6 and the increase in total unmodified protein

Fig. 2 The combination of lovastatin and 3dSB induces a synergistic

cytotoxic effect in malignant cell lines. Cells were incubated for 48 h

in the presence or absence of drugs and the MTT assay was performed

as described in the ‘‘Materials and methods’’. a RPMI-8226, U266,

SF-295, and A549 cells were incubated in standard FCS. b RPMI-

8226 and U266 cells were incubated in LPDS. Data are expressed as a

percentage of control (mean ± SD, n = 4) and are representative of

at least two independent experiments
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for Rap1a. This potentiation occurred in a concentration-

dependent manner and was observed for all three preny-

lated proteins. This effect was particularly evident in cells

incubated with LPDS; disruption of protein prenylation

was not detected in cells treated with 2.5 lM lovastatin

alone, but was detected when cells were co-incubated with

[50 nM 3dSB. Minimal potentiation was noted when cells

were incubated with 3dSB and either zoledronic acid or

DGBP (Fig. 3a). 3dSB was also found to potentiate lova-

statin’s effects in U266 cells, particularly in cells treated

with 2.5 lM lovastatin in either FCS or LPDS conditions

(Fig. 3b). The effect of 10 lM lovastatin on disruption of

protein prenylation in cells incubated with standard FCS

was near maximal and the addition of 3dSB did not sig-

nificantly alter the prenylation pattern.

To determine whether the induced changes in protein

prenylation could be prevented by exogenous isoprenoid

species, studies were performed in which RPMI-8226 or

U266 cells incubated in media containing standard FCS were

treated with 3dSB and/or lovastatin in the presence or

absence of mevalonate or GGPP. As shown in Fig. 3c,

addition of mevalonate or GGPP completely prevented the

lovastatin- or lovastatin ? 3dSB-induced decrease in Rap1a

geranylgeranylation. Mevalonate completely prevented the

disruption of Ras prenylation while GGPP only partially

restored Ras prenylation, consistent with the ability of nor-

mally farnesylated N- and K-Ras isoforms to undergo ger-

anylgeranylation when farnesylation is disrupted [42].

Effects of 3dSB on Intracellular FPP and GGPP Levels

As 3dSB alone did not appear to inhibit protein prenyla-

tion, but did potentiate lovastatin’s effects, it was

hypothesized that 3dSB could be altering isoprenoid

availability. Therefore, the effects of 3dSB on intracellular

FPP and GGPP levels were determined. Lovastatin, which

depletes cells of both FPP and GGPP, was used as a

positive control. As shown in Fig. 4a, 3dSB decreased both

FPP and GGPP levels in a concentration-dependent manner

in all tested cell lines, with the exception of the RPMI-8226

cells. In addition, 3dSB also variably decreased FPP and

GGPP levels in primary human acute myeloid leukemia

cells which were incubated with the drug in an ex vivo

manner (Fig. 5).

The effects of 3dSB on FPP and GGPP levels were also

evaluated in RPMI-8226 and U266 cells incubated with

media containing LPDS. As shown in Fig. 4b, little effect

was seen in the RPMI-8226 cells, but an enhanced deple-

tion of FPP and GGPP levels was observed in the U266 cell

line. As described previously [41], basal FPP levels are

significantly higher in the U266 cell line compared with the

RPMI-8226 line. Of note, incubation in LPDS-containing

media significantly increased basal FPP (8.3-fold), but not

GGPP levels in the U266 cells (Table 2), while basal levels

of FPP and GGPP did not significantly change in RPMI-

8226 cells. The LPDS-induced increase in FPP observed in

the U266 cells could be overcome by either lovastatin or

3dSB (Fig. 4b). Incubation of SF-295 and A549 cells

in LPDS resulted in an approximately 1.5-fold increase in

FPP and GGPP levels compared with cells incubated in

standard FCS (Table 2).

To investigate the effect of combining 3dSB on IBP

inhibitor-induced changes in FPP and GGPP levels, studies

were performed in which U266 cells were treated with

3dSB and/or lovastatin, ZA, or DGBP. Consistent with our

prior studies, treatment with ZA or DGBP only partially

Table 1 Summary of 3dSB-IBP inhibitor interactions in MTT cytotoxicity assays

Combination Cell line

RPMI-8226 U266 SF-295 A549

3dSB ? Lov Synergistica Synergistica Synergistica Synergistica

3dSB ? ZA Additiveb Antagonisticd Antagonistic/Additivef ND

3dSB ? DGBP Antagonisticc Antagonisticd Additiveb ND

3dSB ? Zara Antagonistice Antagonistice ND ND

Cells were incubated in standard FCS for 48 h in the presence of 3dSB and/or IBP inhibitors (Lov lovastatin, ZA zoledronic acid, DGBP
digeranyl bisphosphonate, Zara zaragozic acid) prior to the addition of MTT salt. Combination indices (CI) for ED30 and ED50 (unless otherwise

specified) were determined via isobologram analysis

ND Not determined
a CI \ 0.8 as determined by isobologram analysis
b CI 0.8–1.2 as determined by isobologram analysis
c CI [ 1.2 as determined by isobologram analysis
d MTT Activity of combination [3dSB alone as determined by two-tailed t testing
e CI’s for ED20 and ED30 calculated
f CI antagonistic for ED30 and additive for ED50
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depletes FPP or GGPP levels, respectively, in U266 cells

incubated in standard FCS [43]. Interestingly, however, the

addition of 3dSB to either ZA or DGBP results in a sig-

nificant decrease in both FPP and GGPP levels. Similar

results were observed when cells were incubated in media

containing LPDS (Fig. 6). The lovastatin-induced deple-

tion of FPP and GGPP was near maximal in U266 cells

incubated with standard FCS and the addition of 3dSB did

not significantly alter FPP or GGPP levels. In contrast,

when cells were incubated with LPDS, the addition of

3dSB to lovastatin resulted in a further decrease in GGPP

levels. In aggregate these studies demonstrate the ability of

3dSB to lower intracellular FPP and GGPP levels irre-

spective of the presence of agents which disrupt the IBP.

Finally, the ability of 3dSB to directly inhibit HMGR was

evaluated in an in vitro enzyme assay and inhibitory

activity was not observed (Fig. 7).

The Effects of Exogenous Isoprenoids

on 3dSB-Induced Cytotoxicity and FPP

and GGPP Levels

Lovastatin-induced cytotoxicity has previously been shown

to be prevented by co-incubation with select isoprenoid

species [43]. To determine whether 3dSB-induced cyto-

toxicity could be similarly prevented, MTT experiments

were performed in which RPMI-8226 and U266 cells were

treated with 3dSB and/or lovastatin in the presence or

Fig. 3 3dSB potentiates lovastatin-induced decrease in protein

prenylation. a RPMI-8226 or b U266 cells were incubated in the

presence or absence of 3dSB ± IBP inhibitor (Lov lovastatin, ZA
zoledronic acid (50 lM) or DGBP digeranyl bisphosphonate

(2.5 lM)) in either standard FCS (F) or LPDS (L) for 24 h. The

wedge indicates increasing concentrations of 3dSB (0, 10, 50,

100 nM for RPMI-8226 cells and 0, 0.1, 0.5, 1 lM for U266 cells).

c Lovastatin- or lovastatin ? 3dSB-induced decrease in protein

prenylation is prevented by co-incubation with select isoprenoid

intermediates. RPMI-8226 (R) and U266 (U) cells were incubated for

24 h in media containing standard FCS in the presence or absence of

lovastatin (10 lM), 3dSB (50 nM for RPMI-8226 and 1 lM for

U266), mevalonate (1 mM), or GGPP (10 lM). Western blot analysis

of Ras (more slowly migrating band represents unmodified Ras),

Rap1a (antibody detects only unmodified Rap1a), Rab6 (more slowly

migrating band represents unmodified Rab6) and b-tubulin (as a

loading control) was performed. Data are representative of at least

two independent experiments
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absence of select isoprenoids (mevalonate, FPP, or GGPP).

As shown in Fig. 8a, mevalonate or GGPP, and to a lesser

extent FPP, could prevent lovastatin-induced cytotoxicity.

However, none of the isoprenoid species prevented 3dSB-

induced cytotoxicity. The enhanced cytotoxicity observed

with the combination of 3dSB and lovastatin was only

partially reversed by co-incubation with the isoprenoids.

Co-incubation with either mevalonate or GGPP induced a

level of cytotoxicity equivalent to 3dSB alone in the drug-

combination treatment. To determine whether the add-back

of isoprenoid species was effective in repleting FPP and

GGPP levels in 3dSB and/or lovastatin-treated cells, levels

of FPP and GGPP were measured in U266 cells. As shown

in Fig. 8b, mevalonate most efficiently restored both FPP

and GGPP levels in drug-treated cells. Incubation with

exogenous FPP only partially restored FPP levels in drug-

treated cells and had no effect on GGPP levels. Incubation

with GGPP completely restored GGPP levels in either

3dSB- or lovastatin-treated cells and partially restored

levels in 3dSB ? lovastatin-treated cells. Thus, although

incubation with exogenous isoprenoids (mevalonate/

GGPP [ FPP) restores isoprenoid levels in 3dSB-treated

cells, this agent’s cytotoxic effects are not significantly

altered. In aggregate these data suggest that the mechanism

underlying 3dSB’s cytotoxic effects extends beyond this

agent’s ability to alter FPP and GGPP levels.

3dSB Disrupts Regulation of Isoprenoid Homeostasis

While lovastatin disrupts sterol homeostasis by targeting

HMGR and inhibiting isoprenoid biosynthesis, it appeared

that 3dSB might be more indirectly disrupting the IBP. To

Fig. 4 Effects of 3dSB on

intracellular FPP and GGPP

levels. Cells were incubated in

the presence of 3dSB or

lovastatin (Lov) for 24 h in

media containing either

standard FCS (a) or LPDS (b).

Intracellular FPP and GGPP

levels were determined as

described in the ‘‘Materials and

methods’’ and are expressed as a

percent of control (mean ± SD

of three independent

experiments). * Denotes

p \ 0.05 per unpaired two-

tailed t test and compares the

treated cells to the control

untreated cells
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address this hypothesis, real-time PCR was used to assess

the effects of 3dSB, either alone or in combination with

lovastatin, on the expression of key components of the IBP

(HMGR, FDPS, SS, GGDPS) and regulators of sterol

homeostasis (SREBP-2, Insig-1, LXRa, ABCA1). Treat-

ment with lovastatin resulted in an increase in expression

(1.5- to 4-fold) of the SRE-containing genes HMGR, FDPS,

SS, SREBP-2, and Insig-1 in the RPMI-8226 and U266 cells

under standard serum conditions while decreasing ABCA1

expression (Fig. 9). With the exception of HMGR (increase)

and ABCA1 (decrease), 3dSB had little effect on any of the

tested genes in the RPMI-8226 cell line, while in the U266

cells, statistically significant increases in HMGR, SS,

SREBP-2, and Insig-1 levels were observed. Interestingly,

3dSB abrogated lovastatin-induced upregulation of HMGR,

FDPS, SS, and Insig-1 in the RPMI-8226 cell line while

potentiating the upregulation of GGDPS. In contrast, in the

U266 cell line, 3dSB minimally altered lovastatin-induced

upregulation of HMGR, FDPS, SS, or SREBP-2 but

enhanced the upregulation of GGDPS, LXR, and ABCA1

compared with either drug alone.

These studies were also performed with cells that had

been incubated with LPDS (Fig. 9). Overall, there was little

difference in effect on gene expression between the FCS- and

LPDS-treated RPMI-8226 cells: lovastatin induced an

increase in HMGR, FDPS, SS, SREBP-2, and Insig-1, had

little effect on LXRa, and decreased ABCA1 expres-

sion. 3dSB induced minimal effects on HMGR and Insig-

1levels. Likewise, as seen in the FCS-treated cells, the

combination of lovastatin and 3dSB resulted in suppression

of the lovastatin-induced increase in the SRE-dependent

genes and an increase in GGDPS expression. While the

effects of the drugs on the expression profile were concordant

between FCS and LPDS conditions in the RPMI-8226 cells,

there were profound differences noted between FCS and

LPDS conditions in the U266 cell line. Notably, lovastatin

failed to induce an increase in any of the tested SRE-con-

taining genes. In addition, with the exception of SREBP-2,

3dSB markedly decreased the expression of the SRE-con-

taining genes. Most striking was the greater than 60-fold

increase in ABCA1 expression induced by 3dSB in the

LPDS-treated U266 cells; an effect which was further

enhanced by co-incubation with lovastatin.

Discussion

The basis for the schweinfurthins’ potent cellular activities

has thus far not been determined. In the studies presented

Fig. 5 Effect of 3dSB on FPP and GGPP levels in primary acute

leukemia cells. Mononuclear cells were isolated from the peripheral

blood of patients with newly diagnosed acute leukemia and incubated

ex vivo with 3dSB or lovastatin for 24 h. All patients had greater than

40,000 K/mm3 circulating blasts. Formal pathological review of the

patient bone marrow samples revealed acute myelomonocytic leuke-

mia for patient 1, acute myeloid leukemia with t(11;17) translocation

for patient 2, and acute myeloid leukemia with aberrant CD7

expression for patient 3

Table 2 Effects of serum composition on basal FPP and GGPP

levels

FPP (pmol/106 cells)

(Mean ± SD)

GGPP (pmol/106 cells)

(Mean ± SD)

RPMI-8226, FCS 0.168 ± 0.030 0.273 ± 0.022

RPMI-8226, LPDS 0.122 ± 0.033 0.235 ± 0.096

U266, FCS 1.87 ± 0.271 0.682 ± 0.193

U266, LPDS 15.5 ± 1.25a 1.115 ± 0.223

SF-295, FCS 0.088 ± 0.002 0.367 ± 0.023

SF-295, LPDS 0.155 ± 0.005a 0.534 ± 0.032a

A549, FCS 0.146 ± 0.003 0.291 ± 0.031

A549, LPDS 0.242 ± 0.026a 0.460 ± 0.048a

Cells were incubated for 24 h in media containing either standard

FCS or LPDS. FPP and GGPP levels were measured as described in

the section ‘‘Materials and Methods’’. The means and standard

deviations of the results of three independent experiments are shown
a p \ 0.05 by two-tailed t testing comparing FCS to LPDS levels
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herein we demonstrate that the synthetic schweinfurthin

3dSB has a very complex relationship with the IBP. In

particular, 3dSB: (1) exerts a synergistic cytotoxic effect

with the HMGR inhibitor lovastatin but additive or

antagonistic effects with other IBP inhibitors, (2) enhances

lovastatin-induced disruption of prenylation, (3) induces

changes in intracellular FPP and GGPP levels, and (4)

disrupts both SRE- and LXR-mediated regulation of genes

involved in the IBP and sterol homeostasis. That these

effects are enhanced under conditions of limited sterol

availability, provides further evidence for the link between

3dSB and isoprenoid homeostasis.

The synergistic interaction between 3dSB and lovastatin

is a consequence of lovastatin’s ability to deplete cells of

one or more down-stream isoprenoids such as FPP, GGPP,

or sterols. Notably, an antagonistic interaction was

observed between 3dSB and agents that increase FPP levels

but have disparate effects on GGPP and sterol synthesis

(the GGDPS inhibitor DGBP and the squalene synthase

inhibitor Zara), suggesting that the lovastatin/3dSB inter-

action is dependent on depletion of both nonsterols and

sterols down-stream of FPP. Furthermore, 3dSB-induced

cytotoxicity is enhanced under conditions of sterol deple-

tion, providing further evidence for a connection between

3dSB activity and isoprenoid levels. In fact, 3dSB was

found to decrease cellular FPP/GGPP levels in a variety of

cultured and primary cells (Figs. 4, 5, 6). It is interesting to

note that although 3dSB decreased FPP and GGPP to levels

equivalent to lovastatin in the U266 cell line (Fig. 4), 3dSB

alone did not decrease protein prenylation (Fig. 3). In

addition, while 3dSB did not significantly alter FPP and

GGPP levels in the RPMI-8226 cells, this agent did

enhance lovastatin-induced decrease of protein prenylation

Fig. 6 Effects of 3dSB on IBP

inhibitor-induced changes in

FPP and GGPP levels in U266

cells. Cells were incubated in

the presence or absence of 1 lM

3dSB and/or 10 lM lovastatin,

50 lM ZA, or 10 lM DGBP for

24 h in media containing either

standard FCS or LPDS.

Intracellular FPP and GGPP

levels were determined as

described in the section

‘‘Materials and Methods’’ and

are expressed as a percentage of

the control (mean ± SD of

three independent experiments).

The * denotes p \ 0.05 per

unpaired two-tailed t test and

compares the IBP inhibitor

? 3dSB combination to the IBP

inhibitor alone

Fig. 7 3dSB does not inhibit HMGR in an in vitro enzyme assay. The

enzyme assay was performed as described in the ‘‘Materials and

methods’’ section. Blank represents reaction mixture lacking HMGR

while Control represents the complete reaction mixture. Pravastatin

was used as a positive control
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(Fig. 3). These results, in conjunction with the finding

that 3dSB-mediated enhancement of lovastatin-induced

decrease of protein prenylation is further augmented in the

presence of LPDS, suggests that these effects are not only

due to changes in steady state levels of isoprenoids, but

may also reflect alterations in flux through the pathway.

The FPP/GGPP assay that was employed measures steady

state total cellular FPP/GGPP levels. It remains to be

determined whether shunting of isoprenoids to various

branches of the IBP is altered in the presence of 3dSB. In

addition, it is unknown whether there are discrete pools of

these isoprenoid intermediates within the cell, and if so,

whether 3dSB alters specific pools, thereby affecting sub-

strate availability for disparate processes.

Further understanding of the mechanism(s) for 3dSB

activity may be gained from the marked increase in FPP

levels in U266 cells, but not in RPMI-8226 cells in

response to incubation with LPDS. We have previously

demonstrated that the U266 cell line is less sensitive than

the RPMI-8226 cells to lovastatin and is resistant to

downstream IBP inhibitors such as ZA and DGBP, likely a

consequence of the markedly elevated basal FPP levels

[43]. It has been noted that statin sensitivity in myeloma

cell lines may be a consequence of altered HMGR regu-

lation [44]. However, our work, which demonstrates a loss

of lovastatin-induced upregulation of SRE-regulated genes

in U266 cells incubated in LPDS-containing media sug-

gests that statin-sensitivity is dependent on factors that

extend beyond the level of HMGR regulation. In a similar

manner, 3dSB-sensitivity may be a consequence of varia-

tion in isoprenoid pathway regulation.

In addition to revealing novel activities of 3dSB, these

studies also provide insight into the regulation of isopren-

oid levels. In our studies, GGDPS expression was mini-

mally induced by either lovastatin or 3dSB alone, but was

upregulated to a greater extent when the two agents were

Fig. 8 a Add-back of select IBP intermediates prevents lovastatin-,

but not 3dSB-induced cytotoxicity in RPMI-8226 and U266 cells.

Cells were incubated for 48 h in the presence or absence of 25 lM

lovastatin (Lov), 3dSB (0.1 lM for RPMI-8226 and 0.5 lM for

U266), 1 mM mevalonate (Mev), 10 lM FPP or 10 lM GGPP. MTT

assays were performed as described in the ‘‘Materials and methods’’.

Data are expressed as a percent of control (mean ± SD, n = 4) and

are representative of two independent experiments. b Effects of

exogenous IBP intermediates on intracellular FPP and GGPP levels in

U266 cells treated with 1 lM 3dSB and/or lovastatin for 24 h. Data

are expressed as a percent of control (mean ± SD, n = 3 independent

experiments)
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used in combination (Fig. 9). This effect was particularly

evident in the LPDS-treated cells. Analysis of FDPS has

demonstrated that it is transcriptionally regulated by both

SREBP and LXR [37, 45–47]. Less is known about the

regulation of GGDPS. While one report in a transgenic

system suggested that GGDPS is a target of SREBP,

another demonstrated that GGDPS mRNA levels did not

significantly change in HeLa cells incubated with either an

HMGR inhibitor or with LPDS in the presence or absence

of sterols [48, 49]. The product of this enzyme, GGPP, has

been shown to serve as a negative regulator for LXR [21,

50]. Our results suggest that GGPP levels may in part

regulate expression of GGDPS. Whether this is due to an

effect on LXR activity or is via another mechanism

remains to be determined.

The add-back experiments, which demonstrated that

exogenous FPP/GGPP can restore isoprenoid levels in

3dSB-treated cells, but does not reverse the cytotoxic

effects (Fig. 8), further suggest that 3dSB’s effects extend

beyond altering FPP and GGPP levels. In fact, we found

that in RPMI-8226 cells, 3dSB abrogates statin-induced

upregulation of SREBP-2-dependent genes as well as sta-

tin-induced downregulation of ABCA1 in both sterol

replete (FCS) and deplete (LPDS) conditions (Fig. 9). In

aggregate these data suggest that 3dSB shifts the cell’s

sterol regulatory pathways from a sterol-deficient state to a

sterol-replete state. This hypothesis is further supported by

the findings from the U266-LPDS studies. As noted in

Table 2, U266 cells, in response to incubation with LPDS,

markedly increase intracellular FPP levels, presumably in

Fig. 9 3dSB induces alteration in expression of genes involved with

isoprenoid homeostasis. RPMI-8226 or U266 cells were incubated for

24 h in the presence or absence of lovastatin (Lov, 10 lM) and/or

3dSB (0.1 lM for RPMI-8226 and 0.5 lM for U266) in either

standard FCS or LPDS. Real-time PCR was performed using primers

for HMG-CoA reductase (HMGR), farnesyl diphosphate synthase

(FDPS), squalene synthase (SS), geranylgeranyl diphosphate synthase

(GGDPS), SREBP-2, Insig-1, ABCA1 and LXRa. Data were

normalized to b-actin levels and are expressed as relative to control

untreated cells (mean ± SE, n = 3). Data are representative of two

independent experiments. Statistical significance, as described in the

‘‘Materials and methods’’ (q value \0.05), is represented by ‘‘a’’

(lovastatin compared to control), ‘‘b’’ (3dSB compared to control),

and ‘‘c’’ (3dSB ? lovastatin compared to lovastatin)
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an effort to compensate for the exogenous depletion of

sterols. In this setting, 3dSB alone significantly downreg-

ulates SREBP-2-dependent genes while markedly upregu-

lating ABCA1 (a LXRa-dependent gene). This pattern

implies sterol excess. Possible mechanisms by which 3dSB

could induce these changes include interference by 3dSB

of the SRE-SREBP-2 interaction, disruption of SREBP-2

trafficking, direct activation of LXR, RXR or PPAR, or

interference with the function of oxysterol binding proteins

(OSBPs). A variety of oxysterols have been shown to be

ligands for LXR and to induce LXR-target gene expression

[51]. For example, the dietary plant sterol, stigmasterol, has

been shown to induce ABCA1 expression and to suppress

the SREBP pathway by promoting the formation of a Scap-

SREBP-Insig-1 complex in the ER, thereby decreasing

expression of SREBP target genes [16]. Whether 3dSB

shares a similar mechanism of action, changes sterol levels,

or alters the sterol-sensing machinery is of considerable

interest and studies addressing these hypotheses are

underway.

Schweinfurthin A has recently been shown to induce

reorganization of the actin cytoskeleton and to inhibit EGF-

induced Rho activation in serum-starved astrocytoma cells

[52]. It is interesting to note that a variety of interactions

have been described between OSBPs and elements of the

cytoskeleton. For example, overexpression of ORP4S

induced collapse of the vimentin network and inhibited

LDL-cholesterol esterification while silencing of ORP3

resulted in reorganization of the actin cytoskeleton [53,

54]. It remains to be determined whether schweinfurthins,

either directly or indirectly, interact with OSBPs, thereby

impairing sterol sensing/trafficking and disrupting the

cytoskeleton.

In conclusion, these studies are the first to demonstrate

that the synthetic schweinfurthin 3dSB exerts pleiotropic

effects on isoprenoid homeostasis. Specifically, 3dSB has a

synergistic interaction with lovastatin, can alter steady state

isoprenoid levels, and can disrupt multiple aspects of

the regulatory elements controlling the IBP and sterol

homeostasis. These studies, which advance understanding

the basis for schweinfurthin activities, also indicate that

there is a complexity to regulation of the isoprenoid path-

way that is as yet unknown but may depend upon iso-

prenoid flux as compared to absolute isoprenoid levels.
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Abstract Policosanol is a poorly absorbed nutritional

supplement used primarily for cholesterol management.

Findings from previous trials evaluating the effects of

policosanol are mixed with early data reporting positive

lipid effects while more recent studies indicate negligible

efficacy. We hypothesized that re-formulating policosanol

would result in an improvement in major lipoproteins and

possibly provide some explanation for previously con-

flicting trial data. Our primary objectives were to assess the

efficacy and safety of modified-policosanol (MP) on the

major lipoproteins among hyperlipidemic subjects receiv-

ing background statin therapy or as monotherapy. This

8-week clinical trial consisted of 3 arms. Subjects receiving

chronic statin therapy (N = 36) were randomized in a

double-blind design to MP 20 mg daily or placebo. In the

third arm, subjects not receiving statin therapy (N = 18)

were assigned open-label MP 20 mg daily. The utilization

of MP when added to background statin therapy or as

monotherapy resulted in no significant changes in major

lipoproteins (all p [ 0.05). The MP therapy was well tol-

erated with no major adverse events reported. Consistent

with recent clinical trial data, MP demonstrated an excel-

lent safety profile but produced no significant effects on

major lipoproteins when used as monotherapy or when

given with concomitant statin therapy.

Keywords HMG reductase � Hyperlipidemia �
Low-density lipoprotein � Policosanol � Plasma lipoproteins

Abbreviations

ANOVA Analysis of variance

ATP-III Adult Treatment Panel III

CHD Coronary heart disease

HDL-C High-density lipoprotein cholesterol

HMG CoA Hydroxymethylglutaryl Coenzyme A

HRT Hormone replacement therapy

LDL-C Low-density lipoprotein cholesterol

Lp(a) Lipoprotein a

MP Modified policosanol

NCEP National Cholesterol Education Program

SPSS Statistical Package for the Social Sciences

VLDL Very low-density lipoprotein cholesterol

Introduction

Elevated low-density lipoprotein cholesterol (LDL-C) is a

major modifiable risk factor for coronary heart disease

(CHD) [1]. The National Cholesterol Education Program

(NCEP) Adult Treatment Panel’s third report (ATP-III) and

2004 Update focus on LDL-C treatment to reduce CHD

events [1, 2]. For most patients statins are the cornerstone

for LDL-C reduction. However, because of aggressive

LDL-C goals and dose-dependent side effects associated
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with statin therapy, additional agents are often required to

achieve optimal LDL-C levels [3]. Other lipoproteins also

play key roles in the development of atherosclerosis.

Lipoprotein (a) [Lp (a)] is an emerging risk factor that has

recently demonstrated an independent association with

CHD [4]. Effective therapies for treating Lp (a) are limited,

therefore new treatment options are greatly needed.

Policosanol is a nutritional supplement used for the treat-

ment of hypercholesterolemia. The agent consists of a natural

mix of aliphatic alcohols that are derived primarily from sugar

cane (Saccharum officinarum L) and/or rice wax. The for-

mulation of policosanol can vary between products but the

major components are octacosanol, triacontanol and hexaco-

sanol [5]. The clinical pharmacology of policosanol is not

fully understood but findings suggest suppression of hydrox-

ymethylglutaryl Coenzyme A (HMG-CoA) reductase and

increased LDL-C degradation via enhanced hepatic binding

and internalization [6, 7]. The agent has been associated with a

low rate of generally mild and transient adverse effects with no

reports of increased hepatic transaminases [5, 8].

Early studies indicated policosanol, when used as

monotherapy, significantly reduced LDL-C and raised high-

density lipoprotein cholesterol (HDL-C) [9–16]. Another

study indicated the agent produced significant reductions in

Lp (a) [17]. However, more recent studies, including one

evaluating policosanol in combination with statin therapy,

have not replicated the beneficial findings seen from the

early trials [18–27]. Despite the lack of proven benefit,

policosanol use remains widespread. A recent internet

search indicated many common retailers continue stocking

the product.

The discrepant results from clinical trials are not well

understood, however, limited absorption and subtle com-

position differences between products may be key vari-

ables. The mixture of very long chain aliphatic alcohols

and very long chain fatty acids composing policosanol

have limited bioavailability and varying composition, are

highly hydrophobic, with very poor overall absorption [28].

Although data are limited, the plasma concentrations of

very long chain fatty alcohols present in policosanol are

increased in high fat dietary states (i.e. ketogenic diets)

[29]. Other trials evaluating lipid-based delivery systems

further support this data. Porter et al. [30] describe how

exogenous lipids in the small intestine stimulate the

secretion of factors (e.g. bile salt) aiding in the solubili-

zation for both lipid products and drugs. Because of these

findings and known properties of policosanol we formu-

lated the product with a lipid-base to potentially enhance

absorption and ultimately clinical efficacy. Lastly, most

clinical trials utilized a similar policosanol mixture con-

sistent with octacosanol (66%), triacontanol (12%) and

hexacosanol (7%), despite each apparently possessing

lipid-altering properties [18].

The inconsistent findings from previous trials with

similarly composed alcohol mixtures, and data indicating

improved absorption with increased fat intake, led us to

perform a prospective clinical study designed to answer

some of the lingering questions regarding policosanol. We

hypothesized adjusting the aliphatic alcohol content and

formulating the agent with a vehicle composed of a long

chain fatty acid would enhance the lipid-altering effects,

including Lp (a). Our findings add to the negligible results

of recent studies but also demonstrate markedly altering the

aliphatic alcohol content to the formulation utilized in the

present study and adding long chain fatty acids do not

provide lipid-altering effects.

Materials and Methods

Study Design and Protocol

This was an 8-week, single-site, three arm clinical trial.

Subjects receiving chronic statin therapy (N = 36) were

randomized, in a double-blind parallel design, to modified-

policosanol (MP) 20 mg daily or matching placebo (arms 1

and 2). Subjects not receiving statin therapy (N = 18) were

assigned to receive open-label MP 20 mg daily (arm 3). Prior

to commencement, the study was approved by the institutional

review board at the Kansas University Medical Center.

The policosanol doses and matching placebo capsules

were compounded with long chain fatty acids by the Uni-

versity of Kansas Inpatient Pharmacy. The mixture con-

sisted of 0.48 ml United States Pharmacopeia (USP)

soybean oil, 0.05 ml beeswax, and 20 mg policosanol.

Matching placebo capsules were formulated with 0.495 ml

USP soybean oil and 0.05 ml beeswax. All doses for arms

1 and 2 were packaged in identical bottles and labeled by a

non-investigator pharmacist according to the randomiza-

tion table. The policosanol (Marcosanol)�, derived from

rice bran wax, was provided by Marcor Development

Corporation (Carlstadt, NJ) and the certificate of analysis

indicated the composition consisted of 98.8% C22–C36

alcohols including 1-octacosanol 33.5%, 1-triacontanol

44.1%, 1-hexacosanol 13.3% and 1-dotriacontanol 7.9%.

Fasting blood samples were drawn for lipoprotein analysis

and safety measures at visit 1 (baseline) and visit 2 (8-weeks).

All subjects received counseling at visit 1 on the Adult

Treatment Panel III Therapeutic Lifestyle Changes including

dietary changes, weight reduction and increased physical

activity. Demographic information was also collected and

vitals were measured at each visit. Adherence was determined

at the 8-week visit by pill count, subjects who had a[20%

non-adherence rate were excluded from the final data analysis.

The primary outcome measures of the study were to

determine the changes in lipoproteins [LDL-C, HDL-C,

924 Lipids (2011) 46:923–929
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triglycerides, total cholesterol, non-HDL, and Lp(a)] from

baseline to 8-weeks, when MP was added to statin therapy

(compared to placebo) or when administered as mono-

therapy. The evaluation of safety measures (i.e. hepatic

transaminases) and reported adverse events among groups

were also assessed.

Subjects

Adult hyperlipidemic subjects between the ages of 18 and

75 years with serum LDL-C levels [80 mg/dl were eligi-

ble for enrollment. For arms 1 and 2 participants were

required to be on background statin therapy with intentions

to continue the same dose throughout the course of the

trial. Key exclusion criteria included patients with chronic

renal or hepatic disease, dependence on alcohol or illicit

drugs, previous sensitivity to policosanol, or currently

receiving agents with potential to interact with policosanol

(i.e. warfarin, high-dose aspirin). Female subjects were

allowed to enroll if they were using a reliable form of

contraception or surgically sterile, not pregnant or lactat-

ing, or postmenopausal and not on hormone replacement

therapy (HRT) or using HRT with the intention of

continuing the same agent and dose throughout the study.

Laboratory Analysis

The Vertical Auto Profile II method was used to assess the

concentration of cholesterol carried in large, buoyant

(LDL1 and LDL2) and small, dense (LDL3 and LDL4) LDL

particles. The Vertical Auto Profile II method utilizes

single vertical spin density gradient ultracentrifugation to

separate the various plasma lipoprotein fractions. After

centrifugation, the cholesterol content of the tube is con-

tinuously analyzed and digitized. A cholesterol absorbance

curve profile is generated by plotting digitized absorbance

units on the Y axis and the relative gradient position on the

X axis. A deconvolution program is used to separate the

different lipoprotein classes and subclasses [31].

Statistical Analysis

Sample size estimation was based on the percentage

change in LDL-C levels from baseline to visit two

(8-weeks). It was expected that the active treatment would

result in a 24% reduction in LDL-C with a SD of 20

compared to placebo. To achieve a power of 80% and Type

1 error of 0.05, at least 12 subjects had to be enrolled in

each treatment group.

Data analyses were performed using SPSS for Windows

(Statistical Package for the Social Sciences) software

(SPSS version 11.5, Chicago, IL). One way ANOVA was

used to assess the change in lipid parameters from baseline

to 8 weeks of supplementation among groups, followed by

a post hoc analysis with a Bonferroni correction. Data are

expressed as means ± SD, unless indicated otherwise. The

level of significance was set at p \ 0.05 for the primary

analyses.

Results

A total of 54 subjects were enrolled, of whom all com-

pleted the study. Baseline characteristics were similar

between groups with the exception of total cholesterol,

LDL-C and non-HDL concentrations (Table 1). Subjects

not receiving background statin therapy had significantly

higher baseline total cholesterol and LDL-C levels com-

pared to those receiving statins. Among the statin groups,

participants receiving statin/MP also had higher baseline

total cholesterol and LDL-C levels compared to those

receiving statin/placebo.

The addition of MP 20 mg daily for 8-weeks to back-

ground statin therapy or when given as monotherapy did

not significantly alter any major lipoproteins including total

cholesterol, LDL-C, HDL-C or Lp (a) (Table 2). No dif-

ferences were observed when comparing between back-

ground statin groups (arms 1 and 2) or when evaluating

changes in lipoprotein levels from baseline to follow-up

across all arms. Additionally, we examined LDL-C chan-

ges among those patients with higher and lower baseline

LDL-C levels based on median value split. Only patients in

Arm 2 (statin/placebo) with higher baseline levels dem-

onstrated a modest reduction in LDL-C values (see

Table 3) at 8 weeks.

Adverse events were collected throughout the study

from subject reports and by a questionnaire at visit two.

Overall, adverse events associated with the use of MP were

minimal and considered mild to moderate with rates similar

to placebo. Of those receiving MP, one subject reported an

intermittent headache while another reported constipation.

No patients withdrew from the study due to adverse events

in any arm. The use of MP did not affect hepatic trans-

aminases including aspartate aminotransferase or alanine

aminotransferase levels. Adherence to therapy in all arms

was excellent ([80%); no subject data was excluded from

final analysis secondary to non-adherence.

Discussion

The results of the present study are consistent with findings

from recent clinical trials performed in the United States

and Germany. Earlier studies, performed primarily in Latin

America, indicated policosanol was highly effective at

lowering LDL-C and raising HDL-C. We theorized that
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these inconsistent results may have been due to the poor

absorption and bioavailability of policosanol.

It was our goal to develop an MP agent which would

significantly improve major lipoproteins when used as

monotherapy or when given with a background statin, and

provide some possible explanation for previously mixed

clinical trial data. We evaluated this by designing a rigor-

ous, randomized, placebo-controlled, parallel, and double-

blind trial with an additional open-label arm. However our

findings indicate that the addition of long chain fatty acids

to a mixture of aliphatic alcohols (policosanol) does not

offer any additional lipoprotein benefit when added to

background statin therapy or produce significant changes in

lipids when used as monotherapy. When evaluating safety

measures and adverse events, our results are consistent

with previous data demonstrating that policosanol is well

tolerated with a safety profile similar to placebo.

The MP failed to provide any significant changes to the

major lipoproteins including LDL-C, HDL-C, very low-

density lipoprotein cholesterol (VLDL-C), triglycerides or

Lp (a). It is plausible that the effects of policosanol may be

dependent upon baseline LDL-C levels. We therefore

grouped subjects into high or low baseline LDL-C values

based on median value splits. However, similar to the

overall findings MP was ineffective at reducing LDL-C

regardless of baseline levels. Arm 2 (statin/placebo) did

experience a modest reduction in LDL-C from baseline

to end of study. However, with the Bonferroni adjustment,

the LDL-C reduction was not considered statistically

significant.

The vast majority of the positive trials evaluating poli-

cosanol were conducted in Cuba prior to 2004 [10, 11,

13–16]. In fact, a meta-analysis of these early trials pub-

lished in 2005, indicating overall mean LDL-C reductions

of 24% and HDL-C increases of 11% drew the attention of

many practitioners [14]. However, subsequent studies

performed outside of Cuba have failed to reproduce the

same positive results. A randomized, placebo-controlled

trial using policosanol derived from wheat germ conducted

in the Netherlands found no lipid-alterations among its 58

participants [20]. A well-designed, placebo-controlled,

multicenter trial evaluating the dose-dependent effects of

policosanol (10–80 mg/day) further questioned the efficacy

of the agent [19]. The German investigators utilized the

same sugarcane policosanol product (Dalmer Laboratories;

La Habana, Cuba) as the early Cuban studies, yet failed to

produce any significant changes on the lipid profile among

143 subjects. A US study evaluating the effects of poli-

cosanol as monotherapy or when added to statin therapy

yielded similar results; policosanol produced no significant

Table 1 Baseline patient

characteristics of study groups

Values are means ± SD

LDL-C low-density lipoprotein

cholesterol, HDL-C high-

density lipoprotein cholesterol,

Lp (a) lipoprotein (a), VLDL
very low density lipoprotein

cholesterol

* Statistically significant

differences between groups at

p \ 0.005

Arm 1 Statin/

Policosanol

(N = 18)

Arm 2 Statin/

Placebo

(N = 18)

Arm 3

Policosanol

(N = 18)

Age (y) 54 ± 12 54 ± 14 46 ± 13

Gender

Female 12 10 9

Male 6 8 9

Race

White 18 15 16

Black 0 3 1

Other 0 0 1

Weight (kg) 84.4 ± 21.6 87.8 ± 13.5 84.8 ± 16.8

Body mass index (kg/m2) 29.9 ± 5.1 28.8 ± 4.1 28.4 ± 4.8

Waist Circumference (cm) 98.7 ± 18.1 102.4 ± 9.1 94.4 ± 9.8

Blood pressure (mmHg)

Systolic 122 ± 13 121 ± 17 120 ± 19

Diastolic 76 ± 8 76 ± 11 78 ± 9

Plasma lipids (mg/dl)

Total Cholesterol* 204 ± 32.5 190 ± 35.1 228 ± 24.6

LDL-C* 131 ± 27.9 114 ± 27.4 147 ± 19.1

HDL-C 51 ± 10.3 54 ± 14.2 60 ± 20.4

Triglycerides 148 ± 70.7 146 ± 77.7 120 ± 67.6

non-HDL* 153 ± 29.2 136 ± 32.0 168 ± 23.2

Lp (a) 7 ± 4.5 10 ± 6.6 8 ± 5.7

VLDL 23 ± 4.6 22 ± 8.4 21 ± 7.6
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changes to major lipoproteins when used alone or in

addition to statin therapy [18]. Since the publication of

these trials additional studies have continued to corroborate

their negative findings [21–27]. Conversely, the last posi-

tive trials demonstrating lipid alterations with policosanol

were performed in Cuba and published in 2005 [9, 12].

An explanation for the inconsistent results among the

clinical studies evaluating policosanol remains unclear.

One potential factor is the variability in aliphatic alcohol

content of the different policosanol mixtures used in

studies. The formulation in the present study differed from

Cuban-manufactured policosanol by having lower octa-

cosanol and higher triacontanol and hexacosanol compo-

sition. However, each of these three major alcohols is

proposed to be responsible for the apparent lipid-altering

effects of policosanol [18]. Additionally, the recent clinical

trials demonstrating a lack of response with policosanol

utilized formulations comparable in composition to previ-

ous studies indicating lipid-altering benefits [18]. There-

fore, we find it unlikely that the variable alcohol

compositions played a major role in our findings or pre-

vious studies.

Table 2 Baseline and end of study mean lipid levels (±SEM)

Lipids

(mg/dl)

Arm 1 (±SEM)

Statin/Policosanol

(N = 18)

Arm 2 (±SEM)

Statin/Placebo

(N = 18)

Arm 3 (±SEM)

Policosanol

(N = 18)

p value

Total Cholesterol

Baseline 204 ± 7.68 190 ± 8.29 228 ± 5.97 0.606

End of study 199 ± 9.35 185 ± 7.37 230 ± 7.93

LDL-C

Baseline 131 ± 6.57 114 ± 6.45 147 ± 4.65 0.700

End of study 127 ± 8.51 110 ± 4.96 147 ± 4.99

HDL-C

Baseline 51 ± 2.44 54 ± 3.37 60 ± 4.95 0.981

End of Study 51 ± 2.61 53 ± 3.60 59 ± 5.34

Triglycerides

Baseline 148 ± 16.68 146 ± 18.32 120 ± 16.40 0.103

End of study 152 ± 18.20 144 ± 14.41 155 ± 20.40

non-HDL

Baseline 153 ± 6.89 136 ± 7.56 168 ± 5.65 0.534

End of study 149 ± 8.76 132 ± 6.11 171 ± 5.12

Lp (a)

Baseline 7 ± 1.06 10 ± 1.56 8 ± 1.40 0.312

End of study 7 ± 0.95 10 ± 6.25 9 ± 1.32

VLDL

Baseline 23 ± 1.08 22 ± 1.98 21 ± 1.85 0.160

End of study 22 ± 1.21 23 ± 1.81 24 ± 1.95

Values are means ± SEM. No statistically significant differences among groups. The distribution of changes for lipid values is the same across

treatment groups

LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, Lp (a) lipoprotein (a), VLDL very low density lipo-

protein cholesterol

Table 3 LDL-C changes among groups divided into low vs high levels at baseline based on median value splits (?SD)

Low LDL-C group (mg/dL) p value High LDL-C group (mg/dL) p value

Regimen Baseline 8 weeks Baseline 8 weeks

Arm 1 (N = 18) Statin/policosanol 109 ± 14.5 103 ± 14.3 0.306 148 ± 23.7 146 ± 37.4 0.725

Arm 2 (N = 18) Statin/placebo 93 ± 17.7 100 ± 17.6 0.244 131 ± 13.8 117 ± 20.0 0.035

Arm 3 (N = 18) Policosanol 133 ± 5.8 145 ± 24.6 0.150 160 ± 17.5 151 ± 19.6 0.119

LDL-C low-density lipoprotein cholesterol
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Additional factors that may account for the discrepancy

in results include dosage and duration of study. Prior

positive studies evaluated dosages ranging from 2 to 40 mg

daily [14]. Dose-dependent improvements in most lipo-

proteins were observed with doses up to 20 mg/day. Trial

duration for most studies ranged from 4 to 104 weeks with

a mean of 30 weeks. The trials with shorter duration

(4–8 weeks) still produced significant reductions in LDL-C

(*17–40%). Because of these data, we find it doubtful that

the dosage of policosanol utilized or duration of the present

trial was sub-optimal.

There are perceivable limitations to our study. While

two arms of the trial were randomized, double-blind and

placebo controlled the third arm evaluating the efficacy of

MP as monotherapy was open-label and without a control

group. Additionally, significant differences in baseline

total cholesterol, LDL-C and non-HDL values were

present between the statin/placebo and the statin/MP

arms. However, given the overall lack of response with

MP, we do not feel that the absence of a placebo com-

parator group for the monotherapy arm or differences

between groups at baseline impact our overall findings.

Lastly, although we encouraged subjects to follow the

guidelines set forth by ATPIII Therapeutic Lifestyle

Changes we have no information on dietary patterns and

we did not assess physical activity levels during the study.

However, weight did not significantly change across the 3

groups at 8 weeks.

In summary, our study findings support the growing

body of evidence published in the last 5 years indicating

policosanol does not significantly improve any major

lipoproteins including LDL-C, HDL-C and Lp (a). Our

policosanol formulation was unique because of the added

long chain fatty acids and differing composition of ali-

phatic alcohols compared to most products used in clinical

trials. However, despite these factors, the MP formulation

produced no lipid-altering benefits when added to back-

ground statin therapy or when used as a monotherapy.

Lastly, the history of policosanol perfectly illustrates the

dire need for more independent research in evaluating the

safety and efficacy of nutritional supplements prior to mass

utilization by consumers worldwide. Fortunately with

policosanol we found a supplement that was safe but

simply not effective.
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Abstract Type 2 diabetes and dyslipidemia are risk fac-

tors for cardiovascular disease. However, mechanisms

by which hypertriglyceridemia influences atherogenesis

remain unclear. We examined effects of dyslipidemic

diabetic serum on macrophage lipid accumulation as a

model of foam cell formation. Normal human macrophages

were cultured in media supplemented with 10% serum

from non-diabetic normolipidemic or non-diabetic hyper-

cholesterolemic adults versus adults with Type 2 diabetes;

diabetes and hypertriglyceridemia; or diabetes and hyper-

cholesterolemia. Exposure to diabetic sera resulted in

increased macrophage fatty acids (2–3 fold higher, both

saturated and unsaturated). Macrophage expression of

CD36, scavenger receptor A (SR-A) and stearoyl-CoA

desaturase (SCD) was increased, most prominently in

macrophages exposed to hypertriglyceridemic diabetic

serum (twofold increase in CD36 and fourfold increase in

SCD, p \ 0.05). In these conditions, RNA inhibition of

CD36 reduced macrophage free cholesterol (163.9 ± 10.5

vs. 221.9 ± 26.2 mmol free cholesterol/g protein,

p = 0.04). RNA inhibition of SCD decreased macrophage

fatty acid content, increased ABCA1 level and enhanced

cholesterol efflux (18.0 ± 3.9 vs. 8.0 ± 0.8% at 48 h,

p = 0.03). Diabetic dyslipidemia may contribute to accel-

erated atherosclerosis via alterations in macrophage lipid

metabolism favoring foam cell formation. Increased

expression of CD36 and SR-A would facilitate macrophage

lipid uptake, while increased expression of SCD could

block compensatory upregulation of ABCA1 and choles-

terol efflux. Further studies are needed to clarify whether

modulation of macrophage lipid metabolism might reduce

progression of diabetic atherosclerosis.

Keywords Type 2 diabetes �Dyslipidemia �Macrophage �
Fatty acid � Cholesterol � CD36 � Stearoyl-CoA desaturase
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siRNA Small interfering RNA

SR-A Scavenger receptor A

TG Triglyceride

Introduction

Atherosclerosis is the underlying pathology behind car-

diovascular disease (CVD) which is increased in patients

with Type 2 diabetes mellitus [1]. Patients with Type 2

diabetes exhibit a characteristic dyslipidemia with

increased TG and reduced HDL [2]. Concentrations of

LDL cholesterol are typically not raised, with a predomi-

nance of small dense forms. However, specific pathways by

which dyslipidemia accelerates development of athero-

sclerosis in patients with diabetes have not been fully

elucidated.

In the process of atherogenesis macrophages within

arterial walls express scavenger receptors such as CD36

which mediate uptake of excess oxidized LDL leading to

foam cell development, fatty streaks and atheromatous

plaque [3, 4]. Macrophage lipid accumulation is balanced

by the function of ATP-binding cassette transporter family

members ABCA1 and ABCG1 which mediate cholesterol

efflux, thus facilitating reverse cholesterol transport to

inhibit progression of atherosclerosis [5–7]. Macrophages

from patients with Type 2 diabetes cultured in autologous

serum exhibited altered fatty acid (FA) profiles with

increased ratios of unsaturated to saturated FA [8], and

reduced ABCG1 expression and cholesterol efflux [9].

Similar differences in fatty acid content and composition

are found in macrophages exposed to serum containing

moderately increased TG levels [10]. However, the wider

applicability of these findings and other mechanisms by

which diabetes might contribute to altered macrophage

phenotypes remain unclear.

The enzyme stearoyl-CoA desaturase (SCD) represents

a potential link between macrophage FA content and

cholesterol efflux. Increased activity of SCD results in

conversion of saturated FA to their monounsaturated

equivalents and inhibits ABCA1-mediated cholesterol

efflux [11, 12]. Recently there has been high interest in the

putative role of SCD as a modulator of atherogenesis,

based on experimental work in knockout mice [13–15].

However, these data are contradictory, with SCD-/- mice

exhibiting increased inflammation and atherosclerosis in

one study [13], but reduced inflammation and inhibition of

atherosclerosis in others [14, 15]. Data which examine the

role of SCD in human macrophages cultured in an envi-

ronment representative of diabetic dyslipidemia could

clarify the relevance of these experimental findings to

human disease.

We examined the effects of the dyslipidemia encoun-

tered in patients with Type 2 diabetes on macrophage lipid

accumulation, using macrophages from a common source

to isolate the effects of diabetic serum on macrophage

phenotype. By replicating in vitro the dyslipidemia seen in

patients with diabetes in vivo we tested the hypothesis that

diabetic serum with or without dyslipidemia modulates

macrophage lipid content and composition reflecting dif-

ferential expression of proteins involved in lipid uptake.

We found that expression of macrophage CD36 and SCD

was increased in the presence of diabetic sera and tested the

effect of RNA inhibition (RNAi) of these genes on mac-

rophage cholesterol efflux.

Materials and Methods

Study Protocol

Inclusion criteria were: age 35–60 years, non-smoker or

ex-smoker, no history of CVD, not on lipid lowering

therapy, consumption of \3 standard drinks alcohol/day

(\30 g ethanol/day), body mass index\35, blood pressure

\160/90. Additional criteria for participants with Type 2

diabetes were: known history of Type 2 diabetes (duration

[6 months) and HbA1c \8.5%. Exclusion criteria were:

major medical comorbidity or treatment with insulin or

glitazones within the previous 6 months. A fasting blood

sample (80 mL) was obtained from each study participant.

The study was approved by the South Metropolitan Area

Health Service Human Research Ethics Committee and

participants provided written informed consent.

Serum Preparation

Blood from study participants was stood for 30 min and

centrifuged at 16,0009g for 10 min before collection of the

serum supernatant. Sera were pooled into 5 groups (A–E)

and stored at -40 �C until use.

Biochemical Analysis

Fasting glucose, serum total cholesterol (TC), HDL-

cholesterol and triglyceride (TG) were measured using the

Cobas Integra 800 analyser (Roche Diagnostics) as previ-

ously described [8]. LDL-cholesterol levels were calculated

using the formula LDL = TC – HDL - (TG/2.22) [16].

Cell Culture and Experimental Strategy

Buffy coats from healthy blood donors were obtained from

the Australian Red Cross Blood Service and human mono-

cyte-derived macrophages (hMDM) prepared from white
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cell concentrates as previously described [8]. Briefly,

monocytes were differentiated by plating at 1.5 9 106 cells/

ml in RPMI-1640 containing 10% heat-inactivated normal

human serum and re-fed at Day 2. For experiments, hMDM

were washed at Day 5 and incubated for a further 8 days (to

Day 13) in RPMI 1640 containing 10% heat-inactivated

pooled human serum (A–E). Macrophages were re-fed every

3 days (Days 8 and 11) with the respective pooled human

sera (A–E), and harvested on Day 13 for analyses.

RNA Inhibition of Macrophage CD36 and SCD

At Day 7, transfection of small interfering RNA (siRNA)

targeting either CD36 or SCD, or a negative control siRNA

was performed using LipofectamineTM RNAiMAX

according to the manufacturer’s forward transfection pro-

cedure (Invitrogen). The cells were incubated for 24 h at

37 �C in a 5% CO2 atmosphere. On Day 8, the transfected

hMDM were washed with warm PBS and re-fed with

experimental media containing 10% sera (A–E). Macro-

phages were re-fed on Day 10 and harvested on Day 12 for

analyses.

Visualization of Lipids with Nile Red Stain

Nile Red (Invitrogen) stains neutral lipids and can be

visualized with fluorescence microscopy. At Day 13,

human monocyte-derived macrophages (hMDM) were

washed with PBS, 1.5% glutaraldehyde added and cells

fixed by incubation at 4 �C for 5 min. Cells were washed

several times with PBS, Nile Red in PBS (100 ng/mL) was

added and left to incubate at room temperature for 5 min.

Cells were washed with PBS before visualization under

fluorescence microscopy at yellow gold fluorescence

(excitation 450–500 nm, emission [528 nm).

Lipid Extraction and Fatty Acid Analysis

Through Gas Chromatography

Fatty acid (FA) content and composition for both media

and hMDM was analysed using gas chromatography (GC)

as previously described [8]. The ratios of C16:1/C16:0

and C18:1/C18:0 was calculated with higher ratios being

consistent with increased SCD activity [17].

Cholesterol Analysis Using Gas Chromatography

Mass Spectrometry

Cholesterol was extracted using CHCl3/MeOH in the same

way FA extraction was conducted as previously described

[8]. For total cholesterol analysis, deuterated cholesterol

(13C2)(Sigma) was added as an internal standard (10 nmol)

to extracted samples and dried under N2 before addition of

1 mL of KOH/MeOH (1 M) and overnight saponification.

Samples were dried under N2, derivatised by addition of

pyridine (30 lL) (Sigma) and N,O-bis(trimethylsilyl) tri-

fluoro acetamide (BSTFA) (30 lL) (Sigma) followed by

heating at 60 �C for 20 min. Lastly, samples were dried

under N2 and reconstituted in iso-octane (200 lL) followed

by analysis in a gas chromatograph (Hewlett Packard 6890)

mass spectrometer (GC–MS) using a HP-1MS column

(Agilent) (30 m 9 0.25 mm internal diameter). Ions that

were monitored were cholesterol (458.8) and 13C2 (460.8).

For free cholesterol (FC) analysis, internal standard was

added to samples and derivatisation was carried out in the

same way. Samples were reconstituted in iso-octane

(200 lL) followed by analysis via GCMS. Cholesterol

ester (CE) was calculated by subtracting FC content in

samples from total cholesterol content.

Western Analysis

hMDM were lysed in RIPA lysis buffer (Sigma) and lysates

stored at -80 �C. Protein was quantified using BCA protein

assay kit (Pierce) and absorbance measured at 580 nm. SDS-

PAGE was performed using 20–50 lg of protein lysate per

lane followed by semi-dry blot transfer. Membranes were

blocked with 5% skim milk powder in TBS-T (20 mM Tris

pH 7.4, 150 mM NaCl, 0.1% Tween-20) before sequential

incubations with antibodies to detect CD36 (Novus), SRA

(Santa Cruz), ABCA1 (Novus), ABCG1 (Novus), SCD

(Sigma), PPARc (Sigma) and LXRa. (Invitrogen). Actin

(Sigma) was used as a loading control. ECL was performed

with GE Healthcare ECL Western blotting detection reagents

according to the manufacturer’s protocol.

Cholesterol Efflux

hMDM were loaded by adding 2 lCi/mL [3H]-cholesterol

(PerkinElmer) in ethanol to the media for 24 h. Cells were

subsequently washed and equilibrated overnight in RPMI

1640 containing 0.1% (v/v) fatty acid free BSA. [3H]-

cholesterol-enriched cells were washed with PBS and

incubated in 1.0 mL of efflux medium comprising media

with 0.1% (v/v) fatty acid free BSA and 25 lg/mL apoA-1.

At 24 and 48 h, an aliquot of media (100 lL) were

removed and spun for 5 min at 16,0009g to remove any

detached cells. The cultures were washed twice with ice

cold PBS and then scraped into cold PBS (500 lL). 60-lL

media aliquots and 10-lL cell aliquots were analysed by

scintillation counting to quantify efflux of [3H]-cholesterol.

Statistical Analysis

Data are presented either as mean ± standard deviation

(SD) or mean ± standard error of the means (SE) of means
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from multiple independent experiments. Mean compari-

sons were made using one-way analysis of variance

(ANOVA). A p value of\0.05 was considered significant.

Results

Lipid Content of Sera

Sera from participants were pooled into 5 conditions

termed A–E. Sera A was from non-diabetic normolipi-

demic adults; B was from non-diabetic hypercholesterol-

emic adults; C was from adults with Type 2 diabetes; D

was from adults with Type 2 diabetes and hypertriglycer-

idemia; and E was from adults with Type 2 diabetes and

hypercholesterolemia (Table 1). Glucose concentrations in

media were fixed at 10.4–11.2 mmol/L. Due to high TG

levels in two of the participants from group D, calculated

LDL values were not available for this condition.

Effect of Diabetic and Hyperlipidemic Sera

on Macrophage Lipid and Fatty Acid Content

On Day 13, there was increased fluorescent staining of

hMDM cultured in C, D and E versus A and B (Fig. 1).

We performed quantitative analysis using GC which

demonstrated increased total FA in hMDM cultured in

diabetic, dyslipidemic and hypercholesterolemic condi-

tions (C, D and E) compared with non-diabetic controls

(A and B) (Fig. 2a). The increase in FA content in hMDM

exposed to diabetic sera (two- threefold increase for C, D

and E vs. A, B) was substantially larger than the differ-

ence in FA content in the respective media (*50% higher

in D, E vs. A, B) (Fig. 2c). Of note, FA content of media

containing A, B and C was similar (Fig. 2c), but hMDM

cultured in C had increased macrophage FA content

compared to B (Fig. 2a).

Effect of Diabetic and Hyperlipidemic Sera

on Macrophage Fatty Acid Composition

hMDM cultured in diabetic conditions C, D and E exhib-

ited increased levels of the individual FA, namely, palmitic

(C16:0), palmitoleic (C16:1), stearic (C18:0), oleic

(C18:1), linoleic (C18:2) and arachidonic (C20:4) acids

compared to A and B (Fig. 2b). These differences in

hMDM were greater than differences in FA levels in the

respective media (Fig. 2d). hMDM cultured in C accu-

mulated more C16:0, C16:1, C18:0, C18:1 and C18:2 than

hMDM in control A or B (Fig. 2b) although FA compo-

sition in media C was similar to media A or B (Fig. 2d).

hMDM cultured in D had higher levels of C16:0, C16:1,

C18:1 and C18:2 compared with A (Fig. 2b). hMDM cul-

tured in E had higher levels of C16:0, C18:0, C18:1, C18:2

and C20:4 compared to A (Fig. 2b).

Ratios of Unsaturated to Saturated Fatty Acid

in Macrophages

The ratio of both C16:1/C16:0 and C18:1/C18:0 were

significantly higher in hMDM cultured in condition D

compared to A (D vs. A, C16:1/C16:0: 2.5 ± 0.4 vs.

1.0 ± 0.2, p = 0.005 and C18:1/C18:0: 2.2 ± 0.1 vs.

1.0 ± 0.2, p \ 0.001).

Effect of Diabetic and Hyperlipidemic Sera

on Macrophage Cholesterol Content and Composition

The amounts of free cholesterol (FC) and cholesterol ester

(CE) in hMDM cultured under conditions A to E was

measured via GC–MS. FC and CE in hMDM was nor-

malized according to the quantity per number of cells, and

compared with their concentrations in the respective

media. hMDM contained a greater quantity of FC com-

pared to CE (Fig. 3a, b), despite the concentration of CE in

the media being higher than that of FC (Fig. 3c, d). There

Table 1 Biochemical analysis of sera from non-diabetic and diabetic study participants

A (n = 11) B (n = 7) C (n = 6) D (n = 5) E (n = 4)

Age (years) 49.2 45.7 61.7 48.0 48.3

Diabetes No No Yes Yes Yes

Duration (years) N/A N/A 9.2 6.3 7.8

Cholesterol (mmol/L) 4.81 ± 0.17 5.57 ± 0.19 3.50 ± 0.45 4.78 ± 0.34 6.13 ± 0.15

Triglycerides (mmol/L) 0.67 ± 0.05 0.77 ± 0.07 1.35 ± 0.18 3.46 ± 0.75 1.73 ± 0.19

HDL (mmol/L) 2.08 ± 0.12 1.58 ± 0.09 1.37 ± 0.25 1.50 ± 0.13 1.20 ± 0.17

ApoB 100 (g/L) 0.86 ± 0.04 1.18 ± 0.03 0.65 ± 0.09 0.95 ± 0.11 1.41 ± 0.03

LDL (mmol/L) 2.42 ± 0.13 3.64 ± 0.14 1.53 ± 0.34 N/A 4.10 ± 0.21

Sera from study participants were pooled into 5 conditions. A Normolipidemic non-diabetic adults, B hypercholesterolemic non-diabetic adults,

C normolipidemic diabetic adults, D hypertriglyceridemic diabetic adults and E hypercholesterolemic diabetic adults
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was a higher level of FC in media E (Fig. 3c). There was a

trend for increased CE content in hMDM cultured across

conditions A–E, but CE was increased significantly only

in hMDM cultured in E (E vs. A: 2.3 ± 0.4 vs. 1.0 ±

0.2 nmol Chol/5 9 105 cells, p = 0.01) (Fig. 3b).

Western Analysis in Macrophages Cultured

in Conditions A, B, C, D and E

CD36 protein was increased significantly in D compared to

controls A or B (Fig. 4). SR-A protein were increased in

hMDM cultured in C and D compared to A. ABCA1 protein

levels did not vary appreciably between hMDM cultured in

A–E. ABCG1 protein was not detected (data not shown).

SCD protein level was increased in hMDM cultured in C, D

and E compared to A (Fig. 4). PPARc protein was

decreased in hMDM cultured in C, D and E compared to A.

LXRa protein levels were similar across conditions A–E.

RNA Inhibition of Macrophage CD36 and SCD

As upregulation of CD36 and SCD protein levels was

greatest in hMDM in D, this condition was selected for

functional studies using RNAi. hMDM were treated with

Fig. 1 Macrophages were

exposed to sera from

A normolipidemic non-diabetic

adults, B hypercholesterolemic

non-diabetic adults,

C normolipidemic diabetic

adults, D hypertriglyceridemic

diabetic adults and

E hypercholesterolemic diabetic

adults, stained with Nile red and

photomicrographs (X400) taken

under yellow–gold fluorescence
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siRNA targeting CD36 or SCD followed by incubation in

A or D. A random siRNA was used as a negative control.

Treatment with the respective siRNA successfully reduced

CD36 and SCD protein levels (Fig. 5a, e).

Results of siRNA Inhibition of Macrophage CD36

and SCD in Conditions A and D

As expected baseline FA content was higher in D than A

(controls in Fig. 5b, d). CD36 siRNA treatment of hMDM

cultured in D reduced the amount of macrophage C16:0

and C16:1 (Fig. 5c), and reduced macrophage FC content

(D: CD36 siRNA vs. control: 163.9 ± 10.5 vs. 221.9 ±

26.2 mmol free cholesterol/g protein, p = 0.04) (Fig. 5d).

Treatment with SCD siRNA significantly reduced FA

content in hMDM cultured in either A or D (SCD siRNA

vs. control: A, 2.1 ± 0.2 vs. 3.4 ± 0.4 g FA/g protein,

p = 0.01; and D, 3.5 ± 0.3 vs. 4.8 ± 0.5 g FA/g protein,

p = 0.03) (Fig. 5d). SCD siRNA reduced the amount of

C16:0, C16:1, C18:1, C18:2 and C20:4 in A, and the

amount of C16:0, C16:1 and C18:1 in D (Fig. 5g). SCD

siRNA appeared to reduce macrophage FC content, with

the difference in condition A being statistically significant

(SCD siRNA vs. control: A, 168.6 ± 9.3 vs. 212.1 ±

23.2 mmol free cholesterol/g protein, p = 0.04) (Fig. 5h).

Effects of SCD Inhibition on Macrophage

Cholesterol Efflux

Treatment of macrophages with CD36 siRNA did not alter

ratios of C16:1/C16:0 or C18:1/C18:0 (Fig. 6a). By con-

trast, RNA inhibition of SCD decreased the ratios of C16:1/

C16:0 and C18:1/C18:0 in macrophages cultured in media

A and D (Fig. 6a). The amount of ABCA1 protein was

increased consistently after SCD siRNA treatment com-

pared to control siRNA in macrophages cultured in med-

ium D (Fig. 6b). Cholesterol efflux was increased after

SCD siRNA treatment in macrophages cultured in condi-

tion D (SCD siRNA vs. control siRNA: 18.0 ± 3.9% vs.

8.0 ± 0.8, p = 0.03) (Fig. 6c).

Discussion

We found that normal human macrophages exposed to

diabetic sera had greater FA accumulation compared to
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non-diabetic sera. Exposure to hypertriglyceridemic dia-

betic serum resulted in even greater FA accumulation,

while exposure to hypercholesterolemic diabetic serum

resulted in the highest FA content and increased macro-

phage CE. Of note, both saturated and unsaturated FA was

increased. Alterations in macrophage phenotype were

accompanied by increased CD36, SR-A and SCD but

reduced PPARc protein level. A key finding was that in the

dyslipidemic environment, RNA inhibition of macrophage

SCD not only altered FA composition, but also increased

ABCA1 protein level and enhanced cholesterol efflux.

We employed a common source of human monocytes

from healthy blood donors thus allowing the specific effect

of different diabetic sera to be evaluated. The media con-

tent of FC and CE approximately corresponded to total

cholesterol levels in the original sera. There was a ‘‘dose–

response’’ gradient with the lowest FA content present in

macrophages exposed to A and B, intermediate FA content

with C and the highest FA content with D and E, with

macrophages exposed to E also having increased CE.

Increases in saturated and unsaturated FA are potentially

relevant to a range of cellular and metabolic functions (for

review, see [18]). By contrast, previous studies have used

murine macrophages, or loaded macrophages with supra-

physiological levels of chemically oxidized lipoproteins

[19–21]. Our findings are in keeping with a previous report

in which lipoprotein constituents of hypertriglyceridemic

sera including chylomicron remnant-like particles induced

macrophages to form foam cells and were present in ath-

erosclerotic lesions [22]. By using sera collected from

study participants with diabetes, hypertriglyceridemia and

hypercholesterolemia, we provided a series of culture

environments which more closely replicated the patho-

physiology of Type 2 diabetes.

Mauldin et al. [9] found that hMDM from patients with

Type 2 diabetes cultured over a 4 day period in autologous

serum had reduced cholesterol efflux. Loading macro-

phages with cholesterol would be expected to result in

up-regulation of ABCA1 expression [23]. The degree of

macrophage cholesterol loading induced under conditions

D and E may be less than seen in experiments using

pharmacological concentrations of lipoproteins, and thus

could have been insufficient to up-regulate ABCA1.

However, conditions B and more so E contained substantial

concentrations of LDL thus providing adequate substrate

for uptake and there was a trend for increasing macrophage

CE content across A–E. It is possible that a particular

diabetic milieu suffices to stimulate macrophage lipid

accumulation without crossing a threshold needed to

induce compensatory increases in cholesterol efflux. An

0

0.5

1

1.5

2

2.5

A B C D E
0

0.5

1

1.5

2

2.5

A B C D E

0

1

2

3

4

5

6

A B C D E
0

0.2

0.4

0.6

0.8

1

1.2

A B C D E
0

0.2

0.4

0.6

0.8

1

1.2

A B C D E

0

0.5

1

1.5

A B C D E

Fo
ld

 d
if

fe
re

nc
e

Fo
ld

 d
if

fe
re

nc
e

CD36 SR-A

CD36

ACTIN

SR-A

ACTIN

Fo
ld

 d
if

fe
re

nc
e

ABCA1

ABCA1

ACTIN

Fo
ld

 d
if

fe
re

nc
e

Fo
ld

 d
if

fe
re

nc
e

Fo
ld

 d
if

fe
re

nc
e

SCD PPARγ LXRα

SCD

ACTIN

PPARγ

ACTIN

LXRα

ACTIN

*

*#

#

* ##

* * *
*

*
* #

Fig. 4 Western analysis of protein lysates from macrophages

cultured in conditions A–E. Data are shown as a representative blot

from one experiment in duplicates. b-actin was used as a loading

control. Quantitative data are mean ± SE of three independent

experiments in duplicates, normalized to A = 1.0. One-way

ANOVA; *p \ 0.05 versus A; #p \ 0.05 versus B

Lipids (2011) 46:931–941 937

123



alternative explanation is that increased macrophage SCD

and unsaturated FA levels seen on exposure to dyslipi-

demic diabetic sera could blunt the expected upregulation

of ABCA1 and cholesterol efflux. Greater SCD expression

and activity would increase cellular content of monoun-

saturated FA such as oleic acid resulting in destabilization

of ABCA1 [11, 12], thus inhibiting increases in ABCA1

protein level and cholesterol efflux on exposure to lipid-

rich diabetic sera.

Since levels of CD36 and SCD protein were increased in

macrophages exposed to dyslipidemic diabetic sera, we

selected this condition for extended investigation using

RNA inhibition. The experimental protocol was successful

in reducing CD36 and SCD protein levels in macrophages

cultured under control (A) and diabetic dyslipidemic

(D) conditions. CD36 inhibition reduced C16:0 and C16:1

and FC levels in macrophages exposed to diabetic dyslip-

idemic sera. Therefore, this observation supports a role for

elevated CD36 protein levels in macrophages exposed to

diabetic and dyslipidemic diabetic sera to enhance FA and

cholesterol accumulation.

A key finding was that SCD siRNA reduced unsaturated

FA in hMDM exposed to both non-diabetic (A) and

dyslipidemic diabetic serum (D). SCD inhibition in macro-

phages exposed to dyslipidemic diabetic serum consis-

tently reduced macrophage FA levels and reduced the

C16:1/C16:0 and C18:1/C18:0 ratios to levels comparable

to non-diabetic normolipidemic controls. Furthermore,

SCD inhibition in macrophages exposed to dyslipidemic

diabetic serum resulted in increased ABCA1 protein levels
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and enhanced cholesterol efflux. These findings support the

concept that increased SCD protein levels seen in macro-

phages exposed to dyslipidemic diabetic serum might

prevent the anticipated compensatory increase in ABCA1

expression and cholesterol efflux, thus predisposing to

foam cell formation. Further investigation is required to

evaluate whether modulation of macrophage SCD might

inhibit the development or progression of atherosclerosis in

the context of Type 2 diabetes.

We observed reduced macrophage PPARc protein levels

on exposure to diabetic sera, while LXRa protein levels

were stable. Previously activation of macrophage PPARc
has been reported to increase expression of CD36, reduce

SR-A, and enhance expression of ABCA1 in part via

activation of LXRa [5, 24]. Therefore, downregulation of

PPARc may contribute to a pro-atherogenic macrophage

phenotype in the presence of diabetic dyslipidemia.

Examining the effects of PPARc and LXR ligands was

beyond the scope of this project, and further investigation

would be needed to assess whether LXR agonists might

inhibit foam cell formation in the context of Type 2 dia-

betes [25].

Of note, a 10% serum supplement was used in each

condition. The differences observed in the experiments

might reflect variation in the amount of lipid added to

macrophages, in addition to intrinsic differences in diabetic

sera. Nevertheless, these conditions still provide a model

for diabetes-related differences in circulating lipids. Sera

were frozen promptly following collection which should

have minimized in vitro oxidation of lipids. However we

can not exclude the possibility that some differences in

susceptibility of lipids within diabetic serum to oxidation

may have contributed to increased uptake by the scavenger

receptor pathway. It is possible that larger differences in

the experimental results might have been seen had higher

concentrations of serum been used, however 10% is the

usual serum supplement for cell culture.

We acknowledge several limitations of this study. We

were unable to recruit non-diabetic hypertriglyceridemic

persons to provide an additional comparison which would
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have been useful. HDL concentrations were highest in

condition A, and we did not extend the analysis to differ-

ences in lipoprotein subclasses [26]. Therefore, additional

investigation would be needed to clarify the role of HDL in

this context. As a fixed volume of blood was sampled from

each study participant, there was a finite supply of pooled

sera for experiments. Consequently the analysis of proteins

was not exhaustive, for example cellular lipid loss also

involves mobilization of FC from macrophages to HDL via

scavenger receptor class B Type 1 (SR-B1) [27]. Within a

fixed number of experiments we could not extend the

Western analyses to encompass SR-B1 or other proteins.

Finally, availability of sera and the protocol for maintain-

ing optimal macrophage growth placed constraints on the

functional studies involving RNAi. These experiments

were limited to conditions A and D representing a non-

diabetic normolipidemic control and a diabetic dyslipi-

demic condition. Nevertheless, the significant alterations in

macrophage phenotypes observed following RNAi of

CD36 and particularly SCD were sufficient to demonstrate

functional effects attributable to these proteins in human

macrophages in the setting of diabetic dyslipidemia.

Our findings also provide an additional helpful context

for considering the metabolic role of SCD. Mice with a

targeted disruption in the SCD gene are resistant to diet-

induced weight gain and have increased insulin sensitivity

relative to the WT controls [28]. In another study, inhibi-

tion of Scd in severely hyperlipidemic LDL receptor-defi-

cient mice challenged with a Western diet reduced plasma

triglycerides and weight gain, and increased insulin sensi-

tivity [29]. Despite favorable metabolic characteristics,

SCD-deficient mice had increased skin inflammation and

atherosclerosis [13], but reduced inflammation in adipo-

cytes [14]. If SCD is inhibited rather than completely

abrogated, and combined with dietary fish oil supplements

this prevents atherosclerosis in mice [15]. Our results

extend these previous reports and support a pro-atherogenic

role for SCD in human macrophages in response to

dyslipidemic diabetic serum. Further investigation is nec-

essary to extend these findings and to evaluate whether

inhibition of macrophage SCD might modulate develop-

ment or progression of diabetic atherogenesis.

In summary, replicating in vitro diabetic dyslipidemia

encountered in vivo provides an informative model to

study macrophage phenotypes relevant to diabetic athero-

genesis. Macrophages exposed to dyslipidemic diabetic

sera exhibited a lipid-rich phenotype, increased expression

of CD36 and SR-A, and higher levels of SCD. Inhibition of

CD36 reduced macrophage free cholesterol, while inhibi-

tion of SCD decreased macrophage FA content, increased

ABCA1 protein and enhanced cholesterol efflux. Addi-

tional research is needed to clarify whether abrogating the

increased macrophage expression of CD36 and SCD that

occurs on exposure to dyslipidemic diabetic sera might

inhibit diabetic atherogenesis, thus reducing the burden of

cardiovascular disease in persons with Type 2 diabetes.
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Abstract It has been demonstrated in vivo that lipid gly-

cation products such as Amadori-glycated phosphatidyleth-

anolamine (Amadori-PE) accumulate in the plasma of

diabetic humans and animals, but how lipid glycation prod-

ucts are formed under hyperglycemic conditions are not

clear. We sought to clarify the occurrence of lipid glycation

and its relationships with lipid peroxidation and protein

glycation during the development of hyperglycemia using the

streptozotocin (STZ)-induced diabetic rat model. A signifi-

cant increase in Amadori-PE was observed in STZ rats

7 days after STZ treatment, and Amadori-PE (especially

18:0–20:4 Amadori-PE) was found at high levels in the blood

and in organs that are strongly affected by diabetes, such as

the kidney. Significant changes in Amadori-PE appeared to

occur prior to changes in levels of oxidized lipids, which

increased after 21–28 days. In addition, accumulation of

Ne-(carboxymethyl)lysine (CML), a protein glycation prod-

uct, proceeded somewhat more slowly and moderately than

that of Amadori-PE, suggesting that Amadori-PE and CML

are early and advanced glycation products, respectively. Our

results suggest that Amadori-PE may be a useful predictive

marker for hyperglycemia, particularly in the early stages of

diabetes. Similar speculations have been made from previous

human studies, but this study provides a direct evidence to

support the speculations in rat study.

Keywords Diabetes � Hyperglycemia � Lipid glycation �
Oxidized lipids

Abbreviations

1,5-AG 1,5-Anhydroglucitol

ALT Alanine aminotransferase

Amadori-PE Amadori-glycated

phosphatidylethanolamine

AST Aspartate aminotransferase

CL Chemiluminescence

CML Ne-(carboxymethyl)lysine

HbA1c Hemoglobin A1c

LC Liquid chromatography

MRM Multiple reaction monitoring

MS/MS Tandem mass spectrometry

NFPA Nonafluoropentanoic acid

NLS Neutral loss scanning

PCOOH Phosphatidylcholine hydroperoxide

PE Phosphatidylethanolamine

PL Phospholipid

RBC Red blood cells

STZ Streptozotocin

TBARS Thiobarbituric acid reactive substances

T-cho Total cholesterol

TAG Triacylglycerol

Introduction

The clinical significance of non-enzymatic protein glyca-

tion in complications of diabetes has been studied

Electronic supplementary material The online version of this
article (doi:10.1007/s11745-011-3588-3) contains supplementary
material, which is available to authorized users.

P. Sookwong � K. Nakagawa � I. Fujita � T. Miyazawa (&)

Food and Biodynamic Chemistry Laboratory,

Graduate School of Agricultural Science,

Tohoku University, Sendai 981-8555, Japan

e-mail: miyazawa@biochem.tohoku.ac.jp

N. Shoji

Industrial Technology Institute, Miyagi Prefectural Government,

Sendai 981-3206, Japan

123

Lipids (2011) 46:943–952

DOI 10.1007/s11745-011-3588-3

http://dx.doi.org/10.1007/s11745-011-3588-3


extensively [1]. In addition to protein glycation, our group and

other researchers have found that glycation of lipids and

glucose also occurs in vivo [2–4]. A previous study by our

group demonstrated that Amadori-glycated phosphatidyleth-

anolamine (Amadori-PE, Fig. 1) can accumulate in the

plasma of diabetic rats [5]. Accumulation of Amadori-PE was

also detected in the plasma of diabetic patients [6], and a

positive correlation was found between Amadori-PE and lipid

peroxides such as phosphatidylcholine hydroperoxide

(PCOOH). This relationship between Amadori-PE and lipid

peroxides suggests that lipid glycation may play an important

role in diabetogenesis and the development of diabetic com-

plications such as retinopathy, nephropathy, neuropathy, and

atherosclerotic macrovascular disease [7, 8].

Although there is increasing evidence of the involve-

ment of lipid glycation in diabetic complications, it is still

unclear how lipid glycation products are formed during the

development of hyperglycemia. Furthermore, since Ama-

dori-PE is able to induce lipid peroxidation [9], it is of

interest to determine whether levels of Amadori-PE and

lipid peroxides change during the development of hyper-

glycemia. In addition, lipid and protein glycation are

understood to be related to the pathogenesis of diabetes,

but there have been no comparative studies of the preva-

lence of the two glycation products (glycated lipids and

glycated proteins) during diabetes development. Such a

comparative study would provide greater insight into the

relationship between glycation and diabetogenesis, and

could reveal whether glycation products can be used as

indicators of diabetes.

Therefore, in the present study, we sought to confirm the

occurrence of lipid glycation (Amadori-PE) during the

development of hyperglycemia and to investigate the

relationship between lipid glycation, lipid peroxidation,

and protein glycation in streptozotocin (STZ)-induced

diabetic rats. Since Amadori-PE is comprised of two fatty

acids, several molecular species are possible due to the

presence of different fatty acid structures. Accordingly, in

this study, a recently developed liquid chromatography–

tandem mass spectrometry (LC–MS/MS) technique was

used to quantify eight molecular species of Amadori-PE

[6, 10]. STZ rats were evaluated for biological and patho-

logical changes (including formation of lipid glycation and

protein glycation products) during the period of diabetes

development. Based on the results of this study, we discuss the

presence and significance of lipid and protein glycation

products during diabetes development and the potential use of

lipid glycation products as biomarkers for hyperglycemia.

Materials and Methods

Materials

All PE molecular species were purchased from Avanti

Polar Lipids (Alabaster, AL). PE molecular species were

identified by carbon chain length and degree of unsatura-

tion of the sn-1,2 acyl chains; e.g., ‘‘18:0–18:1 PE’’ for

1-octadecanoyl-2-octadecenoyl-sn-glycero-3-phosphoetha-

nolamine. Amadori-PE standards were synthesized using

PE species as starting materials, as previously described [9]

with minor modifications. In brief, PE (e.g., 18:0–18:1 PE;

15 lmol) and glucose (5 mmol) were dissolved in 50 ml of

methanol, and incubated at 60 �C for 24 h. After incuba-

tion, lipid-soluble products were extracted using Folch’s

partition [11]. The extract was evaporated to dryness, and

the residue was dissolved in 10 ml of chloroform–methanol

(2:1, v/v). Amadori-PE was then isolated using a pre-

parative reversed-phase column (5C-18-MS-II, 250 9 10

mm; Nacalai Tesque, Japan) with methanol-5 mM aqueous

ammonium acetate (99:1, v/v) as the eluent. The structure

and purity of each synthesized Amadori-PE was evaluated by

LC–MS (Mariner, Applied Biosystems, Foster City, CA),

high resolution fast atom bombardment MS (JEOL-JMS-700

mass station, JEOL, Tokyo, Japan), and NMR (Varian Unity

600 spectrometer, Varian, Palo Alto, CA). All other reagents

were purchased from Wako (Osaka, Japan) using the highest

grade available.

Animal Experiments

Male Sprague–Dawley rats (4 weeks of age) were pur-

chased from Japan SLC (Hamamatsu, Japan). Rats were

given free access to standard laboratory chow (MF pellet;

Oriental Yeast, Tokyo, Japan) and water for 1 week before

the experiment began. Rats were housed in a temperature-

and humidity-controlled room with a 12 h light cycle. All

animal experiments were conducted in accordance with the

Animal Experimentation Guidelines of Tohoku University.
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On day 0 (the first experimental day after acclimatiza-

tion for 1 week), diabetes was induced in rats by a single

intraperitoneal injection of 70 mg/kg streptozotocin (STZ;

Sigma, St. Louis, MO) dissolved in citric acid buffer

(50 mM, pH 4.5), whereas control rats received an injec-

tion of buffer only. Blood glucose was measured 3 days

after STZ injection, and rats with blood glucose levels

[250 mg/dl were considered diabetic.

On days 0, 7, 14, 21 and 28, diabetic and control rats

(n = 6 for each time point) were anesthetized with Avertin

and slaughtered. Blood (10 ml) was collected into a tube

containing heparin as an anticoagulant, and was centri-

fuged at 1,000g for 10 min at 4 �C. After the plasma and

buffy coat were removed, red blood cells (RBC) were

washed three times with phosphate-buffered saline (pH

7.4) to prepare packed cells. Total lipids were extracted

from 1 ml of the packed cells using 2-propanol and chlo-

roform [12]. Plasma (0.5 ml) was subjected to total lipid

extraction using Folch’s partition [11]. For tissue analysis,

liver, kidney, pancreas, cerebrum, and cerebellum were

collected, and these samples (100 mg) were also subjected

to Folch lipid extraction. Each lipid extract was evaporated

to dryness, and the residue was dissolved in 0.5 ml of

chloroform–methanol (2:1, v/v).

MS/MS Analysis of Amadori-PE

A 4000 QTRAP quadrupole/linear ion-trap tandem mass

spectrometer (Applied Biosystems) was used for MS/MS

analysis. MS/MS parameters (e.g., collision energy) were

optimized using synthesized 18:0–18:1 Amadori-PE as a

reference compound. After optimization, neutral loss

scanning (NLS) was performed to profile Amadori-PE

molecular species in blood samples. The MS/MS instru-

ment was programmed to scan parent ions that yielded a

neutral loss of 303 Da after fragmentation in the collision

cell. Sample (lipid extract, 5 ll) was injected directly into

MS/MS using methanol as a carrier solvent (0.2 ml/min).

Electrospray ionization was used as an ion source with

collision energy of 45 eV, transition dwell time of 100 ms,

turbo gas temperature of 500 �C, and spray voltage of

5,500 V. Nitrogen pressure values for turbo, nebulizer, and

curtain gases were set at 40, 60, and 20 pounds per square

inch, respectively.

LC–MS/MS Analysis of Amadori-PE

For LC–MS/MS analysis, a Shimadzu liquid chromatog-

raphy system (Shimadzu, Kyoto, Japan) was equipped with

the 4000 QTRAP. Amadori-PE was analyzed using a silica

column (Inertsil, 2.1 9 100 mm; GL Sciences, Tokyo,

Japan) with a binary gradient consisting of solvent A

[acetonitrile–methanol–1 M aqueous ammonium formate

(pH 6.0) (78:20:2, v/v/v)] and solvent B [acetonitrile–

methanol–1 M aqueous ammonium formate (pH 6.0)

(49:49:2, v/v/v)]; [10]. The gradient profile was as follows:

0–1.25 min, 10% B; 1.25–2 min, 10–100% B linear gra-

dient; 2–6 min, 100% B; 6–6.5 min, 100–10% B linear

gradient; 6.5–8 min, 10% B. The flow rate was 0.4 ml/min,

and the column temperature was 40 �C. Amadori-PE was

detected in the postcolumn by MS/MS with multiple

reaction monitoring (MRM) for the transition of parent ion

to product ion.

For quantitation of Amadori-PE in blood and tissue

samples, we focused on eight molecular species (16:0–18:1,

16:0–18:2, 16:0–20:4, 16:0–22:6, 18:0–18:1, 18:0–18:2,

18:0–20:4, and 18:0–22:6 Amadori-PE), because their

presence in RBC was revealed by NLS by MS/MS analysis.

Using synthesized Amadori-PE species, we prepared stan-

dard solutions at concentrations of 5–1,000 pmol/ml (a

range expected to encompass concentrations encountered in

vivo). Plasma extract, RBC extract, tissue extract, or stan-

dard solution (2 ll each) was then subjected to LC–MS/MS,

and the Amadori-PE molecular species were individually

detected using MRM. The concentrations of Amadori-PE in

plasma, RBC, and tissues were calculated using calibration

curves for the synthesized Amadori-PE molecules. The

concentrations of PE in plasma, RBC, and tissues were

similarly determined by LC–MS/MS with MRM [10].

Detection of Lipid Peroxides

To examine oxidative stress, PCOOH in total lipid extracts

from plasma and liver was measured by HPLC with

chemiluminescence (CL) detection [13, 14]. The column

was a Finepak SIL NH2-5 (4.6 9 250 mm; Japan Spec-

troscopic Co., Tokyo, Japan), the eluent was 2-propanol–

methanol–water (135:45:20, v/v/v), and the flow rate was

1 ml/min. Post-column CL detection was carried out using

a CLD-100 detector (Tohoku Electronic Industries Co.,

Sendai, Japan). A mixture of luminol and cytochrome c in

50 mM borate buffer (pH 10.0) was used as a hydroper-

oxide-specific post-column CL reagent. Calibration was

carried out using standard PCOOH. In addition to PCOOH,

thiobarbituric acid reactive substances (TBARS) were

measured as described previously [15].

Ne-(Carboxymethyl)lysine Analysis

Ne-(Carboxymethyl)lysine (CML) was measured by

LC–MS/MS [16]. Blood and tissue samples were analyzed

by reversed-phase HPLC on an Atlantis T3 column

(2.1 9 100 mm, Waters, Milford, MA). Mobile phase A

was 5 mM aqueous nonafluoropentanoic acid (NFPA) and

mobile phase B was acetonitrile containing NFPA (5 mM).
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The gradient profile was as follows: 0–8 min, 15–50% B

linear gradient; 8–8.5 min, 50–90% B linear gradient;

8.5–9.5 min, 90% B; 9.5–11 min, 90–15% B linear gradi-

ent; 11–15 min, 15% B. Analyses were performed in

positive-ion mode with the ion-spray voltage at 5,500 V.

MRM pairs (parent ion/product ion) for CML and lysine

were 205/84 and 147/84, respectively.

Other Biochemical Measurements

Blood glucose and insulin levels were measured using a

Glucose C II test kit (Wako) and a Rat/Mouse Insulin ELISA

Kit (EZRMI-13K, Linco Research, St. Charles, MO)

according to the manufacturers’ protocols. Blood parameters,

including 1,5-anhydroglucitol (1,5-AG), hemoglobin A1c

(HbA1c), aspartate aminotransferase (AST), alanine amino-

transferase (ALT), triacylglycerol (TG), and total cholesterol

(T-cho), were analyzed by Mitsubishi Chemical Medicine

Corporation (Japan). Phospholipid (PL) content in plasma was

measured using methods described by Bartlett [17]. Hepatic

lipid parameters were analyzed using standard methods.

Statistical Analysis

Data are expressed as mean values ± SD. Statistical

analyses in this study included the Student’s t test and

Mann–Whitney U test. Differences were considered sig-

nificant at P \ 0.05 and P \ 0.01.

Results

General Characteristics of STZ Rats

During the 28-day experimental period, weight gain, plasma

insulin, and 1,5-AG were suppressed in STZ rats, and blood

glucose and HbA1c levels were consistently elevated in these

animals (Fig. 2). Plasma levels of AST, ALT, TG, T-cho, and
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PL were higher in the STZ group (Table 1). Among hepatic

lipid parameters, TG and T-cho were increased in the STZ

group (Table 1). These data indicate that low insulin secretion

in these STZ rats led to hyperglycemia and hyperlipidemia,

and resulted in severe diabetes.

(LC)-MS/MS Profiling and Determination

of Amadori-PE Molecular Species

MS/MS NLS is useful for analyzing PE glycation [6, 10],

and Amadori-PE can be detected by searching for the loss

of glycated group (H2PO4CH2CH2NHC6H11O5, 303 Da)

(refer to Fig. 3a). Using NLS, we profiled the molecular

Amadori-PE species in STZ rats. For example, in neutral

loss spectra of 303 Da of STZ rat RBC, a series of ion

peaks was observed to correspond to Amadori-PE molec-

ular species (16:0–18:1, 16:0–18:2, 16:0–20:4, 16:0–22:6,

18:0–18:1, 18:0–18:2, 18:0–20:4, and 18:0–22:6) (Fig. 3b).

Based on the NLS data, the eight Amadori-PE species were

individually quantified using LC–MS/MS with MRM

(Fig. 3c).

PE Glycation During the Development

of Hyperglycemia

Changes in accumulation of total Amadori-PE (as determined

by LC–MS/MS with MRM) in plasma, RBC, liver, kidney,

pancreas, cerebrum, and cerebellum over the study period are

shown in Fig. 4. Amadori-PE content was significantly

increased in blood and in most tissues of STZ rats compared

with the control group after experimental day 7, and the dif-

ference between the two groups increased over time. The

accumulation of Amadori-PE was greatest in liver, followed

by kidney, cerebrum, cerebellum, and pancreas. Among

Amadori-PE molecular species, 18:0–20:4 Amadori-PE and

18:0–18:2 Amadori-PE were predominant in the blood and

tissues of STZ rats (Fig. 5). After 28 experimental days, STZ

rats showed marked accumulation of 18:0–20:4 Amadori-PE,

and the ratios of those species in the STZ and control groups

were 20, 8, 3, 4, 35, 7, and 5 in plasma, RBC, liver, kidney,

pancreas, cerebrum, and cerebellum, respectively. These

results suggest that PE glycation actually proceeded and

Amadori-PE concentration markedly increased under hyper-

glycemic conditions. Consistent with this hypothesis, glyca-

tion rates (mol % Amadori-PE vs. native PE), especially to

18:0–20:4 PE, were higher in STZ rats (Supplementary

Figs. 1 and 2).

Lipid Peroxidation and Protein Glycation

Given our previous finding that Amadori-PE can cause lipid

peroxidation [9], we also monitored changes in lipid peroxides

during the experimental period. On day 28, PCOOH and

TBARS were observed at high levels in the plasma and livers

of STZ rats (Fig. 6). With respect to protein glycation, all

blood and tissues analyzed showed higher CML accumulation

Table 1 Time course of changes in plasma and liver parameters of STZ-induced diabetic rats

Determination Group Days

0 7 14 21 28

Plasma

AST (IU/l) Control 108 ± 10 106 ± 10 116 ± 41 77.0 ± 10.3 74.0 ± 10.4

STZ 98.3 ± 4.6 261 ± 146* 360 ± 210* 236 ± 60** 221 ± 142**

ALT (IU/l) Control 42.7 ± 3.0 43.3 ± 3.0 39.0 ± 8.3 35.7 ± 3.9 38.3 ± 4.3

STZ 41.3 ± 3.3 142 ± 76** 180 ± 95* 169 ± 42** 150 ± 52**

TG (mg/dl) Control 59.7 ± 16.1 31.0 ± 8.3 22.0 ± 10.3 31.0 ± 16.1 36.3 ± 24.4

STZ 68.0 ± 36.9 102 ± 60* 332 ± 350** 396 ± 299* 387 ± 246**

T-Cho (mg/dl) Control 79.3 ± 6.3 57.7 ± 5.3 58.0 ± 1.8 51.0 ± 4.5 55.0 ± 5.0

STZ 76.7 ± 7.2 51.0 ± 8.9 113 ± 89* 153 ± 84** 121 ± 43**

PL (mg/dl) Control 125 ± 14 95.2 ± 11.7 101 ± 13 93.3 ± 15.2 114 ± 16

STZ 119 ± 24 76.6 ± 7.8** 159 ± 74* 204 ± 86* 235 ± 79**

Liver

TG (mg/g) Control 38.6 ± 14.7 36.9 ± 6.6 37.7 ± 5.1 37.7 ± 14.9 34.2 ± 12.5

STZ 36.6 ± 13.5 38.9 ± 4.4 41.8 ± 10.5* 47.4 ± 5.6* 46.1 ± 9.3*

T-Cho (mg/g) Control 3.3 ± 0.2 3.9 ± 0.2 3.8 ± 0.2 3.7 ± 0.5 3.7 ± 0.5

STZ 3.6 ± 0.2 4.6 ± 0.2 5.7 ± 0.7* 6.0 ± 0.5* 5.9 ± 0.2*

Values are means ± SD (n = 6). Significantly different from counterpart control at *P \ 0.05 and **P \ 0.01

AST aspartate aminotransferase, ALT alanine aminotransferase, TG triacylglycerol, T-Cho total cholesterol, PL phospholipids
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in STZ rats (Fig. 7). However, the accumulation of CML was

somewhat slower and more moderate than that of Amadori-

PE. These results suggest the importance of lipid glycation,

and imply the potential involvement of lipid glycation and

peroxidation in diabetogenesis.

Discussion

Like proteins, lipids (PE) can be modified by glycation

during the development of hyperglycemia. PE glycation is

likely to induce changes in the biosynthesis and turnover of

membrane phospholipids, the physical properties of

membranes, the activity of membrane-bound enzymes, and

the susceptibility to oxidative stress [9, 18–20]. These

changes may contribute to diabetogenesis and the devel-

opment of diabetic complications. In the present study, we

sought to characterize the occurrence of Amadori-PE and

its relationship with lipid peroxidation and protein glyca-

tion during the development of hyperglycemia in STZ-

induced diabetic rats.

In the present study, STZ rats showed significant

decreases in weight, plasma insulin, and 1,5-AG (Fig. 2).

High levels of blood glucose and HbA1c were also observed

in these rats. Based on these characteristic features, it was

presumed that these rats had undergone the irreversible

necrosis of pancreatic b-cells that is characteristic of STZ

treatment [21], resulting in lowered insulin secretion, and

thereby inducing severe type-1 diabetes. Blood lipid levels

were also increased in STZ rats (Table 1), probably due to

increased free fatty acid release from adipose tissue [22] in

response to low insulin levels. Low insulin secretion also

decreases hepatic lipase activity [23], thereby increasing

hepatic TG content (Table 1).

We used a recently developed (LC)-MS/MS method [6,

10] to analyze Amadori-PE in STZ rats in this study. With

the advent of MS/MS, the product ion scan, NLS, and

MRM can provide useful structural information about the

analyte, even in the presence of major background con-

taminants from complex biological matrices [24]. Indeed,

as shown in this study (LC)-MS/MS is particularly suitable

for analysis of Amadori-PE. MS/MS NLS is highly effec-

tive at ‘‘fishing out’’ major Amadori-PE species in blood

and tissue samples (Fig. 3a, b). LC–MS/MS with MRM

also enables quantitative determination of individual

Amadori-PE species (Fig. 3c). These techniques constitute

a powerful tool to understand the pathophysiological con-

sequences of in vivo lipid glycation.

As mentioned in the introduction, although there is

increasing evidence for the involvement of lipid glycation

in diabetic complications [2–10], it is still unclear how

lipid glycation products are formed during the development

of hyperglycemia. In this study, we used STZ rats to

demonstrate that PE glycation occurs during the develop-

ment of hyperglycemia and that Amadori-PE concentra-

tions are markedly increased under hyperglycemic

conditions (Fig. 4). To our knowledge, this is the first

report documenting the occurrence of Amadori-PE species

in various organs. Amadori-PE content in the kidneys of

STZ rats appeared to be equivalent to that in liver. Fur-

thermore, pancreatic Amadori-PE levels were 35 times

higher in STZ rats than in control rats. These findings

suggest that Amadori-PE is more likely to be generated in

organs that are involved in the pathogenesis of diabetes.

We measured eight Amadori-PE molecular species and
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found that PE glycation did not simply occur in proportion

to PE content in blood or tissues, but was influenced by

differences in fatty acid structure in the PE bodies. In the

first 7 days after STZ treatment, 18:0–20:4 PE was the first

PE species to be glycated, and other PE species (e.g.,

18:0–18:2 PE) were glycated subsequently (data not

shown). Consequently, by day 28, 18:0–20:4 Amadori-PE

and 18:0–18:2 Amadori-PE were the predominant species

in blood and many tissues (Fig. 5). This finding suggests

that these two Amadori-PE species are highly susceptible

to glycation, probably due to relatively higher amount of

18:0–20:4 PE and 18:0–18:2 PE in blood and tissues.

Another possibility is that these 18:0–20:4 Amadori-PE

and 18:0–18:2 Amadori-PE might be more stable in

the glycated state than other Amadori-PE species. Thus,

these Amadori-PE species (18:0–20:4 Amadori-PE and

18:0–18:2 Amadori-PE) could potentially be utilized as a

sensitive marker of the early stages of diabetes. However,

further study is needed to clarify the relationship between

PE fatty acid structure and glycation rate, since other fac-

tors may also influence PE glycation.

In the present study, significant increase in Amadori-PE

was observed in STZ rats 7 days after STZ treatment, but

meaningful changes in oxidized lipid levels (PCOOH and

TBARS) were observed only after 21 or 28 days (Fig. 6).

This suggests that Amadori-PE is pathologically formed
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prior to the induction of lipid peroxidation. Accordingly,

the increased accumulation of oxidized lipids during dia-

betes pathogenesis may be partly due to the ability of

Amadori-PE to induce oxidation of lipids [9, 20], which

can worsen diabetes. On the other hand, accumulation of

advanced protein glycation end products such as CML is

also well-known to be related to diabetic complications

[25, 26]. It has been reported that STZ treatment can

increase levels of CML by up to 200% in plasma and up to

150–200% in the kidneys of diabetic animals [27, 28]. Our

study showed similar effects of STZ treatment on CML

levels (Fig. 7). However, CML accumulation was some-

what slower and more moderate than Amadori-PE accu-

mulation. This may be due to the fact that Amadori-PE and

CML are early and advanced glycation products,

respectively. In addition, concentrations of HbA1c in STZ

rats on days 7 and 28 were 180% and 300% of the initial

values, respectively, whereas Amadori-PE levels in eryth-

rocytes on days 7 and 28 were 330% and 800% of initial

values, respectively (Figs. 2, 4). These findings support the

idea that Amadori-PE can be used as a sensitive predictive

marker for hyperglycemia development in the early stages

of diabetes.

As for the involvement of Amadori-PE on the devel-

opment of STZ-induced diabetes, Amadori-PE showed

higher concentrations in blood and tissues immediately

(7 days) after injection of STZ. It is therefore likely that

formation and accumulation of Amadori-PE might be

closely related with the progression and worsening of the

STZ-induced diabetes. Now, we are preparing Amadori-PE
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antibody and clarify these points by using histological

techniques.

In conclusion, we monitored the periodical change of

Amadori-PE species during hyperglycemia development in

STZ-induced diabetic rats and found that Amadori-PE

tends to accumulate in blood and in organs that are

involved in the pathogenesis of diabetes, such as the

kidney. Certain molecular species of Amadori-PE, such as

18:0–20:4 Amadori-PE may be more sensitive indicators of

early hyperglycemia than markers such as CML and HbA1c.

Therefore, Amadori-PE should be considered for use as a

predictive marker for hyperglycemia.
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Abstract The objective of the present study was to

evaluate the effects of acute infection with Leptospira

interrogans on lipids, lipoproteins and associated enzymes.

Fasting serum levels of total cholesterol (TC), low-density

lipoprotein cholesterol (LDL-C), high-density lipoprotein

cholesterol (HDL-C), triglycerides (TG), apolipoproteins

(apo) A-I, B, E, C-II, C-III and lipoprotein (a) [Lp(a)] were

determined in patients with Leptospirosis on diagnosis and

4 months after recovery as well as in age- and sex-matched

controls. Activities of cholesteryl-ester transfer protein

(CETP) and lipoprotein-associated phospholipase A2

(Lp-PLA2) as well as paraoxonase 1 (PON1) hydrolysing

activity and levels of cytokines were determined. LDL

subclass analysis was performed with Lipoprint LDL

System. Eleven patients (10 men, mean age 49.5 ±

8.4 years) and 11 controls were included. TC, HDL-C,

LDL-C, apoA-I, apoB and Lp(a) levels were lower at

baseline, whereas TG and apoE levels were elevated

compared with 4 months later. At baseline, higher levels of

cytokines and cholesterol concentration of small dense

LDL particles (sdLDL-C) were noticed, whereas LDL

particle size was lower compared with follow-up. Activi-

ties of plasma Lp-PLA2 and HDL-associated Lp-PLA2

were lower at baseline compared with post treatment val-

ues, whereas PON1 activity was similar at baseline and

4 months later. 4 months after recovery, the levels of all

lipid parameters evaluated did not differ compared with

controls, except for HDL-C which remained lower. PON1

activity both at baseline and 4 months later was lower in

patients compared with controls. Leptospirosis is associ-

ated with atherogenic changes of lipids, lipoproteins and

associated enzymes.

Keywords Leptospira � Lipids � Lipoproteins �
Cytokines � sdLDL � LDL Particle size

Abbreviations

CMV Cytomegalovirus

HSV Herpes simplex virus

HIV Human immunodeficiency virus

sdLDL Small dense LDL

EBV Epstein-Barr virus

sdLDL-C sdLDL cholesterol

Lp-PLA2 Lipoprotein-associated phospholipase A2

PON1 Paraoxonase 1

CETP Cholesteryl-ester transfer protein

HDL-C HDL cholesterol

TSH Thyroid-stimulating hormone

TC Total cholesterol

TG Triglycerides

LDL-C LDL cholesterol

Apo Apolipoprotein

Lp(a) Lipoprotein (a)

IL Interleukin

TNFa Tumor necrosis factor a
CVs Coefficient variates

VLDL-C VLDL cholesterol

sdLDL% Proportion of cholesterol on sdLDL particles

CRP C-reactive protein

APR Acute-phase response

SAA Serum amyloid A
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LPL Lipoprotein lipase

EL Endothelial lipase

LCAT Lecithin:cholesterol acyltranferase

ARF Acute renal failure

Introduction

Leptospirosis is a zoonotic acute bacterial infection, caused

by spirochetes of the genus Leptospira, with a worldwide

distribution [1]. Human infection results from exposure to

infected urine of carrier mammals, either directly or via

contamination of soil or water [1]. Host infection produces

a diverse array of clinical manifestations ranging from

subclinical infection to undifferentiated febrile illness to

jaundice, renal failure, and potentially lethal pulmonary

haemorrhage [1]. Weil’s disease represents the most severe

form and can develop after the acute phase as the second

phase of a biphasic illness or as a progressive illness. It is

characterised by jaundice, renal failure, bleeding disorders

and altered mental status [1].

Various infectious agents have been previously linked to

an increased atherogenic potential and these include

Chlamydia pneumoniae, CMV, HSV and Helicobacter

pylori [2]. Moreover, regardless of the cause, infection is

associated with alterations in lipid and lipoprotein con-

centrations [2]. Several studies have shown that sdLDL

particles are more atherogenic compared with large buoy-

ant ones [3]. Periodontitis, HIV infection as well as

Brucella melitensis and EBV infections have been associ-

ated with increased levels of sdLDL-C [4–7].

Lp-PLA2, a risk factor for vascular disease [8], is mainly

distributed on LDL subclasses while the remaining is found

on HDL (HDL-Lp-PLA2) [9, 10]. Various changes in

Lp-PLA2 activity in response to infection have been

reported among different animal species [11] and in human

studies [4, 7, 12, 13]. PON1 is an esterase exclusively

associated with HDL in plasma which plays an important

role in HDL-mediated anti-atherogenic action [14]. During

infection and inflammation serum PON1 activity may

decrease and acute-phase HDL is unable to protect LDL

against oxidation [15]. CETP, which plays a central role in

the regulation of serum HDL-C levels, may exert higher

activity during infection leading to decreased HDL-C lev-

els [7].

We have previously shown that severe Leptospirosis

was associated with altered lipid profile in a small number

of patients (n = 5) [16]. However, there are no detailed

data on the possible alterations in lipid and lipoprotein

profile and associated enzymes in patients with Leptospi-

rosis. We undertook the present study to evaluate the

possible quantitative and qualitative effects of Leptospi-

rosis on serum lipid parameters and associated enzymes.

Materials and Methods

Study Population

Eleven consecutive patients who were diagnosed with

Leptospirosis at the 2nd Department of Internal Medicine,

University Hospital of Ioannina, Greece, between January

2006 and September 2008 were included in the present

study. The diagnosis of Leptospirosis was established by

the presence of specific IgM antibodies against L. inter-

rogans as determined by ELISA. No patient was receiving

any hypolipidaemic agents or had any evidence of any

disease known to affect lipid metabolism, such as neoplasia

and hypo- (TSH [ 5 lU/mL) or hyperthyroidism

(TSH \ 0.01 lU/mL). Moreover, patients with a known

history of renal dysfunction (serum creatinine levels

[1.5 mg/dL) were not included. All patients were exam-

ined on diagnosis and 4 months after recovery. No change

in patients’ dietary habits and body weight was recorded

during follow-up. Eleven age- and sex-matched healthy

volunteers (control population) were also included. These

individuals visited the outpatient clinic of the 2nd

Department of Internal Medicine for a regular check-up

and were selected for the participation in the present study

based on their age. All individuals signed a form giving

their informed consent for the participation in the present

study. This study was approved by the Ethics Committee of

the University Hospital of Ioannina.

Laboratory Measurements

All laboratory parameters were blindly assessed with

regard to each subject’s group and sampling time.

Fasting serum levels of TC, HDL-C and TG were

determined enzymatically on an Olympus AU600 Clinical

Chemistry analyser (Olympus Diagnostica, Hamburg,

Germany). LDL-C was calculated using the Friedewald

formula (except for one patient whose TG levels exceeded

the cut-off point of 400 mg/dL, for whom LDL-C con-

centration was not calculated). Apo A-I, B, E as well as

Lp(a) levels were measured with a Behring Nephelometer

BN100 using reagents from Date Behring Holding Gmbh

(Liederbach, Germany). ApoC-II and apoC-III were

determined by an immunoturbidimetric assay provided by

Kamiya Biomedical Company (Seattle, WA).

LDL subclass analysis was performed electrophoreti-

cally using high-resolution 3% polyacrylamide gel tubes

and the Lipoprint LDL System (Quantimetrix) according to

the manufacturer’s instructions [9].

Lp-PLA2 and CETP activities as well as PON1 hydro-

lysing activities against paraoxon [PON1 (paraoxonase)]

and phenyl acetate [PON1 (arylesterase)] were determined

as previously described [7, 17].
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Cytokines (IL-1b, IL-6 and TNFa) were determined by

ELISA using a commercially available immunoassay kit

(Quantikine; R&D Systems, Inc., Minneapolis, MN, USA).

Each sample was measured in duplicate with appropriate

sensitivities for IL-1b (\0.1 pg/mL), IL-6 (\0.7 pg/mL) and

TNFa (\4.4 pg/mL). The median and mean intra-assay and

inter-assay CVs were\10% for all the above measurements.

CRP levels were measured by an immunoturbidimetric

assay (Roche Diagnostics).

Statistical Analysis

Preliminary analysis was performed to ensure no violation

of the assumptions of normality and linearity. The Shapiro–

Wilk test was used to evaluate whether each variable

followed a Gaussian distribution. Data are expressed as

means ± SD, except for parameters not following a

Gaussian distribution which are expressed as median

(range). Paired samples t test (or Wilcoxon’s rank test, as

appropriate) was used for the comparison of study parame-

ters between baseline and 4 months later. Independent

samples t test (or the Mann–Whitney U test, as appropriate)

was used for the comparison of the study parameters

between patients and controls. Analysis of covariance

(ANCOVA) was used to assess whether the lipid profile of

patients was impaired compared with the lipid profile of

controls after adjusting for differences between the two

groups regarding renal function as assessed by serum cre-

atinine levels. The relationships between study parameters

were investigated using Spearman correlation coefficient

(q). In order to minimise the possibility of differences

observed been a random effect due to multiple comparisons,

a p value of \0.03 was considered as significant [18]. All

analyses were carried out with SPSS 16.0 softpack (SPSS

Inc., 2008, Chicago, IL, USA).

Results

Clinical Characteristics and Lipid Profile

The patients (10 male and 1 female, mean age

49.5 ± 8.4 years) presented with fever and myalgias, while

4 of them (36%) also presented with jaundice and acute

renal failure. The clinical and biochemical characteristics

of study participants are shown in Table 1. After confir-

mation of the diagnosis, patients were treated with ceftri-

axone 1 g IV o.d. for 7 days.

Patients with Leptospirosis had decreased levels of TC,

HDL-C, LDL-C, Lp(a) and apoA-I, whereas TG, apoE and

VLDL-C levels as well as apoB/apoA-I ratio were elevated

compared with 4 months after recovery (Table 1). On the

other hand, apoC-II and apoC-III levels were not

significantly different at baseline compared with 4 months

later. Mean LDL particle size was decreased and sdLDL-C

levels were increased at baseline compared with 4 months

after recovery. Also, sdLDL-C% was markedly elevated at

baseline compared with the values after recovery (Table 1).

We adjusted the baseline lipid and lipoprotein levels for

serum creatinine concentration (data not shown). According

to these results, the only parameters significantly affected by

creatinine levels were LDL-C and large LDL-C levels

(p \ 0.05 for both). Moreover, we divided patients into two

subgroups according to serum creatinine levels (\1.5 mg/

dL, n = 7 vs. C1.5 mg/dL, n = 4). We found that the two

subgroups differed in HDL-C (23 ± 5 mg/dL vs.

11 ± 2 mg/dL, p \ 0.01), LDL-C (100 ± 25 mg/dL vs.

52 ± 21 mg/dL, p \ 0.05) and large LDL-C (88 ± 18 mg/

dL vs. 61 ± 21 mg/dL, p \ 0.05) levels. However, all three

parameters in the subgroup of patients with serum creatinine

levels \1.5 mg/dL were still significantly lower compared

with the corresponding values of the control population

(p \ 0.03 for all). We also found that the subgroup of Lep-

tospirosis patients with impaired renal function had more

severe infection defined as higher cytokine levels [IL-1b:

14.9 (4.6–16.9) pg/mL vs. 4.2 (3.7–5.5) pg/mL, p \ 0.03,

IL-6: 11.4 (2.5–58.2) pg/mL vs. 3.6 (3.4–58.4) pg/mL,

p \ 0.03 and TNFa: 24.4 (17.2–39.0) pg/mL vs. 12.0

(10.7–31.2) pg/mL, p \ 0.03] as well as higher CRP levels

[150 (38–224) mg/L vs. 31 (29–325) mg/L, p \ 0.01].

With the exception of HDL-C and apoA-I levels, which

remained low (Table 1), all other parameters had returned to

levels similar to controls 4 months after recovery (Table 1).

CETP activity was similar in patients with acute

Leptospirosis and 4 months after recovery, while no sig-

nificant difference was observed in its activity between

post-recovery and controls (Table 1).

Lp-PLA2 and PON1 Activities

At baseline, total plasma Lp-PLA2 and HDL-Lp-PLA2

activity were decreased compared with 4 months after

recovery from Leptospirosis (Table 2). No difference was

observed in the activities of PON1 (paraoxonase) and

PON1 (arylesterase) between baseline and 4 months after

recovery.

Total plasma Lp-PLA2 and HDL-Lp-PLA2 activities

were similar in patients 4 months after recovery and con-

trols. However, both PON1 (paraoxonase) and PON1

(arylesterase) activities were lower in patients 4 months

after recovery as compared with the control population.

Markers of Inflammation

Levels of inflammatory markers (CRP, IL-1b, IL-6, and

TNFa) were increased at baseline compared with 4 months

Lipids (2011) 46:953–960 955
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after recovery (Table 3). No difference in the levels of the

inflammatory markers was observed between patients

4 months after the resolution of Leptospirosis and controls,

with the exception of the concentration of TNFa, which

remained elevated 4 months after recovery compared with

the control population (Table 3).

Table 1 Clinical characteristics and lipid profile of patients with Leptospirosis at baseline (diagnosis of Leptospirosis) and 4 months after

recovery as well as of the control population

Baseline (n = 11) 4 months later (n = 11) p* Controls (n = 11) p**

Age 49.5 ± 8.4 – – 47.5 ± 9.6 NS

Sex (M/F) 10/1 – – 10/1

Smokers (Yes/no) 9/2 9/2 NS 7/4 NS

Creatinine (mg/dL) 2.4 ± 1.4 1.1 ± 0.1 0.01 1.0 ± 0.1 NS

AST (IU/L) 103 ± 54 28 ± 16 \0.001 23 ± 7 NS

ALT (IU/L) 91 ± 46 28 ± 11 \0.01 31 ± 15 NS

TBL (mg/dL) 5.4 ± 1.8 1.4 ± 0.6 \0.01 0.9 ± 0.1 NS

TC (mg/dL) 145 ± 49 211 ± 40 \0.01 223 ± 29 NS

HDL-C (mg/dL) 17 ± 7 44 ± 11 \0.001 57 ± 10 0.01

TGs (mg/dL) 259 (131–614) 122 (68–433) \0.01 111 (45–209) NS

LDL-C (mg/dL) 72 ± 45 140 ± 35 0.01 141 ± 25 NS

apoA-I (mg/dL) 59 ± 41 128 ± 50 \0.01 156 ± 16 \0.03

apoB (mg/dL) 118 ± 31 95 ± 26 NS 101 ± 20 NS

apoB/apoA-I 2.7 (0.6–14.1) 0.7 (0.4–2.4) 0.01 0.7 (0.4–0.9) NS

apoE (mg/L) 103 (44–153) 49 (35–68) 0.01 35 (28–66) NS

apoC-II (mg/dL) 4.2 (1.8–14.3) 3.4 (2.0–8.3) NS 3.4 (0.7–4.7) NS

apoC-III (mg/dL) 9.1 (3.3–14.1) 7.8 (6.3–12.3) NS 8.7 (3.0–11.3) NS

Lp(a) (mg/dL) 2.4 (2.4–34.8) 7.0 (2.4–78.6) 0.03 8.8 (2.4–70.0) NS

VLDL-C (mg/dL) 45 (35–93) 29 (20–52) 0.03 33 (10–63) NS

Large LDL-C (mg/dL) 79 ± 27 116 ± 31 0.01 124 ± 23 NS

sdLDL-C (mg/dL) 8 (0–33) 4 (0–14) 0.03 5 (0–23) NS

sdLDL-C (%) 22 (0–33) 3 (0–11) 0.01 3 (0–13) NS

LDL particle size (nm) 261 ± 5 267 ± 6 0.03 269 ± 3.6 NS

CETP activity (nmol/mL/h) 217 ± 98 234 ± 109 NS 169 ± 38 NS

Values are expressed as means ± SD or median (range)

To convert mg/dL to mmol/L multiply with 0.0259 for cholesterol and with 0.0113 for TG. To convert mg/dL to g/L for apoA-I and apoB

multiply with 0.1

AST aspartate transaminase, ALT alanine transaminase, TBL total bilirubin, TC total cholesterol, TGs triglycerides, HDL-C high-density lipo-

protein cholesterol, LDL-C low-density lipoprotein cholesterol, apo apolipoprotein, Lp(a) lipoprotein (a), VLDL-C very low density lipoprotein

cholesterol, sdLDL-C small, dense LDL-C, CETP cholesteryl ester transfer protein, NS not significant

* p for the comparison of values between baseline and 4 months after recovery

** p for the comparison of values between patients 4 months after recovery and controls

Table 2 Lp-PLA2, PON1 (paraoxonase) and PON1 (arylesterase) activities in patients with Leptospirosis at baseline (diagnosis of Leptospi-

rosis) and 4 months after recovery as well as in the control population

Baseline (n = 11) 4 months later (n = 11) p* Controls (n = 11) p**

Total plasma Lp-PLA2 (nmol/min/mL) 45 ± 16 59 ± 20 0.03 52 ± 10 NS

HDL-Lp-PLA2 (nmol/min/mL) 1.4 ± 0.9 2.4 ± 1.0 0.03 2.3 ± 0.5 NS

PON1 (paraoxonase) (U/L) 47.2 (18.9–106.8) 48.2 (17.3–116.7) NS 111.5 (43.6–240.7) 0.03

PON1 (arylesterase) (U/L) 20.8 ± 8.9 26.3 ± 7.3 NS 49.2 ± 11.5 \0.001

Values are expressed as mean ± SD or median (range)

Lp-PLA2 lipoprotein-associated phospholipase A2, PON1 paraoxonase 1, NS not significant

* p for the comparison of values between baseline and 4 months after recovery

** p for the comparison of values between patients 4 months after recovery and controls
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Correlations Between Lipid and Lipoprotein Levels

and Cytokine Concentrations

At baseline, HDL-C levels were inversely associated with

IL-1b concentration (Table 4), while the increase in HDL-

C levels 4 months after recovery was associated with the

decrease in TNFa (q 0.47, p \ 0.05) and CRP levels

(q 0.65, p \ 0.05) (data not shown). TG levels at baseline

were positively associated with IL-6 and CRP levels

(Table 4), and also the decrease in TGs after treatment was

associated with the decrease in these inflammatory markers

(DIL-6 q 0.75, p \ 0.01 and DCRP q 0.66, p \ 0.05).

Baseline LDL-C levels were negatively associated with

IL-6, TNFa and CRP concentration, while apoB levels

were associated only with IL-6 and CRP levels (Table 4).

While apoE concentration was not correlated with any

inflammatory markers, its decrease post-recovery was

associated with the fall in TNFa levels (q 0.75, p \ 0.05).

No correlation was established between Lp(a) levels or its

increase following recovery and any inflammatory marker.

At baseline, sdLDL-C levels were inversely associated

with all inflammatory markers evaluated (Table 4), while

LDL particle size was positively associated only with CRP

levels (Table 4).

It should be noted that the increase in the activity of

Lp-PLA2 observed after recovery from Leptospirosis was

marginally associated with the increase in LDL-C levels

(q 0.45, p 0.04) while the elevation of HDL-Lp-PLA2

activity was strongly associated with the increase in

HDL-C concentration (q 0.65, p 0.03).

Discussion

In the present study, we showed for the first time that

Leptospirosis is associated with an atherogenic lipid profile

(i.e. increased TGs, apoB/apoA-I ratio, and sdLDL-C

levels and decreased HDL-C concentration, LDL particle

size and HDL-Lp-PLA2 activity). This profile is restored

4 months after the recovery from Leptospirosis, with the

exception of HDL-C levels and PON1 activities which

remain lower compared with the control population.

Infection-induced alteration in lipid profile include

increases in TG and apoE levels and decreases in the

concentration of LDL-C, HDL-C, apoA-I, apoB and

Lp(a) [2]. These changes are largely due to the actions of

cytokines (IL-1b, IL-6 and TNFa) [19].

Table 3 Markers of inflammation in patients with Leptospirosis at baseline (diagnosis of Leptospirosis infection) and 4 months after recovery as

well as of the control population

Baseline (n = 11) 4 months later (n = 11) p* Controls (n = 11) p**

CRP (mg/L) 128 (29–325) 2 (1–18) \0.001 1 (1–2) NS

IL-1b (pg/mL) 6.7 (3.7–16.9) 3.7 (3.6–5.5) 0.01 3.6 (3.0–35.4) NS

IL-6 (pg/mL) 8.8 (2.5–58.4) 2.7 (1.7–4.8) 0.01 1.1 (0.6–64.0) NS

TNFa (pg/mL) 17.3 (10.0–39.0) 4.2 (1.4–24.0) 0.03 0.2 (0.1–17.5) 0.01

WBC (lL) 5,043 ± 432 6,440 ± 1,091 NS 5,680 ± 1,008 NS

NEUT (%WBC) 84 ± 6 54 ± 7 \0.001 59 ± 4 NS

LYMPH (%WBC) 10 ± 5 38 ± 5 \0.001 34 ± 4 NS

MONO (%WBC) 6 ± 1 5 ± 2 NS 4 ± 2 NS

Values are expressed as means ± SD or median (range)

CRP C-reactive protein, IL interleukin, TNFa tumor necrosis factor a, WBC white blood cells, NEUT neutrophil granulocytes, LYMPH
lymphocytes, MONO monocytes, NS not significant

* p for the comparison of values between baseline and 4 months after recovery

** p for the comparison of values between patients 4 months after recovery and controls

Table 4 Spearman’s correlation coefficients (q) showing the asso-

ciation between lipid and lipoprotein levels at baseline and the

concentration of inflammatory markers

IL-1b IL-6 TNFa CRP

HDL-C -0.90* -0.09 -0.66* -0.29

TGs 0.58 0.84*** 0.21 0.68*

LDL-C -0.52 -0.66* -0.63* -0.56*

apoA-I -0.16 -0.23 -0.46 -0.14

apoB -0.58 -0.73** -0.26 -0.90***

apoE 0.33 0.23 0.33 0.11

Lp(a) -0.23 -0.04 -0.22 -0.47

sdLDL-C 0.89* 0.60* 0.59* 0.55*

sdLDL-C% 0.33 0.02 0.32 0.08

LDL particle size -0.55 -0.49 -0.28 -0.64*

IL interleukin, TNFa tumor necrosis factor a, CRP C-reactive protein,

HDL-C high-density lipoprotein cholesterol, TGs triglycerides, LDL-C
low-density lipoprotein cholesterol, apo apolipoprotein, Lp(a) lipo-

protein (a), sdLDL-C small dense LDL-C

* p \ 0.05, ** p \ 0.01, *** p \ 0.001
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We have shown that acute brucellosis and EBV infec-

tion are associated with a reduction in LDL-C levels

compared with values after recovery and controls [7] and

these reductions were associated with IL-6 levels. IL-6

stimulates LDL receptor expression in hepatic cells and

subsequently leads to increased uptake of LDL particles

and decreased LDL-C levels [20]. In the present study, we

found that baseline LDL-C levels were associated not only

with IL-6 concentration, but also with TNFa and CRP

levels. TNFa may increase LDL receptor activity [2].

Moreover, experimental data show that hepatic cells

exposed to TNFa, IL-1b and IL-6 exhibit decreased syn-

thesis of apos (such as apoB), leading to decreased LDL-C

levels [21].

The markedly increased TG levels at the time of the

diagnosis of Leptospirosis were associated with CRP and

IL-6 levels, while the decrease in their concentration fol-

lowed the fall in cytokine levels. TNFa, ILs and interferons

can increase serum TG levels [2] by stimulating hepatic

fatty acid synthesis, resulting in elevated VLDL production

[19], consistent with our finding of increased VLDL-C

levels at baseline. To further elucidate this hypothesis, we

measured apoC-II and apoC-III which are critical deter-

minants of the metabolism of TG-containing lipoproteins

[22]. However, no change in the concentration or either

apoC-II or apoC-III was established in the present study.

ApoE has been shown to accelerate the secretion rate and

decrease the efficiency of lipolysis of the TG-rich lipo-

proteins [23]. The elevated apoE levels at baseline, possi-

bly due to increased apoE synthesis by the activated

macrophages and/or the liver, might contribute to the

observed hypertriglyceridaemia [16]. This finding is in

agreement with our previous observations that apoE

behaves as a positive acute-phase protein in patients with

infection [16].

During infection, serum levels of HDL-C and apoA-I

decrease [2]. Patients with Leptospirosis at baseline had

markedly lower HDL-C and apoA-I levels compared with

4 months later. The exact mechanisms for the reduction in

HDL-C levels during acute infection have not been firmly

established. EL overexpression leads to reduced HDL-C

levels, and this effect may be mediated by TNFa and IL-1b

[24]. Accordingly, we have shown that HDL-C levels at

baseline were negatively associated with IL-1b concentra-

tion, while 4 months after recovery the increase in HDL-C

levels was associated with the decrease in TNFa levels. It

is worth mentioning that TNFa attenuates the activity of

LCAT [25], and a decrease in LCAT activity could

decrease HDL-C concentration. Cytokines also stimulate

the displacement of apoA-I by SAA, thus resulting in

decreased HDL-C levels [26]. The altered HDL metabo-

lism during infection may be mediated by the cytokine-

induced changes in CETP activity. However, no change in

CETP activity was established in patients with Leptospi-

rosis at baseline compared with 4 months later or with

controls. Of note, no measurements of EL and LCAT

activity or SAA levels were performed in the present study.

Lp(a) behaves as a negative acute-phase reactant during

major inflammatory response in humans [27]. Transform-

ing growth factor-b1 and TNFa, which predominate in

severe inflammation, inhibit the expression of the

apo(a) gene in primary cultures of monkey hepatocytes

[28], leading to decreased Lp(a) levels. However, no

association between the low Lp(a) levels at baseline and

TNFa concentration was established, possibly due to the

small sample size.

Serum PON1 activity has been shown to be low in

several infections such as hepatitis C [29], HIV [30] and

helicobacter pylori [31, 32], primarily because of changes

in synthesis and/or secretion of HDL and apoA-I particles.

The activities of both PON1 (paraoxonase) and PON1

(arylesterase) were lower in patients 4 months after

recovery compared with controls. This finding implies that

the activities of PON1 may have not yet returned to normal

4 months later, as is the case for HDL-C. TNFa and IL-1

treatment of HEPG2 cells results in a decrease in PON1

mRNA levels [33]. No association between PON1 activity

and cytokine levels was established at baseline. Therefore,

the mechanisms for the decrease of PON1, other than the

decrease in HDL-C, remain unknown.

An increase in plasma Lp-PLA2 activity in patients with

sepsis [34, 35] or HIV [13] has been reported, while other

studies showed that total plasma Lp-PLA2 activity is

decreased in sepsis [12, 36–38]. Moreover, HDL-Lp-PLA2

activity is acutely increased during acute infection and later

decreased [11, 39, 40]. Serum Lp-PLA2 activity may be a

potential marker for Leptospira-induced pulmonary

haemorrhage [41]. In our study, total plasma Lp-PLA2 and

HDL-Lp-PLA2 activities were lower in patients on

admission compared with 4 months after recovery. The

changes in Lp-PLA2 and HDL-Lp-PLA2 activities can be

explained by the parallel changes in the levels of LDL-C

and HDL-C. Moreover, there was a slight -although not

significant-association between low Lp-PLA2 activity and

elevated TNFa levels at baseline (q 0.44, p = 0.07).

Indeed, TNFa is considered as one potent inhibitor of

Lp-PLA2 secretion [42]. Of note, the increase in HDL-

Lp-PLA2 activity was associated with the decrease in

TNFa levels.

There was a shift in LDL subclass distribution toward

smaller particles in patients with Leptospirosis compared

with 4 months later. Studies have shown that advanced

HIV infection and severe periodontitis are associated with

a high prevalence of sdLDL particles [5, 6]. We have

previously shown that patients with acute brucellosis and

EBV infection have decreased mean LDL particle size
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[4, 7]. Very recently it was shown that oligouric patients

with Hantaan virus infection also exhibit a shift towards

smaller LDL particles [43]. In the present study, the

increased sdLDL particles and the decreased LDL particle

size can be explained by the elevated TG concentration at

baseline. The association between increased TG levels and

the preponderance of sdLDL particles is well established

[3]. Moreover, possibly through their actions on VLDL

metabolism during infection, cytokines may affect the

metabolic rate of LDL towards a more atherogenic profile,

as implied by the association between the sdLDL-C at

baseline and elevated levels of cytokines.

ARF is associated with increased TG and decreased

LDL-C and HDL-C levels [44] due to impaired lipolysis,

increased mobilisation of fat from adipose tissue and

altered lipid clearance. In our study, Leptospirosis patients

with ARF had lower HDL-C and LDL-C levels compared

with the subgroup with normal kidney function, while no

difference was observed in TG levels. However, this

finding may be attributed to the more severe infection seen

in the ARF subgroup as evidenced by the higher levels of

cytokines compared with those with normal kidney

function.

It must be noted that the lipid alterations found in

patients with Leptospirosis seem more prominent than

those observed in patients with brucellosis or EBV infec-

tion, especially in the case of TG and HDL-C levels and

sdLDL-C concentration. However, the lipid profile of

patients with Leptospirosis after recovery is almost fully

restored while patients with brucellosis and EBV infection

after recovery still exert alterations in the lipid profile

compared with the control population.

Study Limitations

The number of study participants is small, since the prev-

alence of Leptospirosis is relatively low. We used a cross-

over design to compare subjects with matched healthy

controls. Despite the limitations of this design, a prospec-

tive study of lipid alterations in this setting is not possible.

Although this study was open-label, laboratory data was

blindly assessed with regard to the investigator who per-

formed the measurements and the experiments.

Conclusion

Leptospirosis causes impressive alterations in the lipid

profile that include markedly elevated TG and sdLDL-C

concentration and low HDL-C and LDL-C levels. Most of

these disturbances return to normal after recovery.

However, HDL-C levels and the activities of PON1 remain

lower than the control population 4 months after recovery.

Conflict of interest None declared.
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Abstract Conjugated linoleic acid (CLA) is a collection

of octadecadienoic fatty acids that have been shown to

possess numerous health benefits. The CLA used in our

study was produced by the photoisomerization of soybean

oil and consists of about 20% CLA; this CLA consists of

75% trans–trans (a mixture of t8,t10; t9,t11; t10,t12) iso-

mers. This method could be readily used to increase the

CLA content of all soybean oil used as a food ingredient.

The objective of this study was to determine the effects of

trans–trans CLA-rich soy oil, fed as a dietary supplement,

on body composition, dyslipidemia, hepatic steatosis, and

markers of glucose control and liver function of obese fa/fa

Zucker rats. The trans–trans CLA-rich soy oil lowered the

serum cholesterol and low density lipoprotein–cholesterol

levels by 41 and 50%, respectively, when compared to

obese controls. Trans–trans CLA-rich soy oil supplemen-

tation also lowered the liver lipid content significantly

(P \ 0.05) with a concomitant decrease in the liver weight

in the obese rats. In addition, glycated hemoglobin values

were improved in the group receiving CLA-enriched soy-

bean oil in comparison to the obese control. PPAR-c
expression in white adipose tissue was unchanged. In

conclusion, trans–trans CLA-rich soy oil was effective in

lowering total liver lipids and serum cholesterol.

Keywords Metabolic syndrome � Trans–trans CLA �
CLA-rich soy oil � PPAR-c

Abbreviations

AIN American Institute of Nutrition

AST Aspartate transaminase

BUN Blood urea nitrogen

CLA Conjugated linoleic acid

DXA Dual-energy X-ray absorptiometry

HbA1C Glycated hemoglobin

HDL-C High density lipoprotein cholesterol

LDL-C Low density lipoprotein cholesterol

NFjB Nuclear factor j B

PPAR Peroxisome proliferator activator receptor

TC Total cholesterol

TG Triglycerides

VLDL Very low density lipoprotein

Introduction

Obesity, cardiovascular disease, and type 2 diabetes are

international health problems with their rates predicted to

rise [1]. Research has shown that when human weight

increases to the point of being classified as ‘‘obese,’’ the

risk of health problems such as hypertension, type 2 dia-

betes, coronary heart disease, stroke, cancer, gallbladder

disease, osteoarthritis, sleep apnea, and respiratory prob-

lems increase [2–7].

Conjugated linoleic acid (CLA) is a collection of octa-

decadienoic fatty acid isomers that have been shown to

positively affect health in human and animal models [8].

Some of the health benefits of CLA include reduced adi-

posity, antidiabetogenic, antiatherogenic, and anticarcino-

genic effects [9–12]. The benefits have been seen primarily

with the cis-9,trans-11 (c9,t11) and trans-10,cis-12

(t10,c12) isomers. At present, it is known that the effects of
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CLA are dose-, time-, and species-dependent [13]. In

addition, the activity of CLA is highly isomer specific;

t10,c12 CLA isomer is antiadipogenic in differentiating

human preadipocytes and the c9,t11 CLA isomer promotes

adipogenesis [14]; therefore, it is important to identify

isomer-specific responses.

Determination of the isomer-specific effects of CLA is

necessary before CLA can be used in fortified foods or

supplements. The major sources of CLA in the human diet

are meat and dairy products derived from ruminants, and in

these products the predominant CLA isomer ([90%) is

c9,t11 [15]. However, to obtain the estimated optimum

dietary CLA levels of about 3 g/d, from natural sources it

would be necessary to increase the animal or dairy products

which would increase saturated fat intake [16, 17]. There-

fore, a concentrated source of dietary CLA that is low in

saturated fat is desirable [18]. Jain and Proctor [18] showed

that CLA isomers can be rapidly produced in large quan-

tities in a pilot scale by efficient photoisomerization of soy

oil. This reaction produces mainly trans–trans CLA iso-

mers, the nutritional effects of which have not been studied.

This CLA-rich soy oil produced by the pilot-scale system

contained 180 times the total CLA isomers obtained from

beef or dairy products [18]. Hence, the objectives of this

study were to determine the effects of dietary supplemen-

tation of trans–trans CLA-rich soy oil on body composi-

tion, dyslipidemia, hepatic steatosis, and markers of glucose

control and liver function of obese fa/fa Zucker rats.

Experimental Procedures

Study Design

This study was conducted using 3-month old female obese

fa/fa Zucker rats (Harlan Laboratories, Indianapolis, IN), a

commonly used model for studying obesity. Thirty-six rats

were divided into the following treatment groups (n = 12):

lean control (L-Ctrl), obese control (O-Ctrl), and obese

CLA (O-CLA). The L-Ctrl and O-Ctrl groups were fed

AIN-93M purified rodent diet. The O-CLA group was fed

AIN-93M modified to contain *0.5% trans–trans CLA

isomers by diet mass. All animals were pair-fed to the

mean intake of the L-Ctrl group and the food intake was

measured three times a week. Although pair-feeding may

cause stress in hyperphagic obese Zucker rats, in this study

we did not observe any visual signs of stress. Pair-feeding

was necessary to match the macronutrient intake of all the

groups. The body weight of the animals was recorded once

per week. The rats had free access to deionized water. After

100 days of treatment, the rats were fasted for 12 h before

being sacrificed by exsanguination via cardiac puncture.

University of Arkansas Institutional Animal Care and Use

Committee guidelines for the treatment and care of the

animals were followed throughout the study duration.

Diets

Animals in the control group were fed AIN-93M purified

rodent diet formulated in accordance to the American

Institute of Nutrition committee report [19]. Animals in the

O-CLA group received AIN-93M containing 40 g/kg of

trans–trans CLA-rich soybean oil substituted for regular

soybean oil. The rat diet composition is given in Table 1.

Refined, bleached deodorized soy oil was photo-irradiated

in a pilot-plant regime using the optimal conditions dis-

cussed by Jain and Proctor [18]. The total CLA and isomer

content of the oil was measured as fatty acid methyl esters

(FAMES) by base-catalyzed conversion [20]. The CLA

isomer composition of the CLA-rich soybean oil is pre-

sented in Table 2.

Table 1 Rat diet composition

Ingredientsa (g/1,000 g) Ctrlb CLAc

Cornstarch 435.692 435.692

Maltodextrin 155 155

Sucrose 100 100

Casein 170 170

Soybean oil 40 0

trans-trans-CLA-rich soybean oild 0 40

Cellulose 50 50

AIN-93-VX vitamin mix 10 10

AIN-93 M-MX mineral mix 35 35

TBHQe 0.008 0.008

L-Cysteine 1.8 1.8

Choline bitartrate 2.5 2.5

a Diet ingredients were purchased from Harlan (Harlan Laboratories,

Indianapolis, IN) unless otherwise noted
b Ctrl Control diet
c CLA CLA diet
d Produced by in-house using procedure referenced in methods
e ACROS organics (New Jersey, USA)

Table 2 Isomeric composition of soybean oil used in experimental

diet

CLA Isomer Average concentration (%)

c9, t11 CLA 1.25

t9, c11/c10, t12 CLA 2.26

t10, c12 CLA 1.19

t, ta CLA 13.73

Total CLA 18.43

a Consists of trans-8, trans-10 CLA, trans-9, trans-11 CLA, and

trans-10, trans-12 CLA
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Body Composition

Dual-energy X-ray Absorptiometry (DXA; GE Lunar

DXA, Waukesha, WI) was used to analyze the body

composition of the rats at baseline and immediately prior to

sacrifice. The animals were anesthetized and placed

stomach down on the scan bed of the DXA. The absor-

bance of two X-ray beams was measured and percent lean

tissue and percent fat tissue were calculated by software

(enCORE, GE Lunar, Waukesha, WI) appropriate for the

body composition assessment of small animals.

Necropsy and Tissue Collection

Organs and tissues of interest were removed from the

animal immediately after sacrifice. The liver and white

adipose tissue were placed in cryogenic storage containers

and flash-frozen in liquid nitrogen before being stored at

-80 �C. Approximately 7 mL of blood collected from the

animal via cardiac puncture during sacrifice was stored on

ice before being centrifuged to separate serum from whole

blood. Aliquots of serum were transferred to microcentri-

fuge tubes and stored at -80 �C until analysis. A small

amount of blood collected from the heart during sacrifice

was placed in a microtube containing K2 EDTA (an anti-

coagulant) and stored at -80 �C.

Biochemical Analysis

Serum triglycerides (TG), total cholesterol (TC), high

density lipoprotein–cholesterol (HDL–C), low density

lipoprotein–cholesterol (LDL–C), aspartate transaminase

(AST), blood urea nitrogen (BUN), glycated hemoglobin

(HbA1c), and glucose concentrations were determined

using commercially available kits from Alfa Wassermann

Diagnostic Technologies (West Caldwell, NJ). An ACE

Alera clinical chemistry system (Alfa Wassermann Diag-

nostic Technologies, West Caldwell, NJ) was used

according to the manufacturer’s instructions to perform

these tests.

Insulin

Serum insulin was quantified using a commercially avail-

able ELISA kit (Alpco Immunoassays, Salem, NH). An

aliquot of serum was thawed at 2–8 �C before use. A

96-well plate in the kit was prepared per manufacturer

instructions to include duplicate standards, appropriate

controls, and sample duplicates. Absorbance was measured

using a BioTek ELx808 microplate reader (Winooski, VT)

attached to a PC running BioTek Gen5 data analysis soft-

ware (Winooski, VT).

Liver Lipids

One gram of liver was homogenized in a 20-fold volume

of 2:1 chloroform–methanol (v/v) mixture. Following

homogenization, 0.58% NaCl solution was added to

achieve separation of the phases and centrifuged for

20 min at 5009g. Supernatant was discarded and the

organic phase was filtered and washed with chloroform

through fat free filter paper (3.2 cm Whatman, Whatman

International Ltd, Maidstone, England). The filtered

organic phase containing the tissue lipids was then trans-

ferred to a pre-weighed scintillation vial. Liver lipids were

determined using the Folch gravimetric method [21]. Liver

total cholesterol was determined using the method descri-

bed by Searcy and Bergquist [22].

Gene Expression in White Adipose Tissue

RNA Extraction and cDNA Synthesis

RNA was extracted from approximately 100 mg of white

adipose tissue by TRIzol Reagent method using RNeasy

Lipid Tissue Mini Kit (Qiagen, USA) by following the

supplier’s instructions. The total amount of RNA present in

each sample was quantitated using Nanodrop (Thermo

Scientific, Wilmington, DE) and 1 lg/sample of total RNA

was used for cDNA synthesis using a QuantiTect Rev.

Transcription Kit (Qiagen, USA).

Quantitative Real-Time PCR

Following cDNA synthesis, qRT-PCR was performed

using the Mastercycler ep realplex with SYBR Green

system (Eppendorf, Hamburg, Germany). Concentrations

of reagents were used per the manufacturer’s instructions.

Real-time PCR primers were designed using Primer3 pri-

mer design software and all primer sets were synthesized

by Invitrogen (Invitrogen, Carlsbad, CA). Primer sequen-

ces used for this study are summarized in Table 3. The

following experimental conditions were used for all target

gene expression including generation of standard curves.

The initial denaturation cycle was performed at 95 �C for

5 min. All subsequent denaturation and annealing cycles

were repeated 45 times at 95 �C for 15 s and 60 �C (55 �C

annealing for reference gene b-actin) for 45 s, respectively.

The relative gene expression ratio by qRT-PCR was cal-

culated using ‘‘REST’’ software.

Statistical Methods

The data analysis involved estimation of means and stan-

dard error (SE) using JMP 8 (2009 SAS Institute Inc. Cary,

NC). The effects of treatment were analyzed by one-way
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ANOVA model followed by post hoc analysis using the

Fisher’s least squares means separation test when F values

were significant. For all analyses, a P-value less than 0.05

was considered significant.

Results

Food Intake, Body Weight, Body Composition,

and Organ Weights

There were no significant differences (P [ 0.05) in the

mean food intake between the three experimental groups,

as the rats were pair-fed to the mean intake of the L-Ctrl

group. The effects of treatment on body weights, body

composition, and organ weights are shown in Table 4.

There were no significant differences in the final body

weights or body composition of O-Ctrl and O-CLA

groups. A significant difference was found between the

body weights and body composition of the L-Ctrl group

when compared to the O-Ctrl and O-CLA group. The liver

weights of the O-CLA group were significantly lower than

those of the O-Ctrl, but were significantly higher than the

liver weights for the L-Ctrl group (P \ 0.05). These

results provide evidence that trans–trans CLA enriched

soybean oil reduces hepatomegaly in fa/fa obese Zucker

rats.

Serum Lipid Profiles

The serum lipid profiles are presented in Table 5. The serum

TC and LDL-C concentrations of the rats in the O-CLA

group were significantly lower compared to the obese con-

trol, 41 and 50%, respectively. There was no difference in

the TG and HDL-C levels in rats in the O-CLA and O-Ctrl

group. This indicates that CLA was able to reduce the total

cholesterol concentration without lowering the HDL-C. All

serum lipid parameters measured (TC, LDL-C, HDL-C, and

TG) were significantly lower in the L-Ctrl group when

compared to the O-CLA and O-Ctrl groups (P \ 0.05).

Liver Lipids

The liver lipid data is presented in Table 5. Percent total

liver lipids were significantly different among the experi-

mental groups. Percent liver lipids in the O-CLA group

were significantly lower than the percent liver lipids in the

O-Ctrl group. The reduced liver lipid content of the O-CLA

group could explain the lower liver weights in the O-CLA

group compared to the O-Ctrl group, and also support a

claim that trans–trans CLA-rich soy oil supplementation

lowers the accumulation of fat in the liver. The percentage

of liver cholesterol was reported as the ratio of cholesterol

to total liver lipids. No significant differences were found

between the percent liver cholesterol in rats in the O-CLA

and O-Ctrl group, and rats in the L-Ctrl group showed

Table 3 Primers used in real

time qPCR

PPAR-c Peroxisome

proliferator-activated receptor-

c, NF-jB nuclear factor-jB

Gene name Gene bank accession no. Primer sequence BP size

b-Actin BC138614 Forward AGATCTGGCACCACACCTTC 139

Reverse GGGGTGTTGAAGGTCTCAAA

PPAR-c NM_013124 Forward GACCACTCCCATTCCTTTGA 109

Reverse CAACCATTGGGTCAGCTCTT

Table 4 Effects of CLA enriched soybean oil on food consumption, body weight, body composition, and organ weights in obese zucker rats

L-Ctrl O-Ctrl O-CLA

Mean SE Mean SE Mean SE

Average food consumption (g/day) 17.0 2.4 18.00 1.4 18.1 1.4

Initial body weight (g) 179.2b 4.1 329.9a 9.4 330.3a 6.7

Final body weight (g) 300b 6.6 551.9a 9.4 538.4a 6.9

Initial body fat (%) 24b 2 81a 2 81a 2

Final body fat (%) 36b 3 82a 2 85a 2

Liver weight (g) 8.57c 0.61 31.34a 1.81 20.48b 1.75

Liver weight (g/100 g bwt) 2.83c 0.13 5.8a 0.29 3.73b 0.34

Data represents the mean values and standard error (SE; n = 12/group)

Values in a row without common superscripts are significantly different (P \ 0.05)

L-Ctrl Lean ? control diet, O-Ctrl obese ? control diet, O-CLA obese ? conjugated linoleic acid diet (0.5%), bwt body weight
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significantly (P \ 0.05) lower liver cholesterol values than

the O-Ctrl and O-CLA groups.

Serum Glucose, HbA1c, AST and Insulin

The serum and whole blood metabolite results are pre-

sented in Table 6. Glucose and AST levels in the L-Ctrl

group were significantly lower than in the O-Ctrl and

O-CLA groups. There was no significant difference in the

AST level between the O-CLA and O-Ctrl group. Rats in

the L-Ctrl group also had serum insulin values significantly

lower than the O-Ctrl group. CLA supplementation had an

intermediary effect in lowering the serum insulin levels as

the values were not different from either L-Ctrl or O-Ctrl

groups. The HbA1c levels of the rats in the O-CLA treat-

ment were found to be significantly lower than the O-Ctrl

group, indicating that CLA supplementation effectively

regulates the blood sugar levels.

Expression of PPAR-c in White Adipose Tissue

in Zucker Rats

We measured the expression of PPAR-c in white adipose

tissue (WAT). We found no significant difference in the

expression of PPAR-c in the O-CLA group when compared

to the O-Ctrl group (Figure 1). The expression of PPAR-c
mRNA in both O-Ctrl and O-CLA groups were signifi-

cantly lower than the L-Ctrl group.

Discussion

Natural CLA sources, such as dairy fats, reportedly contain

over twenty-five CLA isomers; chemical synthesis and

modification of existing isomers are adding to this list [23].

Most studies examining the biological activities of CLA

have used c9,t11 CLA and t10,c12 CLA which are pri-

marily derived from an alkaline catalyzed reaction of

Table 5 Effects of CLA enriched soybean oil on serum and liver lipids in obese Zucker Rats

L-Ctrl O-Ctrl O-CLA

Mean SE Mean SE Mean SE

Cholesterol (mmol/L) 2.16c 0.09 13.32a 1.53 7.86b 1.14

HDL-C (mmol/L) 0.58b 0.02 1.8a 0.1 1.7a 0.17

LDL-C (mmol/L) 0.13c 0.01 1.39a 0.18 0.7b 0.15

Triglycerides (mmol/L) 0.97b 0.09 1.95a 0.31 1.87a 0.23

Liver lipid (%) 9.7c 0.4 32.9a 1.3 20.1b 1.8

Liver cholesterol (%) 21.9b 0.4 23.7a 0.3 23.4a 0.6

Data represents the mean values and standard error (SE; n = 12/group)

Values in a row without common superscripts are significantly different (P \ 0.05)

Cholesterol, HDL-C, LDL-C, and triglycerides were measured in serum. Liver lipid percentage and liver cholesterol percentage were measured

in the liver. Liver lipid percentage refers to the percentage of total liver weight found to be lipid. Liver cholesterol percentage refers to the

percentage of liver lipids found to be cholesterol

L-Ctrl Lean ? control diet, O-Ctrl obese ? control diet, O-CLA obese ? conjugated linoleic acid diet (0.5%)

Table 6 Effects of CLA enriched soybean oil on serum and whole blood parameters in obese Zucker Rats

L-Ctrl O-Ctrl O-CLA

Mean SE Mean SE Mean SE

Aspartate transaminase (g/L) 9.58b 0.5 30.8a 3.4 23.4a 4.5

Total protein (g/L) 0.79 0.02 0.76 0.03 0.72 0.04

Blood urea nitrogen (mmol/L) 5.95 0.45 5 0.21 5.71 0.45

Glucose (mmol/L) 14.1b 0.6 26.1a 1.5 27.9a 1.4

Insulin (lg/L) 0.22b 0.03 2.11a 0.68 1.25ab 0.16

HbA1c (%) 3.51c 0.06 3.89a 0.07 3.71b 0.05

Data represents the mean values and standard error (SE; n = 12/group)

Values in a row without common superscripts are significantly different (P \ 0.05)

L-Ctrl Lean ? control diet, O-Ctrl Obese ? control diet, O-CLA obese ? conjugated linoleic acid diet (0.5%), HbA1c glycated hemoglobin
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linoleate [10]. To the authors’ knowledge, no studies have

been done to examine the effects of trans–trans CLA-

enriched soybean oil on the body composition, cardiovas-

cular risk factors, and diabetes risk factors in animal

models or humans. Lack of knowledge on the health effects

of dietary supplementation of trans–trans CLA isomers is

due to fiscal impracticalities in obtaining enough trans–

trans CLA isomers to conduct a feeding trial. The devel-

opment of a new method of CLA production by the

photoisomerization of soy oil that creates primarily trans–

trans CLA isomers by Jain and Proctor [18, 24] allowed us

to examine the possible in vivo health benefits of trans–

trans CLA isomers. Unfortunately, at the time of study it

was not possible to produce CLA-rich soybean oil con-

taining only trans–trans CLA isomers. However, trans–

trans CLA isomers make up 75% of the CLA isomers in

the oil, and we think it unlikely that the small portion of the

remaining cis–trans and trans–cis could have confounded

our results. This study was designed to determine whether

dietary supplementation of soybean oil rich with trans–

trans CLA isomers is effective in improving body com-

position, dyslipidemia, hepatic steatosis, and markers of

glucose control and liver function in obese fa/fa Zucker rats

that are associated with an increased risk for type 2 dia-

betes and cardiovascular disease.

The present study demonstrated that trans–trans CLA

rich soybean oil had no effect on the body composition,

which is in agreement with the findings of Sanders and

colleagues [25], who also reported that the body fat per-

centage of female obese Zucker rats treated with CLA

(50:50 t9,c11:c10,t12 or t9,c11 or c10,t12) via intragastric

gavage at 1.5 g CLA/kg bwt did not differ from those

receiving the control corn oil vehicle. In contrast, Sisk and

others [26] reported that supplementing with 0.5% CLA

consisting of primarily c9,t11 and c10,t12 isomers caused

an increase in adiposity in obese Zucker rats. Others have

shown that dietary supplementation of CLA is effective in

reducing the percentage of body fat and increasing the

percentage of body protein [27, 28]. These contradictory

results can be explained due to the sex of the rats and the

type of CLA isomers used in the study. Poulos and others

[29] demonstrated that dietary CLA can have sex-depen-

dent effects on the body composition of rats. With dietary

CLA supplementation of c9,t11 and c10,t12 isomers at

0.5% concentration, the CLA was found to have positive

effects on male rats by increasing muscle mass and bone

growth, but similar changes were not observed in the

females [29]. Nonetheless, we observed that the trans–

trans CLA isomers are effective in reducing hepatic stea-

tosis which was in contrast to the results reported by

Sanders and colleagues [25] who indicated that supple-

mentation of c9,t11 CLA, t10,c12 CLA or a mixture of the

two isomers did not lower hepatic steatosis. Our study

shows that dietary supplementation of CLA rich soybean

oil significantly (P \ 0.05) reduced the total liver lipid

content. This is in agreement with similar findings by Noto

et al. [30] who reported a similar decrease (*60% Noto,

*40% current study) in the liver lipid content of Zucker

rats supplemented with a 1.5% (w/w) CLA. Although we

saw no improvement in liver function like was reported by

Noto et al., the lack of significant difference in the AST,

BUN, or total protein, supports a claim that liver function

was not adversely affected by CLA supplementation. The

discrepancy in improved liver function and reduction in

liver lipid percentage could be attributed to the higher CLA

level used by Noto et al. and the fact that CLA intake in the

present study was controlled by pair-feeding.

Excess accumulation of lipid in the liver is associated

with insulin resistance [30]. Interestingly, our study

showed that dietary supplementation of trans–trans CLA

lowered the HbA1c, a long-term measure of glucose con-

trol and reduced the circulating insulin levels, moderately

but not significantly, in the obese rats. However, we did not

see any improvements in fasting blood glucose. We feel

that the elevated glucose values were caused by both the

anesthetic mixture, which is known to elevate fasting

glucose values and the stress response of the animal model

[31–33]. Similar insulin-sensitizing effects of CLA were

reported by Houseknecht and coworkers in the ZDF rat

[34]. The insulin-sensitizing effect of CLA is believed to

be by activation of peroxisome proliferator-activated

receptor-c (PPAR-c) [35]. Polyunsaturated fatty acids and

their metabolites have been identified as PPAR-c ligands

[36]; hence, based on the data discussed above, insulin

sensitizing effects of trans–trans CLA rich soy oil may be

Fig. 1 Expression of PPAR-c in Zucker rat adipose tissue treated

with trans–trans CLA compared to obese control by qRT-PCR. The

experiment was normalized to b-actin as an internal control and

results were expressed as a percentage ratio of the control value.

Values are means, standard errors represented by vertical bars
(n = 4). * Represents significant difference (P \ 0.05) compared to

the obese control. PPAR-c Peroxisome proliferator-activated recep-

tor-c, L-Ctrl lean ? control diet, O-Ctrl obese ? control diet,

O-CLA obese ? conjugated linoleic acid diet (0.5%)
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due to prevention of hepatic steatosis and moderate

upregulation of PPAR-c. However, upregulation of PPAR-

c in white adipose tissue was not found to be significant

(Fig. 1).

CLA rich soybean oil supplementation in obese rats also

reduced the serum cholesterol and LDL-C levels. Our

results are in agreement with other studies that have shown

that dietary CLA can lower the serum cholesterol levels

[30, 37]. This decreased serum cholesterol and LDL levels

by CLA rich soybean oil can be due to a possible tran-

scriptional activation of the LDL receptor gene which in

turn enhances the uptake of VLDL and LDL cholesterol via

hepatic LDL receptors [38]. Other possible cholesterol

lowering effects of CLA could be due to inhibition of

secretion of apolipoprotein B or by inhibiting cholesterol

absorption by down-regulating the intestinal sterol

O-acyltransferase activity [39, 40].

CLA has been reported to be a potent ligand activator of

PPAR-a [41, 42], however, further studies are necessary to

evaluate the role of trans–trans CLA in inducing hepatic

fatty acid oxidation by ligand activation of PPAR-a.

Increased fatty acid oxidation is associated with reduced

LDL secretion rate [43], which is in agreement with our

findings that show lower serum LDL levels in the obese

rats supplemented with trans–trans CLA. In addition, it is

plausible that hepatic fatty acid synthesis is strongly

downregulated by trans–trans CLA, which is in agreement

with others who reported that polyunsaturated fats strongly

downregulated hepatic lipogenesis [44–46]. CLA also

enhances the mRNA levels of lipogenic enzymes and their

activity with concomitant reduction in the body fat content

[47]. However, the trans–trans isomer in CLA enriched

soy bean oil in our study did not lower the body fat per-

centage which further supports our hypothesis that trans–

trans CLA prevents hepatomegaly, lowers the hepatic lipid

content and improves the serum lipid profiles by increasing

the hepatic fatty acid oxidation rather than compensatory

increase in the hepatic lipogenesis.

Conclusion

In summary, dietary supplementation with soybean oil rich

in trans–trans CLA isomers is effective in lowering serum

cholesterol in obese Zucker rats. Trans–trans CLA-rich soy

oil supplementation also lowered the liver lipid content.

Glycated hemoglobin values for rats receiving trans–trans

CLA were also significantly lower, indicating that trans–

trans CLA may have a role in regulating blood sugar.
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Abstract Lipid kinases and phosphatases play essential

roles in signal transduction processes involved in cyto-

skeletal rearrangement, membrane trafficking, and cellular

differentiation. Phosphatidic acid (PtdOH) is an important

mediator lipid in eukaryotic cells, but little is known

regarding its regulation in the parasite Trypanosoma cruzi,

an agent of Chagas disease. In order to clarify the rela-

tionship between PtdOH metabolism and developmental

stages of T. cruzi, epimastigotes in culture were subjected

to hyperosmotic stress (*1,000 mOsm/L), mimicking the

environment in the rectum of vector triatomine bugs. These

experimental conditions resulted in differentiation to an

intermediate form between epimastigotes and trypom-

astigotes. Morphological changes of epimastigotes were

correlated with an increase in PtdOH mass accomplished

by increased enzyme activity of diacylglycerol kinase

(DAGK, E.C. 2.7.1.107) and concomitant decreased

activity of phosphatidate phosphatases type 1 and type 2

(PAP1, PAP2, E.C. 3.1.3.4). Our results indicate progres-

sive increases of PtdOH levels during the differentiation

process, and suggest that the regulation of PtdOH metab-

olism is an important mechanism in the transition from

T. cruzi epimastigote to intermediate form.

Keywords Trypanosoma cruzi � Intermediate forms �
Phosphatidate phosphatase � Phosphatidate kinase �
Diacylglycerol kinase

Abbreviations

DAG Diacylglycerol

DAGK Diacylglycerol kinase

DGPP Diacylglycerol pyrophosphate

InsP3 Inositol 1,4,5-trisphosphate

InsPx Total inositol phosphates

LPP Lipid phosphate phosphatase

NEM N-ethylmaleimide

PAK Phosphatidate kinase

PAP Phosphatidate phosphatase

PLC Phospholipase C

PtdCho Phosphatidylcholine

PtdIns Phosphatidylinositol

PtdIns-4,5-P2 Phosphatidylinositol 4,5-bisphosphate

PtdIns-4-P Phosphatidylinositol 4-phosphate

PtdOH Phosphatidic acid

TLC Thin-layer chromatography

Introduction

The flagellate protozoan Trypanosoma cruzi is responsible

for Chagas disease [1], a serious endemic illness and

major public health problem in Latin America. The life

cycle of this parasite comprises three different morpho-

logical and functional forms: amastigotes, epimastigotes,

and trypomastigotes [2, 3]. The transformation of epim-

astigotes to metacyclic trypomastigotes (metacyclogenesis

process), leading to forms that are eventually able to
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infect mammalian hosts, is of particular interest. In vivo

and in vitro metacyclogenesis studies have demonstrated

the presence of intermediate forms between epi- and

trypomastigotes [3–9]. These intermediate forms were

identified morphologically through the position of the

kinetoplast relative to the nucleus, similar to the transi-

tional stage described in the reduviid midgut [4, 7, 10,

11]. These forms are characterized by a lengthened fla-

gellum, which is considered to be a pre-adaption for

differentiation to the next life-cycle stage, i.e., metacyclic

trypomastigote [12]. The biochemical characteristics of

these intermediate forms are poorly known. Bourguignon

et al. [9] demonstrated that they display electrophoretic

mobility similar to that of trypomastigotes, indicating the

presence of some specific trypomastigote proteins and

surface carbohydrates. On the other hand, the intermediate

forms were unable to infect either Vero or 3T3 cells,

suggesting that their behavior is similar to that of epim-

astigotes rather than trypomastigotes [9]. No studies so far

have addressed the lipid metabolism of the intermediate

forms. Metacyclogenesis can be induced in vitro by

incubating epimastigotes in TAU3AAG, a chemically

defined medium that mimics the urine of triatomine bugs

[13]. However, little is known regarding the exact envi-

ronmental stimulus leading to intermediate and trypo-

mastigote forms, or the metabolic changes that occur

during this process.

Responses of parasites to environmental changes often

involve changes in the phospholipid metabolism. Our

previous studies have shown that T. cruzi epimastigotes

respond to external stimuli by the modification of their

phospholipid metabolism, in which phosphatidic acid

(PtdOH) plays a central role [14–16]. In higher eukaryotic

cells, PtdOH is well known as an important second

messenger, rapidly produced in receptor-stimulated cells

by phospholipase D (PLD, E.C. 3.1.4.4) and/or the com-

bined action of phospholipase C (PLC, E.C. 3.1.4.11) and

diacylglycerol kinase (DAGK, E.C. 2.7.1.107) activities

[17]. Enzymes that switch off PtdOH signaling are

important in the metabolism of this phospholipid. One

pathway leading to PtdOH reduction is its degradation to

diacylglycerol (DAG) by phosphatidate phosphatase

(PAP, E.C. 3.1.3.4), a key enzyme in both lipid synthesis

and the generation or degradation of lipid-signaling

molecules. PAP enzymes are classified based on cofactor

requirement for catalytic activity, i.e., as Mg2?-dependent

(termed PAP1, or lipins) or Mg2?-independent (PAP2, or

lipid phosphate phosphatases) [18]. In T. cruzi, no studies

have yet addressed PAP activity, and the possible role of

this enzyme in the regulation of PtdOH levels is, there-

fore, unknown. We previously demonstrated a functional

mechanism of PtdOH reduction in epimastigotes in which

PtdOH is converted to diacylglycerol pyrophosphate

(DGPP) by a phosphatidate kinase (PAK) [15]. DGPP in

plant cells appears to be involved in the regulation of

cellular responses [19], and this compound may well have

a similar function in T. cruzi [16].

The possible involvement of PtdOH metabolism in T.

cruzi differentiation has not yet been studied. We did

observe that the activation of both DAGK and PAK in

epimastigotes is triggered by peptide 1–40 [16], which can

also induce metacyclogenesis [20], suggesting that the

regulation of PtdOH levels may play a role in the formation

of intermediate forms.

In the present study, we found that lipid kinases

(DAGK, PAK) and phosphatases (PAP1, PAP2) are reg-

ulated in opposite directions in T. cruzi epimastigotes

versus intermediate forms. We describe for the first time

PAP activity in membrane fractions of T. cruzi, and dis-

cuss the possible physiological involvement of PtdOH

metabolism in the transition from epimastigote to inter-

mediate forms.

Materials and Methods

Organisms and Growth Conditions

T. cruzi Tulahuen strain was used. Epimastigote forms

were grown at 28�C in modified Warren medium [21],

supplemented with 10% fetal bovine serum (FBS), as

described previously [14]. Cells in logarithmic growth

phase (day 6) were harvested by centrifugation at

1,0009g for 10 min, and washed twice with 25 mM

Tris–HCl, pH 7.35, 1.2 mM MgSO4, 2.6 mM CaCl2,

4.8 mM KCl, 120 mM NaCl, and 100 mM glucose

[Krebs-Ringer-Tris (KRT) buffer]. To obtain intermediate

forms, epimastigote forms were grown in the same cul-

ture medium but in the presence of 0.5 M NaCl or 1 M

mannitol, and the cells were harvested at day 13 by

centrifugation at 1,0009g for 10 min and washed twice

with KRT buffer.

Optical Microscopy Analysis

Cells were grown as described above and fresh parasite

samples were taken at defined times and quantified using a

Neubauer’s hemocytometric chamber. For morphological

studies, parasites were fixed with absolute methanol,

stained with 10% Giemsa in 0.1 M sodium phosphate

buffer, pH 7.2, and counted (at least 400 organisms per

sample) in a Zeiss Axiolab Standard Fluorescence Micro-

scope. Parasites were classified as epimastigotes, trypom-

astigotes, or intermediate forms based on cell shape, size,

and Giemsa staining, as previously published [6, 8, 10].
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Determination of Osmolarity

Aliquots of culture medium were taken at various stages

of parasite growth, cells were removed by centrifugation,

and osmolarity in the supernatant was measured using a

Wescor 5500 vapor pressure osmometer.

Preparation of Membranes from Epimastigotes

and Intermediate Forms

Washed cells were resuspended in five volumes of 50 mM

HEPES (pH 7.4) containing 0.25 M sucrose, 5 mM KCl,

1 mM EDTA, and 4 lg/mL leupeptin. The suspension was

frozen at -180�C in liquid nitrogen and thawed; this

freeze/thaw cycle was performed three times. Membrane

fractions were prepared as described previously [22].

Briefly, the homogenate was centrifuged at 1009g for

15 min to remove cell debris, and supernatant was centri-

fuged at 1,0009g for 15 min and at 105,0009g for 60 min.

Pellets from the two centrifugations were washed, resus-

pended with 50 mM HEPES (pH 7.4), and used as a source

of enzymatic activities.

Determination of Lipid Kinase Activity

Lipid Kinase Assay

PAK and DAGK were assayed simultaneously using

endogenous lipids as substrates. The membrane fraction

isolated (30–80 lg protein) was added to thermally equil-

ibrated buffer 50 mM HEPES (pH 7.4) containing 0.1 mM

EDTA, 0.5 mM DTE, 10 mM MgCl2, 0.1 mM sodium

o-vanadate, and 1 mM [c-32P]ATP (500 cpm/pmol).

Endogenous lipid phosphorylation proceeded for 5 min at

30�C in a total volume of 100 lL, and was then terminated

by the addition of 1.5 mL chloroform/methanol (1:2, by

vol). The protein content of membrane samples was

determined by the Bradford method [23], with bovine

serum albumin as the standard.

Lipid Extraction and Separation

Lipids were extracted from membranes as described pre-

viously [15]. Samples were spotted on silica gel plates

coated with potassium oxalate solution and heated at 110�C

for 60 min just before use. Thin-layer chromatography

(TLC) was developed with chloroform/methanol/acetone/

acetic acid/water (40:14:15:12:7, by vol) for the first

dimension, and chloroform/pyridine/formic acid (35:30:7,

by vol) for the second dimension. The positions of radio-

labeled lipids were determined by autoradiography on

Kodak film. Spots were scraped off the plates and fractions

counted in a liquid scintillation counter.

Determination of PtdOH Mass

Epimastigotes or intermediate forms were grown and har-

vested as described above. Total lipids were extracted from

washed parasites as described previously [14] and aliquots

were taken for the determination of total lipid phosphorus.

Individual phospholipids were resolved using the TLC

procedure described for labeled samples. PtdOH areas were

scraped out and the fractions were quantified by phos-

phorus determination according to Fiske and Subbarow

[24]. The experiments, carried out in duplicate, were con-

ducted threefold.

Measurement of PLC Activity

Epimastigotes or intermediate forms were harvested by

centrifugation at 1,0009g for 10 min and washed twice

with KRT buffer. The cells were pre-incubated and

gently agitated in a shaking water bath at 28�C for 12 h

in KRT buffer plus 0.1% albumin, 10% FBS, 3 mM

MnCl2, and 4 lCi myo-[3H]inositol/25 mg of cells. Total

[3H]inositol phosphates ([3H]InsPx, the sum of cpm

obtained for [3H]InsP, [3H]InsP2, [3H]InsP3, and [3H]InsP4

column fractions) were separated by anion-exchange

chromatography on Dowex AG 1-X8, as described previ-

ously [25].

Determination of PAP Activity

Preparation of Radiolabeled 1,2-Diacyl-sn-glycerol-3-

phosphate

Radiolabeled PtdOH was obtained from [2-3H]-phosphati-

dylcholine (PtdCho), which was synthesized from bovine

retinas incubated with [2-3H]glycerol (200 mCi/mmol), as

described previously [26]. Lipids were extracted from tis-

sues as described previously [27], and [2-3H]PtdCho was

isolated by TLC and eluted therefrom. [2-3H]-PtdCho was

hydrolyzed with PLD, and PtdOH was purified by TLC on

silica gel H, developed with chloroform/methanol/acetic

acid/acetone/water (9:3:3:12:1.5, by vol). The substrate

was eluted from silica gel with neutral solvents to avoid the

formation of lyso-PtdOH, and then converted to free acid

by washing twice using an upper phase containing 0.1 M

sulfuric acid. [2-3H]PtdOH had a specific radioactivity of

0.1–0.2 lCi/lmol. For the determination of type 1 PAP

(PAP1) activity, the substrate was prepared by sonicating

3.33 mM [2-3H]-phosphatidate (0.1–0.2 lCi/lmol) and

2.22 mM dipalmitoyl PtdCho in 5.56 mM EGTA and

5.56 mM EDTA. For the determination of type 2 PAP

(PAP2) activity, an emulsion was prepared as described

above, except that PtdCho was omitted.
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Isolation of Radiolabeled PtdOH

Lipids were extracted with chloroform/methanol (2:1, by

vol) and washed with 0.2 volumes of 0.05% CaCl2 [27].

Neutral lipids were separated by gradient-thickness TLC

on silica gel G and developed with hexane/diethyl ether/

acetic acid (35:65:1, by vol). When the chromatogram was

developed, [2-3H]-PtdOH and phospholipids were retained

at the spotting site. Lipids were visualized by exposing the

chromatogram to iodine vapor and scraped off for liquid

scintillation counting, followed by the addition of 0.4 mL

water and 10 mL 5% OmniFluor in toluene/Triton X-100

(4:1, by vol).

PAP Activity Assay

PAP activities were differentiated based on N-ethylmalei-

mide (NEM) sensitivity [28, 29]. NEM-insensitive PAP

activity (PAP2) was determined using an assay mixture

consisting of 50 mM Tris–maleate buffer, pH 6.5, 1 mM

DTT, 1 mM EDTA plus 1 mM EGTA, 4.2 mM NEM, and

100 lg membrane protein in a volume of 100 lL, with the

reaction started by adding 0.6 mM [2-3H]-phosphatidate.

NEM-sensitive PAP activity (PAP1) was determined using

the same assay mixture but including 0.2 mM Mg2?, with

the reaction started by adding 0.6 mM [2-3H]-PtdOH plus

0.4 mM PtdCho.

Parallel incubations were carried out after pre-incubat-

ing membrane fractions with 4.2 mM NEM for 10 min.

The difference between the two types of activity was

labeled as PAP1. All assays for the determination of PAP1

or PAP2 activity were performed for 30 min at 37�C, and

were terminated by the addition of chloroform/methanol

(2:1, by vol). PAP activity product 1,2-diacyl[3H]glycerol

was isolated and measured as described above. PAP

activity was expressed as the sum (in nmol) of [3H]diac-

ylglycerol and [3H]monoacylglycerol per h per mg protein.

Sequence Alignment and Phylogenetic Analysis

Sequence analysis was performed using tools provided by

the National Center for Biotechnology Information

(http://www.ncbi.nlm.nih.gov) and the ExPASy Molecular

Biology Server (http://us.expasy.org). The T. cruzi genome

database at GeneDB (http://www.genedb.org/genedb/tcruzi)

was searched using Wu-Blast2. Sequence identity was

analyzed using BlastP (http://www.ncbi.nlm.nih.gov/blast).

Sequences were initially aligned using ClustalW (http://

www.ebi.ac.uk/clustalw) with BioEdit Sequence Alignment

Editor 4.8.8 [30, 31], and the alignment was then visually

refined. Transmembrane segments were determined using

TMPred (http://www.ch.embnet.org/software/TMPRED_

form.html). Phylogenetic analysis was performed using

the neighbor-joining method, with PAM distances com-

puted on 118 reliably aligned sites [32].

Statistical Analysis

The results are shown as mean ± standard error of the

mean (SEM) for three or more independent experiments.

Statistical analysis of the data was performed using Orig-

inPro 8 software.

Results

Generation of Intermediate Forms in Hyperosmotic

Media

Experiments were performed to find out the stress condi-

tions in the culture medium of growing T. cruzi epim-

astigotes similar to those found in the rectum of triatomine

bugs, leading to the development of intermediate forms.

For this purpose, we added 0.5 M NaCl or 1 M mannitol

(which raises the osmolarity to *1,000 mOsm/L) to

medium, and monitored growth curves and morphologic

changes of parasites for 13 days.

At day 0, the osmolarity values were 349 ± 27 mOsm/L

in control medium, 1,207 ± 50 mOsm/L in NaCl-added

medium, and 1,367 ± 68 mOsm/L in mannitol-added

medium. In the hyperosmotic media, the proportion of

intermediate forms increased steadily, reaching 87 ± 4%

in NaCl-added medium at day 13 (Table 1). Morphologic

changes observed in NaCl- and mannitol-added media

were similar (Fig. 1a–c) and hyperosmolar media did not

affect parasite viability. In the control culture, epimastig-

otes remained the predominant form.

The intermediate forms generated in hyperosmotic

media showed increased flagellar length, a 96-h delay in

the lag period of the growth curve, increased generation

time (twofold), and a reduction in the maximal growth to

*50% of the control value (Fig. 1d).

DAGK and PLC Activities are Increased

in the Membrane of Intermediate Forms

Changes in the membrane lipid composition of parasites

are often reflected in morphological changes. We showed

previously that various stimuli modified the PtdOH

metabolism in membrane fractions of T. cruzi epimastig-

otes [15, 16, 22]. In the present study, we looked for cor-

relations between observed morphological changes and

PtdOH levels.

We measured the PtdOH mass in both epimastigotes and

intermediate forms. The PtdOH amounts were 90.2 ±

1.5 pmol in epimastigotes versus 148.5 ± 2.5 pmol in
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intermediate forms, per nmol of total phospholipids (n = 3,

P \ 0.05). Thus, the PtdOH content increased by 64% in

intermediate forms, whereas no significant variation in the

total amount of phospholipids was detected.

In order to find the origin of the incremented PtdOH, we

assayed lipid kinase activities in parasite membranes.

[c-32P]ATP phosphorylation of membrane fractions from

epimastigotes resulted in the rapid labeling of chloroform-

soluble products. Enzymatic activities of lipid kinases

DAGK and PAK were both higher (12.5 and 85%, respec-

tively) in the 1,0009g membrane fraction than in the

105,0009g membrane fraction (Table 2). Activity values

assayed in the 1,0009g fraction were 70 pmol/min/mg of

protein for DAGK and 25 pmol/min/mg of protein for PAK.

The DAGK activity measured in the 1,0009g fraction of

intermediate forms was 350 pmol/min/mg of protein,

which is fivefold higher than for epimastigotes (Fig. 2a).

The DAGK activity in the 105,0009g fraction was also

roughly fivefold higher for intermediate forms. The dif-

ference in PAK activity between intermediate forms and

epimastigotes was not significant (Fig. 2a). To elucidate

the origin of increased DAGK activity in intermediate

forms, we measured the activity of PtdIns-PLC, which

yields DAG and inositol 1,4,5-trisphosphate (InsP3) as

Table 1 Percentage of different forms of the parasite grown in different osmolarity conditions

Days Epimastigote Intermediate forms Trypomastigote

Control NaCl Mannitol Control NaCl Mannitol Control NaCl Mannitol

0 93 ± 6 84 ± 6 86 ± 8 6 ± 3 16 ± 6 14 ± 7 1 ± 0.1 0 ± 0.0 0 ± 0.0

1 87 ± 4 76 ± 5 84 ± 5 11 ± 3 22 ± 6 12 ± 5 2 ± 0.5 2 ± 0.2 4 ± 0.3

3 86 ± 6 81 ± 6 82 ± 7 10 ± 3 17 ± 3 18 ± 5 4 ± 0.3 2 ± 0.1 0 ± 0.0

6 96 ± 6 85 ± 2 88 ± 6 3 ± 1 10 ± 2 8 ± 2 1 ± 0.3 5 ± 0.8 4 ± 0.1

9 84 ± 4 66 ± 7 63 ± 9 13 ± 4 34 ± 6 35 ± 3 3 ± 0.4 0 ± 0.0 2 ± 3.0

11 66 ± 2 45 ± 3 34 ± 10 31 ± 3 54 ± 5 62 ± 7 3 ± 0.6 1 ± 0.2 3 ± 0.2

13 61 ± 2 12 ± 2 10 ± 4 38 ± 6 87 ± 4 89 ± 5 1 ± 0.2 1 ± 0.1 1 ± 0.1

Epimastigotes were inoculated in an isosmotic medium (control) or in a hyperosmotic medium obtained by supplement with 0.5 M NaCl or 1 M

mannitol. At the indicated times, aliquots were extracted in order to calculate the percent of each parasite stage. Parasites were colored by

Giemsa staining and counting under an optical microscope. The data are the mean ± standard deviation (SD) of four experiments performed

separately

Fig. 1 Morphology and growth

curve of Trypanosoma cruzi
under various osmolarity

conditions. Epimastigotes were

grown in isosmotic medium

(control) or hyperosmotic media

(addition of 0.5 M NaCl or 1 M

mannitol). An aliquot of each

culture was extracted at day 13,

subjected to Giemsa staining,

and visualized by optical

microscopy. a Control. b NaCl

culture. c Mannitol culture.

E epimastigote; I intermediate

form; T trypomastigote. Growth

curves were monitored over a

period of 13 days (d). The

parasite number was measured

daily by counting in a Neubauer

chamber. The data are from a

representative experiment out of

eight (control) and six

(hyperosmotic media)

independent experiments
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products. The accumulation of total inositol phosphates

(InsPx) is summarized in Fig. 2b. The levels of these

metabolites, representing 0.1–0.2% of cpm incorporated,

showed a clear increase (25 ± 5%; n = 3, P \ 0.05) in the

intermediate forms compared to epimastigotes. InsP3 levels

were also increased (70 ± 5%; n = 3, P \ 0.05), con-

firming the PtdIns-PLC activity change.

Decrease of PAP Activity in the Membrane

of Intermediate Forms

In eukaryotic organisms that contain DGPP, the increase in

PtdOH formation which occurs in response to various

physiological stresses is often accompanied by increased

DGPP [15, 16, 33]. Since PtdOH increase was not corre-

lated with DGPP formation in intermediate forms (Fig. 2a),

we considered the possibility that PtdOH might be

metabolized by PAP. We differentiated PAP activities on

the basis of sensitivity to NEM, a thiol-reactive compound

that inhibits PAP1 activity but has no effect on the PAP2

activity. PAP activities were detected in both 1,0009g and

105,0009g membrane fractions from epimastigotes. In the

1,0009g fraction, the specific activity was 77 nmol/h/mg

of protein for PAP2 and 25 nmol/h/mg of protein for

PAP1. The PAP2 activity was reduced by *50% in the

1,0009g fraction (but not in the 105,0009g fraction) of

intermediate forms compared to epimastigotes (Fig. 3a).

The PAP1 activity was reduced around fivefold in both

1,0009g and 105,0009g fractions of intermediate forms

(Fig. 3b).

Lipid Phosphate Phosphatase Genes Encoded

in the T. cruzi Genome

PAP2 enzymes are believed to be involved in signal

transduction processes. These phosphatases belong to a

phosphatase/phosphotransferase family and hydrolyze a

broad range of lipid phosphates, including PtdOH and

DGPP. The PAP2 enzyme family was renamed ‘‘lipid

phosphate phosphatases’’ (LPP) because of a lack of clear

substrate preference in vitro and uncertainty regarding their

function in vivo [18].

To try to clarify the function of parasite LPP, we con-

ducted a search of T. cruzi databases (http://www.genedb.

org/genedb/tcruzi) using LPP or PAP genes from human,

plant, and yeast sources as query sequences. This resulted

in the identification of three open reading frames, desig-

nated at GeneDB as Tc00.1047053511277.359, Tc00.

1047053511277.370, and Tc00.1047053511355.30, which

showed high similarity to LPP genes and were, therefore,

termed TcLPP1, TcLPP2, and TcLPP3. The open reading

frames of TcLPP1 and TcLPP2 are 948 and 879 bp in

Table 2 Lipid kinase activities in 1,0009g and 105,0009g
membrane fractions of T. cruzi epimastigotes

Enzyme Membrane fraction

1,0009g 105,0009g

DAGK 63.10 ± 1.07* 56.40 ± 3.96

PAK 4.80 ± 1.00* 2.60 ± 0.27

Other kinases 32.26 ± 1.78 40.99 ± 2.78

Lipid kinase activities were determinated by phosphorylation with

[c-32P]ATP of epimastigote membrane fractions. The results are

expressed as the percentage of the total radioactivity of the organic

phase ± standard error of the mean (SEM) (n = 32 for 1,0009g and

n = 17 for 105,0009g fraction, respectively)

* Statistically significant differences (P \ 0.05)

Fig. 2 Lipid kinase and phospholipase C activities. The enzymatic

activities of phosphatidate kinase (PAK) and diacylglycerol kinase

(DAGK) (a) were determined based on [c-32P] ATP phosphorylation

of parasite membrane fractions. Values are mean ± standard error of

the mean (SEM) from five independent experiments. [3H] inositol-

labeled cells were pre-incubated with 10 mM LiCl for 15 min. InsP3

and InsPx levels (b) were analyzed as described in the ‘‘Materials and

Methods’’ section. The results are expressed as the percentage of

unstimulated control value (defined as 100%) ± SEM, n = 4.

*P \ 0.05
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length and code for putative proteins of 315 and 292 amino

acids, here termed TcLpp1 and TcLpp2, respectively. TcLpp1

and TcLpp2 have a molecular mass of 35.3 and 32.2 kDa,

respectively, and are both integral membrane proteins and

contain six highly hydrophobic regions of sufficient length to

be membrane-spanning, here termed TM1–6 (Fig. 4).

TcLPP3 is 954 bp in length and encodes a putative protein,

here termed TcLpp3, having 317 amino acids (35.7 kDa) with

seven predicted transmembrane helices (TM1–7).

Amino acid sequence analysis showed that TcLpp pro-

teins have the highest identity with human PAP type 2

domain (HsLpp3) (Fig. 4), followed by orthologs of Ara-

bidopsis thaliana (AtLpp3) and Saccharomyces cerevisiae

(ScDpp1) (Table 3). Alignment analysis between TcLpp1,

TcLpp2, and TcLpp3 revealed fairly high amino acid

identity (33–40%). However, TcLpp3 had a signal peptide

predicted in the N-terminal region 22 amino acids in length

that did not align with sequences of TcLpp1 or TcLpp2. A

phylogenetic tree was constructed for members of the LPP

protein family, including TcLpp1, TcLpp2, and TcLpp3

(Fig. 5). The T. cruzi proteins were grouped with putative

Lpp proteins belonging to other kinetoplastids, such as T.

brucei (TbLpp) and Leishmania (LmLpp, LbLpp).

Discussion

In this study, the transition from T. cruzi epimastigotes to

intermediate forms stimulated the activities of DAGK and

PtdIns-PLC, while the activity of PAK, an enzyme absent

in mammalian cells, was unchanged. PAP activity was

reduced, suggesting that PtdOH metabolism is involved in

this transition process. Intermediate forms generated when

epimastigotes were incubated in high-osmolarity condi-

tions were characterized as parasite forms, with nucleus-

adjacent kinetoplasts. They also showed increased flagellar

length, considered to be a pre-adaptation of epimastigotes

for differentiation to trypomastigotes [12]. Carvalho-

Moreira et al. [8] reported that epimastigotes incubated in

saline solution failed to complete metacyclogenesis, which

was interrupted in the intermediate stage, similar to our

finding. We observed that NaCl and mannitol treatment

evoked similar morphological changes, supporting the idea

that increased osmolarity of culture medium, rather than

ionic stress, was the factor promoting the formation of

intermediate forms. During the course of parasite growth,

such morphological alterations, reflected in the changes of

membrane phospholipids, may help maintain biophysical

properties for optimal membrane function, allowing the

parasites to cope with environmental changes. In this sense,

it is critical that the intracellular DAG level be tightly

regulated, since the conversion of DAG to PtdOH by

DAGK is the major route to terminate DAG signaling [22].

PtdOH itself has a broad array of signaling properties

distinct from those of DAG. The ability of T. cruzi to

generate PtdOH through DAGK in intermediate forms

provides two ways of terminating the effects of DAG:

breaking down DAG metabolically and producing PtdOH.

Accordingly, the PtdOH amount was increased in inter-

mediate forms (64%), indicating that the PtdOH metabo-

lism is clearly an important part of the complex mechanism

for transition from epimastigotes to intermediate forms in

this species.

The presence of DAGK activity in both 1,0009g and

105,0009g membrane fractions indicates a complex dis-

tribution pattern similar to that observed in bacteria and

higher eukaryotes [34]. Enzymatic activity in epimastigote

1,0009g fraction was comparable to previously reported

values [15], but activity in intermediate forms was fivefold

higher. This increase was not due to the higher availability

of DAG, since the results from experiments with saturating

concentrations of exogenous substrates were not signifi-

cantly different from those in assays with endogenous

substrates. Furthermore, the decreased PAP2 activity

Fig. 3 The enzymatic activities of phosphatidate phosphatases type 2

(PAP2) (a) and phosphatidate phosphatases type 1 (PAP1) (b) were

assayed using [3H]-PtdOH (0.6 mM) plus dipalmitoyl PtdCho

(0.4 mM) or [3H]-PtdOH (0.6 mM) as substrates, respectively, and

expressed as nmol [3H]-DAG plus [3H]-MAG/h/mg protein. Values

are mean ± SEM, n = 3. *P \ 0.05
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recorded in intermediate forms would indicate that DAGK

substrate is produced by other pathways. Specific activity

of DAGK was highest in the 1,0009g fraction of inter-

mediate forms, which is enriched in flagellar membranes

(data not shown), suggesting an important role of this

enzyme and/or its substrate and product lipids in the self-

function of flagellae. Tyler and Engman [12] proposed that

epimastigotes react to some stimuli by extending their

flagellae in order to adhere to the insect vector hindgut wall

and undergo metacyclogenesis.

DAGK enzymes identified in unicellular organisms

(bacteria) are structurally different from those in higher

Fig. 4 Amino acid sequence

comparison between the

deduced sequences of TcLpp1,

TcLpp2, TcLpp3, and human

lipid phosphate phosphatase 3

(Lpp3). Invariant amino acids

and conserved amino acids are

indicated by black and gray
boxes, respectively. Open boxes
transmembrane regions. Black
bars three domains of

phosphatase sequence motif.

*Conserved amino acid residues

of all lipid phosphate

phosphatase (Lpp) proteins

Table 3 Homology of Trypanosoma cruzi Lpp with human, plant,

and yeast Lpp proteins

Putative proteins

(I/S, %)

Lpp used for homology analysis

HsLpp3 AtLpp3 ScDpp1

TcLpp1 35/49 35/51 33/48

TcLpp2 40/54 36/47 28/43

TcLpp3 35/50 31/48 28/48

Percentages of identity (I) and similarity (S) values for T. cruzi pro-

tein sequences compared with Lpp isoforms from human (HsLpp3),

A. thaliana (AtLpp3), and S. cerevisiae (ScDpp1) proteins, defined by

BLAST2 sequence analysis, is shown
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eukaryotes [34 and references therein]. Little is known

about regulation of DAGK in parasites. Our search of

T. cruzi databases (http://www.genedb.org/genedb/tcruzi)

identified only a sequence noted as putative DAG kinase-

like protein. Mammalian DAGK isoforms are classified

into five subtypes based on structural motifs [34 and ref-

erences therein]. In T. cruzi, the above sequence (accession

number EAN 99355) showed the highest homology with

mammalian DAGKe (data not shown). These isoforms are

the only type III enzymes showing an unusual specificity

toward acyl chains of DAG, i.e., they strongly prefer

unsaturated fatty acids—particularly arachidonate—in the

sn-2 (middle) position of the glycerol backbone [35].

Although arachidonic acid (20:4) is not a major component

of T. cruzi lipids, linoleic acid (18:2) is the major fatty acid

of DAG, as well as PtdIns-4,5-P2 [36, 37]. We hypothesize

that DAGK in the parasite plays a role equivalent to that of

DAGKe, helping to enrich PtdIns, and, therefore, PtdIns-4-

P and PtdIns-4,5-P2 with unsaturated fatty acids, in mem-

brane microdomains.

Our previous studies demonstrated that T. cruzi

responds to external stimuli that induce changes in the

inositol cycle and calcium signaling [14, 16, 22]. In this

situation, DAGK activity causes a dynamic increase of

PtdOH, with simultaneous DGPP formation through PAK

activation [15, 16]. Since DGPP appears to regulate cel-

lular responses, we considered that increased levels of

PtdOH in T. cruzi might be metabolized immediately

through this pathway. However, the fivefold increase of

PtdOH levels by DAGK that we observed in the interme-

diate forms was not correlated with an increased DGPP

level. This finding suggested the existence of another

enzymatic activity that utilizes PtdOH as the substrate in

order to reduce its signal, consistent with our previous

hypothesis that the metabolism of both PtdOH and DGPP

is coupled to LPP activity in this parasite [15, 16]. As a

test, we determined the activities of two PAP isoforms,

PAP1 and PAP2, in parasite membrane fractions, which

were decreased in intermediate forms. This result, coupled

with the increased PtdOH mass in intermediate forms,

indicate a function of PtdOH in this transitional stage. It

has been shown that trypanosoma subpellicular microtu-

bules, extended during differentiation, are crosslinked to

the plasma membrane through a microtubule-associated

protein, p15, which can bind both tubulin and phospho-

lipids in vitro [38], although the nature of the phospholipid

participating in the binding is unknown. Since p15 is an

amphipathic and positively charged protein, its counterpart

in the membrane should be an acidic phospholipid, such as

PdtOH. In T. cruzi, increased PtdOH mass during differ-

entiation to intermediate forms makes PtdOH a good

candidate for that binding and, therefore, an important

mediator of microtubular rearrangement. This seems to

occur in plant cells, where decreased level of PtdOH

causes the release of microtubules from the plasma

membrane [17]. Alternatively, PtdOH might be acting as

the substrate for T. cruzi CDP-DAG synthase (E.C.

2.7.7.41), an enzyme coded in the parasite genome [39].

The latter explanation seems probable, since we found

increased PtdIns-PLC activity in intermediate forms, and

Tang et al. [35] showed that CDP-DAG is involved in the

re-synthesis of PtdIns as a precursor of PtdIns-4,5-P2. We

can not rule out the possible presence of PtdCho-PLC

(E.C. 3.1.4.3) activity, which also yields DAG through the

hydrolysis of PtdCho, although this enzyme has not been

detected so far in T. cruzi.

The finding of PAP activity in epimastigotes and inter-

mediate forms of T. cruzi is the first biochemical evidence

for the presence of LPP in parasitic protozoa. A bioinfor-

matic search of the GeneDB T. cruzi database revealed the

presence of three putative proteins structurally similar to

Fig. 5 Phylogenetic analysis of the Lpp protein family, including

T. cruzi TcLpp1, TcLpp2, TcLpp3 proteins, human HsLpp1, HsLpp2,

HsLpp3 proteins, Arabidopsis thaliana AtLpp1, AtLpp2, AtLpp3

proteins, and Saccharomyces cerevisiae Dpp1, Lpp1 proteins.

Uncharacterized putative Lpp-like proteins identified in T. brucei,
Leishmania mayor, L. brazilensis, Entamoeba histolytica, Hordeum
vulgare, Drosophila melanogaster, Caenorhabditis elegans, and

Schizosaccharomyces pombe genomes were used for comparison.

The tree was constructed by the application of the neighbor-joining

method to PAM distances computed for 118 reliably aligned sites.

Gray circle grouping of flagellated protozoa from order Kinetoplast-

ida (e.g., Leishmania, T. brucei, T. cruzi)
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the PAP enzymes of yeast, mammalian cells, and plant

cells [40]. The candidate proteins TcLpp1, TcLpp2, and

TcLpp3 were grouped by phylogenetic analysis into a main

branch with other putative PAP of protozoa. The three

putative proteins of T. cruzi contain a three-domain phos-

phatase sequence motif that is conserved in Lpp from

S. cerevisiae, A. thaliana, and mammalian cells [41].

TcLpp proteins also showed the presence of conserved

amino acid residues important for phosphate phosphatase

activity [42], suggesting that the putative proteins are

functional. Follow-up studies are needed in order to

determine whether the three proteins are expressed in

parasites and to identify their substrate specificities.

Our findings help clarify novel aspects of the PtdOH

metabolism in T. cruzi, the mechanism of phosphorylation/

dephosphorylation, and a role of PtdOH in transduction

pathways upstream of the trypomastigote stage.
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Abstract Tissue and blood fatty acid compositions are

used as biological markers of fatty acid intakes to improve

dietary assessments. These approaches are invasive and not

well accepted, particularly in infants and young children. We

developed a sensitive method for the analysis of fatty acids in

cheek cell glycerophospholipids, which includes significant

improvements of cell sampling, non-chromatographic iso-

lation of glycerophospholipids and base-catalyzed synthesis

of fatty acid methyl esters. Sphingophospholipids are not

detected by this method. This enables a highly accurate

determination of cheek cell glycerophospholipid fatty acids,

even if cell numbers are limited. Coefficients of variation for

fatty acids contributing more than 0.3% to total glycero-

phospholipid fatty acids are below 10% in samples with more

than 105 cells. Good correlations were shown between

docosahexaenoic and eicosapentaenoic acid percentages in

cheek cell and plasma glycerophospholipids (r = 0.83 and

0.64, respectively; P \ 0.001) with a linear relationship over

the whole concentration range observed in adult study par-

ticipants (n = 29). Cheek cell sampling is non-invasive and

can easily be applied in infants. The accuracy and reliability

of this new method is comparable to conventional invasive

methods for the determination of the n-3 fatty acid status in

humans, and it is well applicable in interventional or epi-

demiological studies.

Keywords Cheek cells � Glycerophospholipids � Lipids �
Fatty acid status � Docosahexaenoic acid �
Gas chromatography

Abbreviations

ARA Arachidonic acid

BHT Butylated hydroxytoluene

CE Cholesterol ester

CV Coefficient of variation

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FA Fatty acid

FAME Fatty acid methyl ester

LC-PUFA Long chain polyunsaturated fatty acid

PL Phospholipid

SPE Solid phase extraction

TAG Triacylglycerols

TLC Thin layer chromatography

PtdEtn Phosphatidyletholamine

PtdCho Phosphatidylcholine

Introduction

Docosahexaenoic acid (DHA) and other long chain poly-

unsaturated fatty acids (LC-PUFA) play import roles in

human health. Increased intake of DHA has been associ-

ated with increased DHA content in blood lipids and lower

risk for cardiovascular disease [1, 2]. Studies with infants

and young children showed that DHA can affect their

behavioral and mental development [3]. Studies on fatty

acid (FA) intake often rely on food intake questionnaires,

which provide information about the type of diet con-

sumed, but they do not allow accurate estimation of the FA

status [4]. Analysis of FAs in various body compartments,

such as plasma, erythrocytes and adipose tissue, have been

used to obtain information on FA status [5]. These
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approaches are invasive and not well accepted in popula-

tion studies, particularly in infants and young children.

McMurchie et al. [6] reported that changes in dietary FA

compositions were reflected in cheek cell phospholipids

and suggested those as an alternative marker for FA status.

Later studies focusing on LC-PUFA uptake confirmed

these findings. Diets rich in LC-PUFAs increased infantile

DHA and eicosapentaenoic acid (EPA) levels in erythro-

cytes, plasma and cheek cell phospholipids [7–9]. DHA

contents in all compartments were significantly correlated.

This was also shown in a study with infants (age

\12 months) who received DHA and arachidonic acid

(ARA) with an infant formula [10]. Laitinen et al. [11]

found differences in cheek cell phospholipid FA compo-

sitions associated with eczema in children. A large inter-

vention study in school children showed a positive

relationship of n-3 supplementation and cheek cell DHA

levels in cheek cell total lipids [12].

The sampling and analytical methods applied in these

studies differed widely, which limits the comparison of

results [6, 7, 9–14]. Data about cell yield, analytical pre-

cision and reliability or storage stability are not available.

Therefore, a validated analytical method is needed to uti-

lize cheek cells as FA markers in future interventional or

epidemiological studies.

Our group developed a high-throughput method for the

determination of FA profiles in plasma glycerophospho-

lipids, which avoids the chromatographic separation of

lipid classes and excludes sphingophospholipids [15].

Glycerophospholipid FAMEs were obtained with two sin-

gle steps. The method is highly selective for glycero-

phospholipids, and serum samples of more than 1,300

young children were analyzed to provide reference values

for clinical practice [16].

This method was adapted for the analysis of glycero-

phospholipid FA profiles in cheek cells. This article

describes the method development and explored factors

that may influence the obtained results. Cheek cell and

plasma glycerophospholipid FA contents of patients with

inborn errors of metabolism were correlated to validate the

use of cheek cells as FA status marker.

Materials and Methods

Subjects

Cheek cell samples for method development were obtained

from healthy male and female adult volunteers employed at

the Dr. von Hauner Children’s Hospital, Munich. Cheek cell

and plasma samples for correlation analyses were available

from a quality of life study comparing adult patients with

phenylketonuira and healthy controls. Complete sets of data

were available from 17 healthy subjects (40.0 ± 8.5 years,

mean ± SD) and 12 patients (37.5 ± 3.5 years). The Eth-

ics Committee of the University of Munich Medical Center

had reviewed the study protocol (project number 034-10).

Written informed consent was obtained from all study

participants prior to the study.

Chemicals and FA Standards

All solvents and chemicals were purchased in the highest

available purity from Merck KGaA (Darmstadt,

Germany). Sodium methoxide (25 wt% in methanol)

and methanolic HCl (3 M) were obtained from Sigma-

Aldrich (Taufkirchen, Germany). An internal standard A

consisting of dipentadecanolyl-sn-glycero-phosphocho-

line (Sigma-Aldrich) dissolved in methanol was used for

the quantification of glycerophospholipid FAs only. Penta-

decanoic acid, cholesteryl pentadecanoate, tripentadecanoin

and 1,2-dipentadecanoyl-sn-glycero-phosphocholine dis-

solved in methanol/chloroform (35:15 by vol.) was used as

internal standard B to quantify FA concentrations of indi-

vidual lipid fractions or total lipids. FA oxidation was mini-

mized by adding 2 g/l 2,6-di-tert-butyl-p-cresol (butylated

hydroxytoluene, BHT; Sigma-Aldrich) to all standard

solutions.

Cheek Cell Sampling Procedure

Different methods were tested by a trained adult panel to

test sampling procedures for adults and young children.

The optimal adult sampling procedure comprised mouth

cleaning with tap water three times prior to sampling,

followed by rubbing of each inner cheek side with a Gy-

nobrush Plus (Herenz, Hamburg, Germany). Subsequently,

the mouth was rinsed with 10 ml pure water (Braun,

Melsungen, Germany), and the rinsing solution containing

cells washed off the inner cheeks was collected in a tube.

The tube with the brush used for scraping inserted was

centrifuged at 1,4009g for 10 min at 4 �C. The supernatant

was discarded, the cell pellet resuspended with distilled

water to a total volume of 1 ml, and 25 ll of this volume

was used for cell counting. The remaining volume was

centrifuged (1,4009g, 10 min, 4 �C), the supernatant dis-

carded, and cheek cells either processed immediately or

stored at -80 �C until analysis.

The cheek cell sampling procedure for infants \1 year

of age was identical, but did not include mouth cleaning

before or mouth rinsing after swabbing.

The average cell number obtained by both procedures

was estimated by dividing the volunteers (n = 10) into two

groups: group 1 executed the ‘‘children’’ procedure without

mouth rinse, group 2 the ‘‘adult’’ procedure with repeated

mouth rinse. After 1 week, sampling was repeated, but
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group 1 executed the ‘‘adult’’ procedure and group 2 the

‘‘children’’ procedure. Cells were counted with a hemo-

cytometer (dilution factor 50,000) after staining with try-

pan blue.

Pooled cheek cell samples were used for method

development. Cell samples were collected from each vol-

unteer separately at the same time. Samples were centri-

fuged at 1,4009g for 10 min at 4 �C, supernatants

discarded, cell pellets redissolved in 500 ll distilled water

and combined in a 15-ml plastic tube. Distilled water was

added to a total volume of 10 ml, and the cell suspension

shaken vigorously. A 50-ll aliquot was used for cell

counting. Based on total cell count, aliquots were obtained

with defined cell numbers. Cell sampling for each analysis

was conducted at a different day, and numbers of volun-

teers varied depending on the need of cell numbers; thus,

the composition of each cheek cell pool was different, and

only the coefficient of variation (CV) can be compared

between sample sizes.

The Analysis of Cheek Cell Glycerophospholipid FAs

Glycerophospholipid FAs determinations were based on

the method of Glaser et al. [15]; 1.3 ml methanol and

100 ll standard A were added to the cheek cell pellet, the

suspension was placed in an ultrasound water bath (120 W,

35 kHz) for 20 min, and precipitated proteins were sepa-

rated by centrifugation (3,0309g, 20 min, 4 �C). Glycer-

ophospholipid containing supernatant was transferred into

a 4-ml brown glass vial. Glycerophospholipid FAs were

transesterified into FAME after the addition of 50 ll

sodium methoxide solution (25 wt% in methanol) at room

temperature (21 �C). The reaction was stopped after 4 min

with 150 ll 3 M methanolic HCl. FAMEs were extracted

twice with 600 ll hexane, dried under a steady nitrogen

flow and re-dissolved in 30 ll hexane (containing 2 g/l

BHT) for gas chromatographic analysis.

Determination of Cheek Cell TAG and Total

Phospholipids

TAG contents in the methanolic supernatant were deter-

mined to evaluate their contribution to the total phospho-

lipid content. Briefly, the cell pellet was suspended in

1.4 ml methanol without standard and placed in an ultra-

sound water bath (120 W, 35 kHz) for 20 min. The pre-

cipitated proteins were separated by centrifugation

(20 min, 3,0309g, 4 �C). After transfer, the methanolic

supernatant was dried under nitrogen. The lipid residue was

dissolved in 400 ll chloroform-methanol and separated by

thin layer chromatography (TLC; SIL G-25, Macherey-

Nagel, Düren, Germany) with a mixture of n-heptane,

diisopropyl ether and acetic acid (60:40:3) as mobile phase

[17]. After visualization of the components with 20,70-
dichlorofluorescein under UV light, the PL and TAG bands

were individually scraped off the plate and transferred into

brown glass tubes. FAMEs were synthesized in 1.5 ml

methanolic HCl at 85 �C for 45 min. Methyl esters were

extracted twice with 1 ml hexane, dried under a nitrogen

flow and redissolved in 30 ll hexane (containing 2 g/l

BHT) for gas chromatographic analysis. Proportions of

TAG contents in the PL fraction were calculated by peak

area comparison of respective individual FA.

Analysis of Cheek Cell Total Lipids

Glycerophospholipid and total lipid FA concentrations of

cheek cells were compared to estimate the glycerophos-

pholipid proportion to total lipids. Briefly, cheek cells were

lysed in 2 ml chloroform/methanol (2:1 by vol.) and 25 ll

standard B. The solution was placed in an ultrasound water

bath (120 W, 35 kHz) for 20 min and centrifuged at

3,0309g for 10 min at 4 �C. The supernatant containing

total cheek cell lipids was transferred into a 4-ml brown

glass vial and dried under a continuous nitrogen flow. The

dried lipids were heated to 85 �C for 45 min in 1.5 ml 3 M

methanolic HCl transesterifying FAs into their methyl

esters. The FAMEs were extracted twice with 1 ml hexane,

dried under nitrogen and re-dissolved in 50 ll hexane

(containing 2 g/l BHT) for gas chromatographic analysis.

Determination of Plasma Glycerophospholipid FA

Glycerophospholipid contents of plasma and cheek cell

FAs were compared in controls and patients with inborn

errors of metabolism. Plasma glycerophospholipids were

analyzed by the method of Glaser et al. [15].

Gas Chromatography

Individual FAMEs were quantified by gas chromatography

with flame ionization detection (GC-FID) on a Agilent

5890 series II GC (Waldbronn, Germany), equipped with a

BPX 70 column (25 m 9 0.22 mm, 0.25-lm film, SGE,

Weiterstadt, Germany).

FAMEs obtained from samples with more than 1.5 9 105

cells were injected at a temperature of 250 �C with a split

ratio of 1/30. An optimized temperature program was used.

Starting at 150 �C, the oven temperature was increased by

2.5 �C per minute to 180 �C, by 1.5 �C per minute to a final

temperature of 200 �C, which was held for 1 min. Helium

was used as carrier gas. The initial pressure was set to

0.9 bar, increasing by 0.02 bar per minute to 1.2 bar,

0.05 bar per minute to 1.5 bar, and 0.1 bar per minute to the

final pressure of 2.0 bar. The final pressure was held until

completion of the temperature program [15].
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FAME obtained from samples with fewer than

1.5 9 105 cells were injected at a temperature of 300 �C in

splitless mode. While pressure programs for split and

splitless mode were identical, the temperature program was

adjusted as follows: starting temperature 60 �C, tempera-

ture increase by 20 �C per minute without initial hold to

150 �C, 2.5 �C per minute to 185 �C, 0.5 �C per minute to

195 �C and final isothermal period of 2 min.

Data Quantitation

Individual FAMEs were identified by comparison with

authentic standards (GLC-569B, Nu-Check Prep, Inc.

Elysian, MN). A FAME mixture (GLC-85) was used as

external standard, which was analyzed directly by GC and

used to determine the response of each FAME relative to

pentadecanoic acid methyl ester (internal standard). Peaks

were integrated with EZChrom Elite version 3.1.7 (Agilent,

Waldbronn, Germany).

Statistical Analysis

The results for FAs with chain lengths of 14–24 carbon

atoms were expressed as absolute concentrations (nmol/

cell) or percentages of total analyzed FAs (mole%). FA

profiles of pooled cheek cell samples were presented as

mean ± standard deviation (SD). Intra-assay was per-

formed by measuring individual FA proportions in ten

aliquots of three pooled cheek cell samples with different

FA compositions and expressed as CV in percent. Inter-

assay was done by measuring individual FA proportions in

eight aliquots of three pooled cheek cell samples with

different FA compositions over a period of 4 weeks and

expressed as CV in percent. A linear regression model was

used to determine the coefficients of determination to

evaluate relationships between cheek cell numbers and FA

concentrations. Correlation analysis of FA contents in

cheek cells and plasma were performed according to

Pearson for normally distributed variables. Differences

between cheek cell sampling methods with and without

mouth rinsing, and differences between plasma and cheek

cell glycerophospholipid FAs were evaluated using paired

t tests. PASW Statistics for Windows, version 17.0.2 (IBM

SPSS), was used for all statistical calculations.

Results

Cheek Cell Sampling

The average cell yield (mean ± SD) with mouth rinsing

was 8.3 9 105 ± 4.3 9 105 cells, which was significantly

higher compared to 5.3 9 105 ± 2.4 9 105 cells without

mouth rinsing (n = 10, P \ 0.001). The minimal and

maximal numbers of cells collected with mouth rinsing

were 2.1 9 105 and 1.6 9 106 cells, and without

1.5 9 105 and 9.0 9 105 cells, respectively. Inclusion of

mouth rinsing increased the cell yield by approximately

60%.

FA Composition of Cheek Cell Glycerophospholipids

Table 1 shows the FA composition of cheek cell glycero-

phospholipids present in cell amounts representative for

sampling procedures without or with mouth rinsing

(5.0 9 105 cells or 8.5 9 105 cells). Results of sample

aliquots containing 105 cells are included, as this sample

size was the smallest that could be analyzed with accept-

able variations.

Samples from different subjects were combined for each

tested cell number; thus, the FA composition of pooled cell

samples varied, and only CV can be compared between

sample sizes. CV ranged from 1.4 to 9.7% in samples with

105 cells, from 1.3 to 9.4% in samples containing

5.0 9 105 cells and from 0.7 to 8.2% in samples with

8.5 9 105 cells.

Oleic, palmitic, linoleic and stearic acid were the

quantitatively dominant FAs, which together comprised

approximately 77% of total FAs. Monounsaturated FAs

were the largest FA group, followed by saturated FAs, n-6

and n-3 PUFAs (Table 1).

The inter-assay reproducibility was determined by ana-

lyzing eight aliquots of pooled cell samples with different

cell numbers (105, 5.0 9 105 or 8.5 9 105 cells) over a

period of 4 weeks (Table 2). The CV of 5.0 9 105 cell

samples ranged from 2.6 to 9.1%, and for 8.5 9 105 cell

samples from 1.1 to 9.8%, respectively. The CV of samples

containing 105 cells ranged from 2.0 to 9.3%, except for

FAs with a proportion of less than 0.5% of total FAs, the

CV values of which were about 14%. Proportions of

individual FAs were comparable to results of the intra-

assay.

Samples with low cell numbers (\1.5 9 105 cells) had

to be analyzed in splitless mode because of the low con-

centrations of some FAs. Solvents and reagents for lipid

extraction and FAME synthesis were reduced to half of the

standard volume. This was necessary as chemicals were

contaminated with traces of palmitic and stearic acid. The

reduction in volume reduced the contamination by

approximately 50–2.2% for palmitic acid and 3.7% for

stearic acid, based on corresponding FA concentrations in

105 cheek cells. It was not possible to reduce the back-

ground of C14:0 and C20:2n-6; therefore, both FAs were

excluded from the analysis.
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Linear Relationship of Cell Numbers and FA

Concentrations

Aliquots containing 105–106 cells of a pooled cheek cell

sample were analyzed for the determination of the appli-

cation range. Coefficients of determination were evaluated

for absolute values in a linear regression model. The

r values for all FAs were higher than 0.995, except for EPA

(r = 0.993), C22:5n-6 (r = 0.992) and C22:0 (r = 0.995).

CV values calculated for FA proportions were below 10%,

with the exception of C22:5n-6 (16.7%). The concentra-

tions of mead acid (C20:3n-9) and C20:3n-3 remained

constant despite increasing cell numbers, indicating that

the size of the evaluated peaks was compromised by con-

taminations, which prohibited quantification of these FAs.

Contamination of Phospholipid-Associated FAs

by TAG-Derived FA

The total TAG FA content in the methanolic supernatant

was determined to estimate its contribution to the total PL

FA content (n = 4). The degree of contamination depen-

ded on centrifugation time. The total TAG FA content

averaged 5.4 ± 1.2% of total PL, if the supernatant was

centrifuged for 10 min at 3,0309g and 4 �C. Increasing the

centrifugation time to 20 min resulted in a reduced total

Table 1 Intra-assay reproducibility of glycerophospholipid FA

compositions in cheek cell samples of different size

Fatty acids Cheek cell fatty acid compositiona

100,000 cells

(n = 10)

500,000 cells

(n = 10)

850,000 cells

(n = 10)

Mean CV Mean CV Mean CV

Saturated fatty acids

C14:0 n/a n/a 1.68 7.8 1.15 4.2

C16:0 15.07 2.3 18.33 2.7 16.28 1.8

C17:0 1.10 4.2 1.12 1.9 0.87 4.8

C18:0 15.00 4.1 14.32 1.3 13.88 1.5

C20:0 0.73 5.3 0.57 3.1 0.63 3.1

C22:0 1.15 5.2 0.61 4.5 0.64 8.1

C24:0 n/d n/d n/d n/d n/d n/d

Monounsaturated fatty acids

C16:1n-7 6.58 1.7 7.00 2.0 7.60 2.6

C18:1n-7 4.35 6.0 4.63 1.3 4.97 1.7

C18:1n-9 32.43 1.6 30.03 1.3 31.06 1.4

C20:1n-9 n/d n/d 0.33 9.0 0.50 4.8

C24:1n-9 n/d n/d 0.13 8.1 0.13 5.8

n-6 Polyunsaturated fatty acids

C18:2n-6 16.15 1.4 15.47 1.6 15.42 0.7

C18:3n-6 0.37 5.7 0.15 8.2 0.18 4.9

C20:2n-6 n/a n/a n/a n/a n/a n/a

C20:3n-6 1.34 9.6 1.25 2.3 1.35 2.1

C20:4n-6 3.04 9.7 2.56 4.1 3.06 4.6

C22:5n-6 0.11 5.7 0.10 7.8 0.08 8.2

n-3 Polyunsaturated fatty acids

C18:3n-3 0.25 5.7 0.26 9.4 0.25 2.7

C20:5n-3 0.46 5.7 0.13 8.2 0.22 8.0

C22:5n-3 0.50 8.1 0.32 8.3 0.41 7.6

C22:6n-3 1.07 8.9 0.64 6.2 0.87 5.2

Means ± SD and coefficients of variation (CV) are expressed in % of

total glycerophospholipid-associated FA

n/d Not detected, n/a not analyzed
a Samples from different subjects were pooled for each assay with

different cell numbers; thus, FA compositions vary

Table 2 Inter-assay reproducibility of glycerophospholipid FA

compositions in cheek cell samples of different size

Fatty acids Cheek cell fatty acid compositiona

100,000 cells

(n = 8)

500,000 cells

(n = 8)

850,000 cells

(n = 8)

Mean CV Mean CV Mean CV

Saturated fatty acids

C14:0 n/a n/a 1.28 3.0 1.55 4.2

C16:0 16.26 5.1 16.52 4.8 17.19 1.8

C17:0 1.14 8.5 0.96 4.1 1.14 1.8

C18:0 14.62 3.0 14.45 3.9 14.22 1.7

C20:0 0.74 4.8 0.47 4.0 0.48 5.1

C22:0 1.16 6.3 0.37 6.1 0.41 5.9

C24:0 n/d n/d n/d n/d n/d n/d

Monounsaturated fatty acids

C16:1n-7 7.03 8.7 6.35 5.7 7.15 2.1

C18:1n-7 4.90 5.5 4.70 3.4 4.86 1.2

C18:1n-9 31.01 3.0 31.95 3.4 30.73 1.1

C20:1n-9 n/d n/d 0.39 9.1 0.38 9.8

C24:1n-9 n/d n/d 0.18 6.4 0.20 7.2

n-6 Polyunsaturated fatty acids

C18:2n-6 15.81 2.0 16.65 4.9 15.48 1.2

C18:3n-6 0.26 14.1 0.10 8.0 0.19 5.6

C20:2n-6 n/a n/a n/a n/a n/a n/a

C20:3n-6 1.41 5.4 1.13 2.6 1.30 7.3

C20:4n-6 3.16 5.3 2.40 4.9 2.70 6.4

C22:5n-6 0.11 14.1 0.07 7.6 0.07 5.7

n-3 Polyunsaturated fatty acids

C18:3n-3 0.26 14.1 0.36 4.9 0.25 4.8

C20:5n-3 0.51 5.3 0.26 5.5 0.28 7.8

C22:5n-3 0.56 7.9 0.20 6.4 0.22 7.2

C22:6n-3 1.05 9.3 1.22 8.0 1.20 6.9

Means ± SD and coefficient of variation (CV) are expressed in % of

total glycerophospholipid-associated FA

n/d Not detected, n/a not analyzed
a Samples from different subjects were pooled for each assay with

different cell numbers; thus, FA compositions vary
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TAG content of 2.3 ± 0.3% of PL. Individual FAs were

affected differently by TAG contamination. Prolonged

centrifugation reduced palmitic and stearic acid contami-

nations from 8.5 and 3.6% to 4.3 and 1.9%, respectively.

These figures were 10.7 and 3.3% for C16:1n-7, 4.0 and

1.4% for oleic acid, and 7.9 and 2.0% for linoleic acid.

TAG-bound n-3 PUFAs were below the detection limit.

Stability of Cheeks Cell Glycerophospholipid FA

Composition at Ambient Temperature

A pooled cheek cell sample was split into equal volumes,

centrifuged, and cells kept either in saline solution (NaCl,

0.9%) or distilled water over a period of 48 h at ambient

temperatures. Nine aliquots were analyzed. Total glycero-

phospholipid FAs decreased by about 25% in saline and

pure water (Fig. 1). FA patterns did not change over the

storage period because the concentrations of individual

FAs were evenly affected, as shown by a CV of less than

10% for all FA proportions, except for 22:5n-6 and 18:3n-3

in saline solution (10.6 and 12.9%, respectively), and

22:5n-6 (10.8%) in distilled water.

Comparison Between FA Compositions of Cheek Cell

Glycerophospholipids and Total Lipids

Table 3 shows the absolute (nmol/5 9 105 cells) and rel-

ative (mole%) FA content of total lipids and glycero-

phospholipid FAs of a pooled cheek cell sample.

Approximately 75% of FAs in total lipids were contributed

by glycerophospholipids, but major differences were

observed for some individual FAs. Proportions of stearic,

palmitoleic, oleic, linoleic and c-linolenic acids were sig-

nificantly higher in glycerophospholipids compared to total

lipids. On the contrary, the proportions of saturated FAs,

with the exception of stearic acid, or most FAs with 20 and

more carbon atoms were significantly reduced in glycero-

phospholipids compared to total lipids (paired t test,

P \ 0.05). In cheek cells glycerophospholipid ARA and

DHA comprised approximately two-thirds of the total ARA

and DHA content.

Comparison of Cheek Cell and Plasma

Glycerophospholipid Patterns

Cheek cell and plasma glycerophospholipids were compared

in participants of a quality of life study (Table 4). Cheek cells

contained mainly monounsaturated FAs (39.1 ± 4.9 mol%),

plasma mainly saturated FAs (45.0 ± 1.2 mol%). Oleic acid

(29.9 ± 1.5 mol%) was the predominant FA in cheek cells,

while palmitic acid (30.7 ± 2.1 mol%) showed the largest

percentage in plasma. However, in both compartments the

total amount of palmitic, stearic, oleic and linoleic acid

comprised approximately 78% of the total FAs. ARA and

DHA contents were approximately three times higher in

plasma than in cheek cells (9.8 vs. 3.39 mol% and 3.12 vs.

0.88 mol%, respectively).

Numerous saturated and polyunsaturated FAs, but not

the monounsaturated FAs were significantly correlated

between cheek cell and plasma glycerophospholipids

(Table 4). The correlation coefficients for DHA and EPA

were r = 0.83 and 0.64 (P \ 0.001), respectively; their

sum showed a correlation of r = 0.47 (P \ 0.010). The

relationships of plasma and cheek cell DHA and EPA

appeared linear over the entire concentration range

observed (Fig. 2). The correlation coefficients for ARA and

linoleic acid were r = 0.44 (P = 0.017) and r = 0.58

(P = 0.001), respectively.

Discussion

A strict sampling procedure is important to collect ade-

quate amounts of cheek cell samples of high quality.

Studies showed that cleaning the mouth prior to sampling

did reduce possible food particle residues, although some

cheek cells might get lost through this process [13]. Fur-

thermore, using a brush instead of a cotton swab for cheek

cell sampling was superior with respect to the overall cell

yield [11], and rinsing the mouth after scraping the inner

cheeks led to significantly higher cell yields [13]. We

combined these procedures for cheek cell sampling and

observed an increased cell yield of up to 60% by the

additional mouth rinse after scraping.

Rinsing the mouth is not applicable when collecting

cheek cells in infants or young children, which might limit

the FA profiling. In a study with preterm infants cheek

cells were collected with a cotton swab up to day 14 of

life and at week 52 [9]. The average cell yield was
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Fig. 1 Glycerophospholipid total FA content in cheek cells kept at

ambient temperature in saline solution (NaCl, 0.9%) or distilled water

over periods up to 48 h
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1.45 9 105 ± 0.77 9 105 cells without mouth rinsing.

Our tests with adults showed that the average cell yield

with a cotton swab is approximately two-thirds compared

to the yield with a small endocervical brush (data not

shown). The use of a brush might be crucial to collect a

sufficient amount of cells ([105 cells) in young children

for a reliable analysis of glycerophospholipid FAs with

our method.

Preliminary tests showed that cheek cells are robust and

hard to disrupt by isolated applications of detergents,

ultrasound or polar solvents. Furthermore, some methods

inherently include long processing times (freezing), the risk

of contamination (grinding, ultrasound micro tip) or are

unsuitable for the analytical procedure (water, detergents).

Thus, a combination of methanol and ultrasound was used

to disrupt cell membranes. The degree of disruption was

[90% (data not shown).

Methanol was chosen as solvent, as it enables the direct

transfer of the two-step procedure developed for the

selective preparation of FAMEs from glycerophospholipid-

bound FAs in plasma [15]. After centrifugation the super-

natant contained the polar lipids and only minor amounts of

TAG and cholesterol esters (CEs). CEs, non-esterified fatty

acids and sphingomyelin do not contribute to synthesized

FAMEs, as their FAs are not transesterified under the

alkaline conditions applied [15]. However, small amounts

of TAG remain in the cheek cell lipid extract, which

accounted for 2.3 ± 0.3% of total PLs.

In this regard, it is notable that the centrifugation time

affects the TAG content in the supernatant. Increasing the

Table 3 FA concentrations (nmol/500,000 cells) and proportions (mole%) of cheek cell total lipids and glycerophospholipids (n = 4)

Total lipids (TL) Glycerophospholipids (GPL) GPL in TL [%]

nmol/5 9 105 cells Prop [%] nmol/5 9 105 cells Prop [%]

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Saturated fatty acids

C14:0 3.37 ± 0.04 1.61 ± 0.08a 2.24 ± 0.13 1.14 ± 0.06b 66.6

C16:0 44.02 ± 1.49 20.99 ± 0.47a 28.91 ± 1.03 18.22 ± 0.33b 65.7

C17:0 2.17 ± 0.06 1.04 ± 0.05a 1.62 ± 0.05 1.02 ± 0.01a 74.5

C18:0 27.86 ± 0.74 13.29 ± 0.45a 22.28 ± 0.63 14.04 ± 0.22b 80.0

C20:0 2.41 ± 0.19 1.15 ± 0.12a 0.88 ± 0.06 0.55 ± 0.04b 36.6

C22:0 1.94 ± 0.04 0.92 ± 0.04a 0.65 ± 0.04 0.41 ± 0.03b 33.7

C24:0 6.57 ± 0.28 3.14 ± 0.60 nd nd na

Monounsaturated fatty acids

C16:1n-7 11.76 ± 0.78 5.60 ± 0.12a 10.00 ± 0.41 6.30 ± 0.13b 85.2

C18:1n-7 7.67 ± 0.55 3.65 ± 0.10a 4.19 ± 0.25 4.53 ± 0.03b 93.9

C18:1n-9 57.22 ± 4.00 27.25 ± 0.71a 47.85 ± 1.44 30.15 ± 0.29b 83.8

C20:1n-9 1.06 ± 0.09 0.51 ± 0.05a 0.66 ± 0.02 0.42 ± 0.01b 62.1

C24:1n-9 0.77 ± 0.17 0.37 ± 0.07a 0.20 ± 0.03 0.13 ± 0.02b 26.5

n-6 Polyunsaturated fatty acids

C18:2n-6 29.21 ± 2.23 13.90 ± 0.47a 25.14 ± 1.03 15.84 ± 0.25b 86.3

C18:3n-6 0.25 ± 0.03 0.12 ± 0.01a 0.25 ± 0.03 0.16 ± 0.02b 100.0

C20:2n-6 0.38 ± 0.03 0.18 ± 0.01a 0.21 ± 0.02 0.13 ± 0.01b 55.3

C20:3n-6 2.55 ± 0.16 1.22 ± 0.02a 1.96 ± 0.07 1.23 ± 0.01a 76.8

C20:4n-6 6.59 ± 0.47 3.14 ± 0.09a 4.19 ± 0.09 2.64 ± 0.06b 63.7

C22:5n-6 0.16 ± 0.03 0.08 ± 0.01a 0.12 ± 0.00 0.08 ± 0.00a 70.0

n-3 Polyunsaturated fatty acids

C18:3n-3 0.43 ± 0.05 0.20 ± 0.02a 0.37 ± 0.02 0.23 ± 0.01a 83.9

C20:5n-3 0.45 ± 0.02 0.21 ± 0.02a 0.23 ± 0.00 0.15 ± 0.00b 75.0

C22:5n-3 1.25 ± 0.11 0.60 ± 0.08a 0.58 ± 0.02 0.37 ± 0.01a 49.8

C22:6n-3 1.74 ± 0.09 0.83 ± 0.03a 1.16 ± 0.04 0.73 ± 0.01b 66.7

Total 209.8 ± 9.8 158.7 ± 4.7 75.6

Different letters indicate significant differences between FA proportions (paired t test; P \ 0.05)

n/d Not detected, n/a not analyzed
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centrifugation time to 20 min reduced the TAG content of

individual FAs by 50–80% compared to 10 min. No further

improvements were observed for centrifugation times

greater than 20 min. The underlying mechanism is not

known, but TAGs are possibly bound to cell fragments

with much higher molecular weights.

Methanol is a potent extraction solvent for polar lipids.

The recovery rate of plasma phospholipids extracted with

methanol compared to chloroform-methanol (2:1) is

approximately 90% [15]. Furthermore, losses through the

interaction of lipids with a stationary phase are excluded.

This might be crucial for small sample volumes as losses of

plasma PL separated by solid phase extraction (SPE) or TLC

were reported to be 6.5–60% [18–20], although early studies

showed recovery rates of almost 100% for PLs [21, 22]. The

differences observed may relate to the samples analyzed;

high recovery rates were reported for lipid standards only,

but not for the complete extraction procedure of plasma PL

[19]. Another aspect, which seems to limit the SPE separa-

tion of lipids in cheek cells, is the lipid to sorbent ratio, which

should be greater than 2.5% [20]. The total PL concentration

of cheek cell samples (5.0 9 105–8.0 9 105 cells) averages

60–110 lg; for an optimal PL recovery the sorbent weight

needs to be less than 2.4–4.4 mg.

Data on the precision of glycerophospholipid FA anal-

ysis have only been published for plasma so far [15]. The

described CV for glycerophospholipid FA determinations

ranged from 1.0 to 10.5%, which is in accordance to our

cheek cell data.

A minimum of 105 cheek cells is needed for a precise

glycerophospholipid FA profiling. At this level some FA

concentrations are below the detection limit, or CVs are

greater than 10%. However, proportions of major FAs are

equal to those in samples with higher cell numbers; thus,

samples with 105 cells are still suitable for cheek cell FA

profiling. For samples smaller than 105 cells, a reliable

quantification seems not to be possible with our method. It

does not reflect the actual FA profile as contaminations of

solvents with palmitic and stearic acid significantly falsify

the proportion of all FA.

Table 4 FA compositions (mole%) of plasma and cheek cell glycer-

ophospholipids from adults participating in a quality of life study

(n = 29)

Fatty acids Cheek cells Plasma Correlation§

Mean ± SD Mean ± SD R P

Saturated fatty acids

C14:0 1.00 ± 0.49a 0.58 ± 0.24b 0.29 n/s

C16:0 16.15 ± 1.72a 30.70 ± 2.13b 0.38 0.045

C17:0 0.84 ± 0.24a 0.35 ± 0.07b 0.24 n/s

C18:0 15.10 ± 1.36a 12.88 ± 1.50b 0.54 0.002

C20:0 0.64 ± 0.08 n/d ± n/d n/a n/a

C22:0 0.61 ± 0.12 n/d ± n/d n/a n/a

Monounsaturated fatty acids

C16:1n-7 5.64 ± 1.35a 0.90 ± 0.34b 0.10 n/s

C18:1n-7 4.60 ± 0.81a 1.61 ± 0.23b 0.32 n/s

C18:1n-9 29.85 ± 1.52a 11.92 ± 1.27b 0.03 n/s

C20:1n-9 0.27 ± 0.09a 0.15 ± 0.03b -

0.14

n/s

C24:1n-9 0.15 ± 0.04 n/d ± n/d n/a n/s

n-6 Polyunsaturated fatty acids

C18:2n-6 18.09 ± 2.79a 22.17 ± 2.91b 0.58 0.001

C18:3n-6 0.15 ± 0.04a 0.13 ± 0.07a 0.13 n/s

C20:2n-6 0.28 ± 0.08a 0.32 ± 0.08a 0.01 n/s

C20:3n-6 1.46 ± 0.27a 3.04 ± 0.65b 0.63 \0.001

C20:4n-6 3.39 ± 0.67a 9.75 ± 1.58b 0.44 0.017

C22:5n-6 0.08 ± 0.06a 0.22 ± 0.11b 0.66 \0.001

n-3 Polyunsaturated fatty acids

C18:3n-3 0.28 ± 0.15a 0.27 ± 0.12a 0.40 0.030

C20:5n-3 0.24 ± 0.13a 1.07 ± 0.80b 0.64 \0.001

C22:5n-3 0.29 ± 0.09a 0.82 ± 0.22b 0.64 \0.001

C22:6n-3 0.88 ± 0.29a 3.12 ± 0.98b 0.83 \0.001

R 20:5n-3, 20:6n-

3

1.12 ± 0.39a 4.18 ± 1.57b 0.47 0.010

Different letters indicate significant differences between plasma and

cheek cell FA contents (paired t test; P \ 0.05)

n/d Not detected, n/a not analyzed, n/s not significant
§ Pearson’s correlation coefficient
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Fig. 2 Correlation between DHA and EPA in cheek cells and plasma

glycerophospholipids
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The identification of false-positive peaks is important

for an accurate qualification of FAs. This not only defines

the lower limit of the method, it also excludes FAs from

analysis. The systematic analysis of blanks gave informa-

tion about contaminations derived from chemicals or con-

sumables. Mainly palmitic and stearic acid traces were

found in solvents, but also a smaller amount oleic acid.

Splitless injection of blanks with BHT showed an addi-

tional peak, which co-eluted with C14:0. This was identi-

fied as a co-product of BHT. Small peaks caused by not

identified sample-derived compounds can also cause false-

positive peaks. They have been identified by the linear

increase of cell numbers (105–106), i.e., peaks, which did

not increase proportionally to the cell concentration were

excluded, such as peaks co-eluting with mead acid (20:3n-

9) and C20:2n-6. An increased mead acid level in plasma

indicates a deficiency of essential FAs [23]. The inability to

detect mead acid in cheek cells limits the use of this

compartment as an essential FA deficiency marker.

Connor et al. [10] determined the cheek cell PL FA

pattern of infants on various diets. The observed distribu-

tion of FAs is similar to our results, except for C18:1n-9

and C18:1n-7; both FAs combined contributed a 5–10%

higher proportion in our study population. The observed

differences might relate to higher dietary oleic acid intakes

by our volunteers. Moreover, oleic acid is preferentially

incorporated in glycerophospholipids, as shown by Glaser

et al. [15]. Data presented by other authors are limited to

PL PUFA contents only; saturated and monounsaturated

FAs were summarized [7, 11]. Reported PUFA levels are

comparable in all studies. However, the sum of saturated

FAs tended to be lower in our study. Again, this might

reflect dietary differences or the exclusion of sphingo-

phospholipids, but could also be explained by a reduced

palmitic and stearic acid contamination in our analyses

compared to those previously reported. The average DHA

content observed in our study cohort of 0.88 ± 0.29 mol%

agrees with previous studies [7, 10, 11].

The concentration of the total PL fraction was reported to

be 115 ± 35 lg/106 cells by comparison to a standard lipid

mixture [13]. This is comparable to the glycerophospholipid

total FA concentration of our study, which averaged

317.0 ± 9.4 nmol/106 cells (88.6 ± 2.6 lg). Our data

suggest that most FAs in cheek cells originate from the

glycerophospholipid fraction (75.6 ± 1.6%), which is

much higher than the proportion reported by Devereux-

Graminski and Sampugna for human buccal cheek cells

(11–14%) [13]. They also described a free FA content of

14–23%, which seems to be unusually high. The observed

results could relate to phospholipase A2 activity, which

catalyzes the hydrolysis of membrane glycerophospholipids

into free FAs and lysophospholipids [24]. In agreement with

our results, PLs were found to be the major fraction in cheek

cells of pigs [25, 26]. These authors determined the distri-

bution of lipid fractions by photodensitometry and lipid

proportions was based on total molar amounts of lipids,

including cholesterol. The differences in PL contents

observed in comparison to our results might be explained by

interspecies differences, but also by the applied analytical

methods. The glycerophospholipid content in our study was

based on the total FAME content analyzed by GC-FID.

In addition, proportions of ARA, EPA and DHA in

glycerophospholipids are lower compared to these LC-

PUFAs in total lipid FAs. This seems to be in contrast to

erythrocytes where phosphatidyletholamine (PtdEtn)

showed higher LC-PUFA proportions than total lipids [27].

On the other hand, the LC-PUFA proportion of phospha-

tidylcholine (PtdCho) is lower than that of total lipids.

Thus, the lower LC-PUFA levels of glycerophospholipids

may be related to the different distribution of PtdCho and

PtdEtn, which is approximately 2:1 (PtdCho:PtdEtn) in

cheek cells [13].

The impact of distilled water and saline solution (NaCl,

0.9%) on the quality of the cheek cell samples was tested

over 48 h at room temperature. Interestingly, the total FA

concentration decreased over time, but FA compositions

did not change. Distilled water had no adverse effect on the

stability of cheek cells or the FA concentration. This sug-

gests that the addition of antioxidants to cheek cell samples

is not required if only proportions are determined.

Previous studies reported that the cheek cell FA com-

position reflects the dietary FA intake as well as erythro-

cyte and plasma levels of essential PUFAs [7, 10–12].

Good correlations were shown for n-3 FAs in plasma and

cheek cell PLs, and a trend to lower correlations for ARAs

[7, 10, 11]. This is in accordance with our results for

glycerophospholipid FAs. Proportions of ARA and DHA

differ strongly in plasma and cheek cells, and may limit the

latter as a FA status marker. The biological variances in

plasma and cheek cells were comparable in our cohort;

nevertheless, the precision of the cheek cell method is

suitable to detect even small differences in cheek cell

glycerophospholipid FA components.

We conclude that this non-invasive method for cheek

cell FA analysis is reliable, even if cell numbers are lim-

ited. The applied modifications to sampling, non-chro-

matographic isolation of glycerophospholipids and

synthesis of FAME result in a highly accurate determina-

tion of cheek cell glycerophospholipid FAs. The precision

of this method is comparable to conventional invasive

methods determining the n-3 FA status in humans, based

on blood lipid FA analyses. Therefore, this novel technique

could be used for interventional or epidemiological studies.
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Abstract The association between hypercholesterolemia

and elevated serum apolipoprotein B (APOB) has generated

interest in APOB as a therapeutic target for patients at risk

of developing cardiovascular disease. In the clinic, mi-

pomersen, an antisense oligonucleotide (ASO) APOB

inhibitor, was associated with a trend toward increased

hepatic triglycerides, and liver steatosis remains a concern.

We found that siRNA-mediated knockdown of ApoB led to

elevated hepatic triglycerides and liver steatosis in mice

engineered to exhibit a human-like lipid profile. Many

genes required for fatty acid synthesis were reduced, sug-

gesting that the observed elevation in hepatic triglycerides

is maintained by the cell through fatty acid uptake as

opposed to fatty acid synthesis. Fatty acid transport protein

5 (Fatp5/Slc27a5) is required for long chain fatty acid

(LCFA) uptake and bile acid reconjugation by the liver.

Fatp5 knockout mice exhibited lower levels of hepatic tri-

glycerides due to decreased fatty acid uptake, and shRNA-

mediated knockdown of Fatp5 protected mice from

diet-induced liver steatosis. Here, we evaluated if siRNA-

mediated knockdown of Fatp5 was sufficient to alleviate

ApoB knockdown-induced steatosis. We determined that,

although Fatp5 siRNA treatment was sufficient to increase

the proportion of unconjugated bile acids 100-fold, con-

sistent with FATP5’s role in bile acid reconjugation, Fatp5

knockdown failed to influence the degree, zonal distribu-

tion, or composition of the hepatic triglycerides that accu-

mulated following ApoB siRNA treatment.

Keywords APOB � Liver steatosis � siRNA � FATP5 �
Slc27a5 � siRNA combinations

Abbreviations

APOB Apolipoprotein B

ASO Antisense oligonucleotide

CLinDMA 2-{4-[(3b)-cholest-5-en-3-yloxy]-butoxy}-

N,N-dimethyl-3-[(9Z,12Z)-octadeca-9,12-

dien-1-yloxy]propan-1-amine

d Deoxy

f 20 fluoro

FATP5 Fatty acid transport protein 5

H & E Hematoxylin and eosin

IHTG Intra-hepatic triglyceride

LCFA Long chain fatty acid uptake

LDL-c LDL cholesterol

LNP Lipid nanoparticle

MTP Microsomal transfer protein

PEG-DMG Monomethoxy(polyethyleneglycol)-1,2-

dimyristoylglycerol
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siRNAs Small interfering RNAs

TCA Taurocholic acid

o 20 O-methyl (o)

VLDL Very low density lipoprotein

Introduction

Elevated LDL cholesterol (LDL-c) promotes atheroscle-

rosis, and it is well established that reducing LDL-c helps

to mitigate the risk of developing cardiovascular disease in

patients with hypercholesterolemia [1–7]. LDL-c consists

of a single apolipoprotein B-100 (APOB-100) molecule,

cholesterol, cholesterol-esters and triacylglycerols that are

comprised of various dietary and de novo synthesized fatty

acids [8]. In the liver, APOB is required for very low

density lipoprotein (VLDL) formation and serves as the

scaffold to solubilize cholesterol and fatty acids (in the

form of triglycerides) for secretion into the blood for cir-

culation [8]. An association between hypercholesterolemia

and increased APOB protein levels, together with the

observation that reductions in ApoB synthesis reduce LDL-

c and the incidence of atherosclerosis, has generated

interest in APOB as a therapeutic target [9–13]. Both

antisense oligonucleotides (ASOs) and small interfering

RNAs (siRNAs) targeting ApoB reduce LDL-c in mice and

in non-human primates [14–18]. In mice, ApoB ASOs

reduced LDL-c without inducing hepatic steatosis, a lia-

bility of microsomal transfer protein (MTP) inhibitors that

block triglyceride-rich lipoprotein assembly and secretion

[19]. In patients, mipomersen, an ApoB targeting ASO,

reduces both LDL-c and APOB, demonstrating the poten-

tial for an ApoB-targeted therapeutic [20–24]. Liver stea-

tosis induced by inhibiting ApoB, however, remains an

important concern. Recently, mipomersen administration at

a sub-maximum efficacious dose was shown to be associ-

ated with a trend toward increased intra-hepatic triglycer-

ide (IHTG) content for mipomersen-treated patients with

one of the ten patients developing mild steatosis [20]. In

addition, mice harboring a base-pair deletion in the coding

region of ApoB (ApoB-38.9) exhibited hepatic triglyceride

accumulation [25]. In order to attenuate the risk of liver

steatosis associated with an ApoB-targeted therapeutic, one

approach would be to combine an ApoB ASO or siRNA

with another therapeutic that increases the clearance of

hepatic triglycerides.

Fatty acid transport protein 5 (Fatp5/Slc27a5) mediates

the uptake of long chain fatty acids (LCFAs) to the liver

and is involved in bile acid reconjugation during enter-

ohepatic recirculation [26, 27]. Fatp5 knockout mice

exhibit lower levels of hepatic triglycerides and free fatty

acids due to decreased liver fatty acid uptake [27]. Fur-

thermore, Doege et al. [25] recently showed that adeno-

virus-shRNA-mediated silencing of Fatp5 mRNA not

only protected mice from high fat diet-induced liver ste-

atosis but also reversed steatosis once it was established.

This suggested that a FATP5 inhibitor may be an

attractive combination therapy with an APOB-targeted

therapeutic.

Besides of its role in free fatty acid uptake, FATP5

also plays a critical role in reconjugation of bile acids

during enterohepatic recirculation to the liver, and com-

plete deletion of Fatp5 resulted in a significant increase

in unconjugated bile acids in both bile and serum [26].

Activation of FXR, a bile acid nuclear receptor, with bile

acids or synthetic activators has been shown to reduce

the secretion of triglyceride-rich VLDL from the liver in

mice, which was associated with a decrease in Srebp1

and 2 pathway genes [28]. The involvement of FATP5 in

bile acid metabolism suggests that it too may play a role

in hepatic triglyceride metabolism via FXR. However,

the contributions of the bile acid reconjugation activity

of FATP5 on hepatic steatosis or the contribution of

FATP5 on APOB-induced steatosis are currently

unknown. By utilizing two siRNAs specifically targeting

Fatp5 and ApoB, we evaluated the ability of Fatp5

siRNA treatment to alleviate ApoB siRNA-induced liver

steatosis.

Materials and Methods

siRNA Design

siRNAs were designed to the mRNA transcripts using a

previously published design algorithm [34]. siRNA

sequences contained the following chemical modifications

added to the 20 position of the ribose sugar when indicated:

deoxy (d), 20 fluoro (f), or 20 O-methyl (o) [34]. Modifica-

tion abbreviations are given immediately preceding the base

to which they were applied. Passenger strands were capped

with an inverted abasic nucleotide on the 50 and 30 ends. The

control siRNA sequence (Cntrl siRNA) consists of:

iB;fluU;fluC;fluU;fluU;fluU;fluU;dA;dA;fluC;fluU;fluC;

fluU;fluC;fluU;fluU;fluC;dA;dG;dG;dT;dT;iB

passenger strand and

fluC;fluC;fluU;omeG;omeA;omeA;omeG;omeA;omeG;

omeA;omeG;fluU;fluU;omeA;omeA;omeA;rA;rG;rA;omeU;

omeU guide strand sequences.

The Fatp5(951) siRNA sequence consists of:

iB;fluC;fluU;dG;fluC;fluC;dA;fluU;dA;fluU;fluU;fluC;dA;

fluU;fluC;fluU;fluU;fluU;dA;fluC;dT;dT;iB

passenger strand and
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rG;rU;rA;omeA;omeA;omeG;omeA;fluU;omeG;omeA;

omeA;fluU;omeA;fluU;omeG;omeG;fluC;omeA;omeG;

omeU;omeU guide strand sequences.

The ApoB(10168) siRNA sequence consists of:

iB;fluU;fluC;dA;fluU;fluC;dA;fluC;dA;fluC;fluU;dG;dA;

dA;fluU;dA;fluC;fluC;dA;dA;dT;dT;iB

passenger strand and

rU;rU;rG;omeG;fluU;omeA;fluU;fluU;fluC;omeA;omeG;

fluU;omeG;fluU;omeG;omeA;fluU;omeG;omeA;omeU;

omeU guide strand sequences.

siRNA Synthesis

siRNAs were synthesized by methods previously described

[35]. For each siRNA, the two individual strands were

synthesized separately using solid phase synthesis, and

purified by ion-exchange chromatography. The comple-

mentary strands were annealed to form the duplex siRNA.

The duplex was then ultrafiltered and lyophilized to form

the dry siRNA. Duplex purity was monitored by LC/MS

and tested for the presence of endotoxin by standard

methods.

Preparation of siRNA-Lipid Nanoparticle (LNP)

Complex

LNPs were made as described previously [36]. The

encapsulation efficiency of the particles was determined

using a SYBR Gold fluorescence assay in the absence and

presence of triton, and the particle size measurements were

performed using a Wyatt DynaPro plate reader. The siRNA

and lipid concentrations in the LNP were quantified by a

HPLC method, developed in house, using a PDA detector.

In Vivo siRNAs Treatments

All in vivo work was performed according to an approved

animal protocol as set by the Institutional American

Association for the Accreditation of Laboratory Animal

Care. C57Bl/6 mice engineered to be hemizygous for a

knockout of the LDL receptor and hemizygous for the

overexpression of the human cholesterol ester transfer

protein (CETP) driven by the endogenous apoA1 promoter

within a C57Bl/6 background [B6-Ldlr\tm1[Tg(apoA1-

CETP); Taconic] were used for these studies. Mice

*16–20 weeks of age were fed Lab Diets (5020 9F)

starting 2 weeks prior to the start of the study. siRNAs were

administered by intravenous (i.v.) injection. Animals were

dosed on days 0 and 14 with either 3 mg/kg of a single

LNP formulated siRNA or 1.5 mg/kg of two LNP formu-

lated siRNAs for a 3 mg/kg total siRNA combination dose.

For siRNA combinations, siRNA were formulated indi-

vidually and hand-mixed immediately prior to injections.

Animals were euthanized by CO2 inhalation. Immediately

after euthanasia, serum was collected using serum separa-

tor tubes and allowed to clot at room temperature for

30 min. Liver sections were excised, placed in either RNA

Later (Qiagen) (right medial lobe), 10% buffered formalin

(10% NBF, left medial lobe), or flash frozen (the remain-

der), and stored until further use.

RNA Isolation and qRT-PCR

RNA was isolated using an RNeasy96 Universal Tissue Kit

(Qiagen) according to the supplied product protocol and as

described previously [37]. TaqMan Gene Expression

Assays (Applied Biosystems) were performed as described

within the product protocol using the following primer

probes, Mm00447768_m1 for Fatp5, Mm01545154_g1 for

ApoB, and Cat# 4352339E for the reference, Gapdh. All

reactions were performed in duplicate, and data were

analyzed using the ddCt method with Gapdh serving as in

[38]. Data represented as the log2-fold change (ddCt) rel-

ative to the control siRNA. For analysis of the selected

Srebp1c and Srebp2 pathway genes and Scd1, expression

was normalized to an average of that of mouse b-actin

(Actb), Glyceraldehyde 3-phosphate dehydrogenase (Gap-

dh), Beta-glucuronidase (Gusb), Hypoxanthine–guanine

phosphoribosyltransferase (Hprt1), Peptidylprolyl isomer-

ase A (Cyclophilin A/Ppia) and ribosomal protein 113a

(Rp113a) in each sample. Expression levels of all genes

analyzed were normalized to an average of the house-

keeping genes (listed above) to obtain dCt. Fold regulation

is calculated as: ddCt of gene in treatment group/dCt of

gene in control group. Significance (p value) was calcu-

lated from a two-tailed t test between control and treatment

groups. Accession numbers for the primer/probes used are

listed in Supplemental Table 1.

Cholesterol and Triglyceride Analysis

Serum for cholesterol and triglyceride analysis was ana-

lyzed using Wako’s total and HDL cholesterol kits

according to the supplied product protocol and as described

previously [37]. Non-HDL, which serves as an approxi-

mation for LDL, was calculated by subtracting HDL from

total cholesterol measurements. The percent difference

relative to the control siRNA was calculated using the

following equation {100 9 [1-(experimental/control)]}.

Histology and Hematology

Mouse livers were fixed with 10% neutral buffered for-

malin. One hepatic lobe was treated with osmium tetroxide

solution, to visualize lipids, overnight at room temperature

prior to paraffin embedding and processing. The other
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hepatic lobe was embedded and processed in paraffin and

hematoxylin and eosin (H&E) stained. Samples were sec-

tioned at a thickness of 5 lm. The osmium-stained samples

were digitalized using an Aperio ScanScope XT. Percent

area (positive pixel count) was calculated using the positive

pixel count algorithm (MAN-0024) supplied with the

imaging software (Aperio). Samples were also reviewed by

a board-certified veterinary pathologist and scored for

inflammation and lipidosis using a semi-quantitative score.

Measurement of Serum APOB

The APOB levels in serum were measured by LC/MS as

described previously [29]. The concentration of APOB

peptide was calculated by dividing the area under the curve

for the analyte by the area of its internal standard and

multiplying by the internal standard concentration. The

concentration of APOB was then converted to and reported

as mg/dL.

LC/MS Sample Preparation and Analysis for Bile Acid

Conjugation and Hepatic Triglycerides

Terminal bile samples from each group were collected

using the stick and pull method. Samples were diluted

1:1,000 v/v in 50% acetonitrile ? 0.1% formic acid/50%

water ? 0.1% formic acid, followed by the addition of

1 lM total internal standard solution (D4-TCA, D4-CA,

D4-GCA) (Sigma-Isotec, St. Louis, MO, USA). The mix-

ture was vortexed for 10 s, centrifuged for 10 min at

15,000g, and then stored at -20 �C until LC/MS analysis.

Supernatant was injected (10 lL) directly onto the LC/MS

system.

A 50-mg slice of frozen liver from each animal was

homogenized in 2-mL polypropylene tubes containing a

14-mm ceramic bead using a Precellys 24 homogenizer

(Bertin Technologies, Montigny-le-Bretonneux, France). A

non-naturally occurring internal standard solution (20 lL)

containing TG 51:0 (Sigma Aldrich, St Louis, MO, USA)

0.8 mg/mL along with dichloromethane/methanol (2:1 v/v)

was added to each sample prior to homogenization [39].

Samples were homogenized at 5,500 RPM, 2 9 30 s, with

a 15 s pause between cycles. In order to generate a two

layer liquid separation, 200 lL of distilled water was

added, vortexed for 30 s, followed by centrifugation at

20,000g at 5 �C for 10 min. 10 lL of the lower layer,

containing the lipids, was removed without disrupting the

liver tissue homogenate disk. This was followed by dilution

of the extracted lipid sample 1/50 in a solvent mixture

(65% ACN, 30% IPA, 5% H2O).

External endogenous calibration standards in buffer

solution were used to cover the endogenous

concentrations present in the bile and liver tissues. The

inlet system was comprised of an Acquity UPLC (Waters,

Milford, MA, USA). Bile and lipid extracts were injected

(2 lL) onto a 1.8-lm particle 100 9 2.1 mm id Waters

Acquity HSS T3 column (Waters). The column was

maintained at 55 �C with a 0.4-mL/min flow rate for the

lipid analysis and 65 �C with a 0.7-mL/min flow rate for

the bile analysis. A binary gradient system was utilized

for the analysis of both sample sets. Two different gra-

dient conditions were used. For the lipid analysis, the

same conditions were used as previously described [40].

For the bile acid analysis, water ? 0.1% formic acid was

used as eluent A. Eluent B consisted of acetoni-

trile ? 0.1% formic acid (Burdick & Jackson, USA). A

linear gradient (curve 6) was performed over a 13-min

total run time. During the initial portion of the gradient, it

was held at 80% A and 20% B. For the next 10 min, the

gradient was ramped in a stepped linear fashion to 35% B

(curve 5) in 4 min, 45% B in 7.5 min and 99% B in

9.5 min and held at this composition for 1.6 min. Here-

after, the system was switched back to 80% B and 20% A

and equilibrated for an additional 2.9 min.

The inlet system described was directly coupled to a

hybrid quadrupole orthogonal time of flight mass spec-

trometer (SYNAPT G2 HDMS; Waters MS Technologies,

Manchester, UK). Electrospray (ESI) positive and nega-

tive ion ionization modes were used. In both ESI modes,

a capillary voltage and cone voltage of ±2 kV

and ±30 V, respectively, were used. The desolvation

source conditions were as follows: for the desolvation gas

700 L/h was used and the desolvation temperature was

kept at 450 �C. Data were acquired over the mass range

of 50–1,200 Da.

The LC/MS data acquired was processed by the use of a

quantitative data deconvolution package (Positive software

by MassLynx; Waters, MA, USA). Data are presented

as ± standard error of the mean (SEM). Differences

between groups were computed by either Student’s t test or

by two-way ANOVA (GraphPad Prism, La Jolla, CA,

USA). Post-test analysis for quantifiable variables was

conducted using either Bonferroni or Mann–Whitney

U non-parametric test with two-tailed p values. Values of

p \ 0.05 were considered statistically significant.

Lipid Nomenclature

The nomenclature utilized in this manuscript is in accor-

dance with Lipidmaps (http://www.lipidmaps.org). In brief,

a triglyceride described as TG 52:2 is interpreted as a tri-

glyceride containing 52 carbons attached to the glycerol

back-bone and two double bonds in the fatty acyl chain as

described by Fahy et al. [41].
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Results

Sustained Knockdown of Both ApoB and Fatp5 mRNA

Transcripts was Achieved with siRNAs Administered

Either Alone or in Combination

To investigate if we can simultaneously silence both ApoB

and Fatp5, we administered siRNAs specifically targeting

ApoB and Fatp5, alone and in combination, to CETP/

LDLR hemizygous female mice (mice exhibiting a human-

like lipid profile) fed a low-fat western diet. Changes to the

lipid profile were obtained through a hemizygous mutation

of the LDL receptor (±LDLR) and the hemizygous over-

expression of a mouse apoA1 promoter-driven human

CETP transgene (±apoA1-hCETP). This led to an eleva-

tion in LDL and a cholesterol profile that more closely

resembled the HDL–LDL ratio observed in humans [29].

Female mice were fed a low-fat western diet ad libitum and

treated with siRNAs formulated in a lipid nanoparticle

(LNP) to achieve delivery to the liver [30]. Animals were

dosed on days 0 and 14 with either 3 mg/kg of a single

siRNA or 1.5 mg/kg of two siRNAs for a 3 mg/kg total

siRNA combination dose. Efficacy was analyzed using

qRT-PCR on liver samples collected on day 21. Analysis of

mRNA expression levels revealed no appreciable differ-

ence in knockdown (KD) between ApoB siRNA treatments

administered either alone or in combination with the Fatp5

siRNA (Fig. 1a; C90% KD across all groups). Similar

results were observed for the Fatp5 siRNA, where C89%

knockdown of Fatp5 was observed (Fig. 1b).

Fatp5 Knockdown Impaired Bile Acid Reconjugation

The ratio of unconjugated/conjugated bile acid in the bile

was used as a biological indicator for the loss of FATP5

activity following siRNA treatment to female mice fed a

low-fat western diet ad libitum [26]. A significant

increase in the proportion of unconjugated bile acids was

observed for all Fatp5 siRNA treatment groups, indicative

of the loss of FATP5 activity (Fig. 2a; p = 0.0003, t test,

Mann–Whitney post-test, cntrl siRNA groups vs. Fatp5

siRNA groups). The unconjugated/conjugated ratio for the

cntrl/cntrl siRNA group and the Fatp5/Fatp5 siRNA

group was 0.004 and 2.2, respectively. The ratio was

lower for some of the Fatp5 siRNA treatment groups

when combined with the ApoB siRNA, but nevertheless

exhibited a significant level of target engagement when

compared with the control siRNA. Cholic acid in the

Fatp5 groups was the most predominant unconjugated

bile acid found in bile (Fig. 2b), which showed a dramatic

increase in concentration (0.77 mM in control siRNA vs.

77.95 mM in Fatp5) after knockdown of Fatp5

(p = 0.0003, t test, Mann–Whitney post-test). Conjugated

bile acids, specifically taurocholic acid (TCA), showed

the reverse effect following Fatp5 knockdown

(p = 0.1304, t test, Mann–Whitney post-test). The levels

of TCA decreased to 43.2 mM in comparison with the

cntrl siRNA group 69.7 mM (data not shown). The ratio

of unconjugated/conjugated bile acid in the serum

reflected that of the bile, with a significant increase in the

unconjugated levels (data not shown).

Fig. 1 Similar levels of ApoB and Fatp5 mRNAs were observed for

all groups containing siRNAs targeting these genes, either alone or in

combination. Mice (n = 8/group) were treated with siRNAs targeting

ApoB and Fatp5 alone or in combination (ApoB, Fatp5, Fatp5/ApoB)

at days 0 and 14. Gene expression was analyzed using qRT-PCR

(TaqMan) on day 21 (a, b) post the initial dose. PBS and a control

siRNA (cntrl siRNA) served as negative controls. Data represented as

the log2 fold change (ddCt) relative to the cntrl siRNA treatment of

individual animals (circles) and the group means (bars) are shown
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ApoB siRNA Treatment Led to Significant Reductions

in Serum APOB Protein, Cholesterol and Triglyceride

Levels Alone and in Combination

with a Fatp5-Targeting siRNA

ApoB siRNA treatment, either alone or in combination with

a siRNA targeting Fatp5, caused a significant reduction

(p B 0.001) in serum APOB levels in female mice fed a

low-fat western diet ad libitum (Fig. 3). APOB protein

reductions were consistent with the reductions in hepatic

ApoB mRNA levels (Fig 1a). This led to reductions in

circulating cholesterol and triglyceride levels. On day 21,

similar reductions in total (76–84%), HDL (67–78%), and

non-HDL (79–90%) cholesterol were observed across all

ApoB siRNA treatment groups (Fig. 4a–c). No significant

decrease in cholesterol levels were observed for the

ApoB ? Fatp5 siRNA combination group relative to the

ApoB siRNA individual treatment group.

Serum triglycerides were also significantly reduced for

ApoB siRNA treatments either alone or in combination on

day 21 (Fig. 4d). Taken together, these data point to similar

and significant changes in serum cholesterol across ApoB

siRNA treatment groups that correlated with the observed

reductions in ApoB mRNA and serum protein levels.

Fatp5 siRNA Treatment Failed to Alleviate ApoB

siRNA-induced Liver Steatosis

To determine if Fatp5 siRNA treatment was sufficient to

alleviate ApoB siRNA-induced liver steatosis, liver sec-

tions were processed, sectioned, and stained with either

osmium or H&E. Image analysis of the osmium stained

slides revealed similar levels of significant lipid accumu-

lation across all ApoB siRNA treatment groups relative to

the PBS, Fatp5, or control siRNA groups (Fig. 5a, b).

These data indicated that Fatp5 siRNA treatment failed to

alleviate ApoB siRNA-induced liver steatosis in female

mice fed a low-fat western diet ad libitum. For the PBS,

Fatp5, and control siRNA groups, there was some evidence

of a periportal to midzonal (zones 1 and 2) distribution of

lipid droplets within hepatocytes (Fig. 5b). This contrasted

the lipid distribution following ApoB siRNA treatment,

Fig. 2 Fatp5 knockdown reduces bile acid (BA) reconjugation. a An

increase in the level of unconjugated/conjugated bile acid ratio

(***p B 0.001, t test, Mann–Whitney post-test) was observed

following Fatp5 knockdown. b Cholic acid (CA) concentrations

exhibited an increase in the concentration measured (***p B 0.001, t
test, Mann–Whitney post-test) by LC/MS after treatment with the

Fatp5 siRNA. Data represented as the group means (bars) ± SD

(n = 8/group)

Fig. 3 Serum APOB protein levels were reduced following ApoB
siRNA treatment. APOB levels in serum were measured by LC/MS

on day 21 following days 0 and 14 doses as indicated on the x-axis.

Data represented as the group means (bars) ± SD (n = 8/group).

Significance (***p B 0.0001) relative to the siRNA control-treated

group was calculated using a one-way ANOVA, Tukey post-test
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where diffuse infiltration (all zones) was observed

(Fig. 5b). The ApoB-treated groups displayed lipid droplets

that were smaller and more evenly distributed, while fewer

but larger lipid droplets were observed for the remaining

groups in many instances and as shown in Fig. 5b. By H&E

staining, hepatocytes in the ApoB siRNA treatment groups

appeared diffusely swollen, with granular to vacuolated

cytoplasmic spaces (data not shown).

Fatp5 Knockdown Failed to Alter ApoB siRNA-

induced Liver Triglyceride levels or Composition

Total triglyceride composition analysis by LC/MS revealed

a significant increase in the level of triglycerides found in

the liver following treatment with ApoB siRNA when

compared with siRNA control (Fig. 6a; Cntrl siRNA

7.5 lg/mg of tissue vs. ApoB siRNA 35.5 lg/mg of tissue,

p = 0.0002, t test with Mann–Whitney post-test). Com-

parative measurements between the ApoB/ApoB and the

Fatp5/Fatp5 ? ApoB groups demonstrated that there was

no protection from triglyceride accumulation in female

mice fed a low-fat western diet ad libitum. LC/MS indi-

cated that triglycerides 52:2 and 52:3 were significantly

higher (p B 0.0001, two-way ANOVA with Bonferroni

post-test) following Fatp5/Fatp5 ? ApoB treatment rela-

tive to ApoB/ApoB treatment (Fig. 6b). Triglycerides 52:4

and 54:3, although not statistically significant, also showed

an increase in the Fatp5/Fatp5 ? ApoB cohort in

Fig. 4 Comparable levels of serum cholesterol and triglycerides were

observed for ApoB siRNA treatments either alone or in combination

with a siRNA-targeting Fatp5. Total cholesterol (a), HDL cholesterol

(b), and triglycerides (d) were measured on day 21 following days 0

and 14 doses as indicated on the x-axis. Non-HDL cholesterol (c) was

calculated by subtracting the HDL cholesterol value from the total

cholesterol value. Data represented as group means (bars) ± SD

(n = 8/group). The percent difference relative to the control siRNA is

shown. Significance (***p B 0.0001) was calculated using a one-way

ANOVA, Tukey post-test, and reported for treated groups relative to

the siRNA control (cntrl siRNA) treatment
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comparison with the ApoB/ApoB cohort. Structure eluci-

dation by collision-induced dissociation MS/MS provided

information about the possible fatty acid composition for

each triglyceride. Triglyceride 52:2 contained 16:0/18:1/

18:1, triglyceride 52:3 contained 16:0/18:1/18:2, triglyc-

eride 54:3 contained 18:1/18:1/18:1 and triglyceride 54:3

contained 18:1/18:2/18:1. These triglycerides were con-

firmed by accurate mass and the use of external standards

(data not shown). All of these significantly relevant tri-

glycerides have constituent fatty acids which are non-

essential, suggesting that they may be derived from de

novo synthesis.

The Hepatic Sterol Response Differed After ApoB

and Fatp5 siRNA Treatments

To investigate the hepatic gene response to ApoB, Fatp5 or

combination treatments, we performed qRT-PCR analysis

on genes involved in the sterol response element binding

protein 1 and 2 pathways (Srebp1 and Srebp2). Interest-

ingly, although ApoB knockdown induced steatosis, it

resulted in a significant decrease in many genes involved in

both pathways (Table 1), including genes that are key

regulators of fatty acid and triglyceride synthesis (Fasn,

Scd, Fads1/2, Acsl3/5). As previously described, deletion

Fig. 5 Similar levels of liver steatosis were observed across all ApoB
siRNA treatment groups. a Osmium-stained images were digitized

and pixel intensities were quantitated for day 21. Data represented as

the group mean ± SD (n = 8/group). b Images representative of each

of the treatment groups are shown
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[31] or silencing [25] of Fatp5 caused a reduced uptake of

hepatic free fatty acids from serum, which caused a sub-

sequent increase in genes involved in fatty acid synthesis.

In contrast to ApoB siRNA treatment, Table 1 shows that

Fatp5 siRNA treatment resulted in a significant increase in

both Srebp1 and Srebp2 pathways. Although bile acid

conjugation levels changed and there was a significant

increase in cholic acid in bile (Fig 3b), transcription of

FXR or key regulators of FXR did not change (data not

shown). ApoB siRNA treatment appeared to have a stron-

ger effect on the Srebp1/2 pathways than Fatp5 siRNA

since the simultaneous reductions of both resulted in a

hepatic gene signature more similar to that of ApoB siRNA

treatment alone.

Discussion

In this report, we found that siRNA-mediated knockdown

of ApoB led to a significant reduction in serum lipids,

including HDL, which was associated with an increase in

hepatic triglycerides leading to liver steatosis in CETP/

LDLR hemizygous mice (a mouse model having a human-

like lipid profile). It is worth noting that similar results

were observed on day 28 for all end points measured

[mRNA knockdown, serum lipids, and histological analysis

of hepatic lipid levels (data not shown)].

ApoB siRNA-mediated steatosis contrasts with results

reported for ASO-mediated ApoB knockdown where only

modest but not significant increases in hepatic triglycerides

were observed following 6 weeks of biweekly (25 mg/kg)

treatment that resolved by week 20 [14]. Crooke et al.

reasoned that a compensatory mechanism, which included

the activation of AMPK leading to increased fatty acid

oxidation and the down-regulation of genes involved in

fatty acid synthesis and transport, led to the resolution of

hepatic triglyceride accumulation [14]. However, we also

observed decreased gene expression within these pathways

following the knockdown of ApoB. In addition, we

observed increased serum ketone levels following ApoB

siRNA treatment, which is indicative of increased fatty

acid oxidation (data not shown). Furthermore, mice har-

boring a base-pair deletion in the coding region of ApoB

(ApoB-38.9) also exhibited hepatic triglyceride accumula-

tion and decreased expression of genes involved in fatty

acid synthesis [25]. Taken together, these data suggest that

an alternative mechanism may explain the lack of ASO-

mediated steatosis and the discrepancy between ApoB

Fig. 6 Fatp5 siRNA treatment

fails to alter ApoB siRNA-

induced liver triglyceride levels

or composition. The total

triglyceride pool size and

composition was measured for

different siRNA administrations

(Cntrl siRNA/Cntrl siRNA,

ApoB/ApoB, Fatp5/Fatp5 and

Fatp5/Fatp5 ? ApoB). a A

large increase in liver

triglycerides was observed for

the ApoB/ApoB group relative to

the control siRNA

(***p = 0.0002, t test with

Mann–Whitney post-test).

Fatp5 siRNA treatment (Fatp5/

Fatp5 ? ApoB) did not show

protection from ApoB siRNA-

induced liver steatosis.

b Specific triglycerides TG 52:2
and TG 52:3 showed an increase

in their concentrations in both

the ApoB/ApoB and Fatp5/

Fatp5 ? ApoB groups

suggesting that Fatp5
knockdown fails to alter the

triglyceride composition

induced by ApoB knockdown

(***p B 0.0001, two-way

ANOVA with Bonferroni post-

test)
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siRNA and ASO treatments, which could be explained, at

least in part, by the fact that we are observing slightly

greater ApoB knockdown (*90 vs. *75%) and cholesterol

lowering [*80 (non-HDL) vs. 66% (LDL)] relative to the

ASO-mediated changes.

From our results, HDL appears lower and serum tri-

glycerides higher than one would initially expect for ApoB

knockdown. While the cause of the decrease in HDL fol-

lowing ApoB siRNA treatment is unknown, it is likely that

the HDL components provided by APOB-containing par-

ticles are reduced following ApoB knockdown leading to a

reduction HDL levels, which is consistent with findings by

Tadin-Strapps et al. [29, 31]. In addition, while serum tri-

glycerides appear disproportionately higher relative to

serum APOB for ApoB siRNA-treated groups (Fig. 3 rel-

ative to Fig. 4d), some of this apparent discrepancy could

be due to the production of larger, more triglyceride-rich,

non-HDL particles for the limited number of particles

produced. It also remains likely that serum triglycerides are

artificially elevated relative to other endpoints, since serum

triglycerides are measured enzymatically and glycerol is a

reaction intermediate. Thus, any glycerol within the serum

would lead to a higher reading than would otherwise be

expected.

Fatty acids are either transported into the liver or syn-

thesized de novo. Since fatty acids are required for tri-

glyceride synthesis and ApoB knockdown reduced the

expression of many of the genes involved in de novo

hepatic fatty acid synthesis, we rationalized that liver ste-

atosis induced by ApoB knockdown could be maintained, at

least in part, by the accumulation of fatty acids taken up by

hepatocytes [29]. FATP5 is a transporter of long chain fatty

acids (LCFAs) into hepatocytes [27, 32], and we reasoned

that reducing LCFA uptake by knocking-down Fatp5

would reduce hepatic triglyceride levels induced by ApoB

knockdown. We found that Fatp5 knockdown does not

influence the size, composition, or zonal distribution of the

hepatic triglyceride pool generated by ApoB siRNA treat-

ment. Lipid levels for the Fatp5 siRNA treatment alone

were too low to reliably assess differences in the hepatic

triglyceride population relative to the control siRNA group,

although results reported by Doege et al. [27] would

Table 1 Srebp1c and Srebp2 gene expression changes observed following ApoB, Fatp5, and combination siRNA treatments

Gene ApoB Fatp5 Fatp5/Fatp5 ? ApoB

Fold regulation p value Fold regulation p value Fold regulation p value

Srebp1c pathway Acaca –1.46 0.0705 1.78a 0.0156 –1.86b 0.0266

Acacb –1.69b 0.0084 1.61a 0.0070 –5.40b 0.0098

Fasn –2.99b 0.0026 2.05a 0.0203 –2.03 0.0830

Scd –3.62b 0.0009 1.95a 0.0007 –2.91b 0.0104

Fads1 –2.18b 0.0000 1.13 0.0514 –2.18b 0.0000

Fads2 –2.39b 0.0000 1.24 0.0705 –2.36b 0.0001

Acsf2 1.36a 0.0075 1.12 0.0792 1.28a 0.0074

Acsl1 1.19 0.1635 –1.18 0.3571 1.06 0.6852

Acsl3 –2.16b 0.0002 1.05 0.8005 –1.76b 0.0202

Acsl4 –1.24 0.1148 –1.10 0.3702 –1.25 0.0948

Acsl5 –1.28b 0.0405 1.40a 0.0020 –1.40b 0.0475

Srebp2 pathway Hmgcs1 –1.60b 0.0238 1.93a 0.0020 –1.24 0.3368

Hmgcr –2.23b 0.0034 1.72 0.0740 –1.30 0.5900

Mvk –1.11 0.3513 1.51a 0.0086 –1.02 0.8580

Pmvk –2.30b 0.0004 1.52a 0.0068 –2.33b 0.0033

Mvd –3.26b 0.0033 1.94a 0.0072 –1.98 0.0528

Idi1 –1.63b 0.0212 1.99a 0.0017 –1.24 0.3330

Fdps –2.60b 0.0022 1.88a 0.0039 –2.20b 0.0237

Fdft1 –1.43b 0.0095 1.72a 0.0011 –1.10 0.6770

Cyp51a1 –1.75b 0.0058 1.81a 0.0010 –1.40 0.1238

Dhcr7 –1.65b 0.0065 1.65a 0.0007 –1.54 0.1193

Selected Srebp1 and Srebp2 pathway genes were analyzed after siRNA treatments. Mice were treated with siRNAs targeting ApoB and Fatp5
alone or in combination (ApoB, Fatp5, Fatp5/ApoB) at days 0 and 14. Gene expression was analyzed using qRT-PCR (TaqMan) on day 21. Fold

regulation was calculated for the treatment group relative to the control siRNA group.
a Indicates a significant induction (p B 0.05) and ba significant reduction (p B 0.05) in expression relative to the control siRNA group.

Significance (p value) was calculated using a two-tailed t test between control and treatment groups
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suggest that reductions in FATP5 would disproportionately

decrease the saturated and polyunsaturated fatty acid con-

taining triglycerides relative to monounsaturated fatty acid

containing triglycerides.

It remains possible that FATP5 may not function as a

transporter of fatty acids under our conditions. In the studies

reported here, animals were fed a chow diet containing 9%

fat ad libitum, whereas Fatp5 knockout mice fed a similar

diet (a chow diet containing 5% fat) exhibited the most

dramatic changes in hepatic lipid accumulation under pro-

longed fasting conditions [32]. One could also argue that

Fatp5 knockdown may induce the expression of other Fatp

family members, which could compensate for the loss of

FATP5 activity under our conditions. However, this is

unlikely, since Fatp5 knockout mice did not exhibit altered

expression of Fatp1-4 or Fatp6 [32], and we did not observe

a change in the expression of either of the two Fatps

evaluated (Fatp2 or Fatp4, data not shown). Alternatively,

both Fatp2 and Fatp5 are highly expressed in liver, and

Fatp2 knockdown has also been reported to decrease

hepatic fatty acid uptake in mice [33]. Therefore, it remains

possible that FATP2 is sufficient to mediate hepatic fatty

acid uptake in the absence of FATP5 under our conditions.

Even though Fatp5 knockdown failed to influence the

hepatic triglyceride pool generated following ApoB

knockdown, it did lead to a 100-fold increase in ratio of

unconjugated to conjugated bile acids. The magnitude of

the shift within the bile acid pool, from predominately

conjugated to predominately unconjugated bile acids, is

consistent with FATP5 being required for the majority of

bile acid reconjugation during enterohepatic recirculation.

Our results are inline with the results reported for Fatp5

knockout mice and suggest that Fatp5 siRNA treatment is

sufficient to influence FATP5 activity [26]. We expect

these changes to have only a minor effect on fat absorption,

since, consistent with Hubbard et al. [26], we observed that

unconjugated bile acids are found within gall bladder bile.

Thus, unconjugated bile acids can be efficiently secreted

into bile following Fatp5 knockdown and should therefore

be available for fat absorption. Fatp5 knockout mice also

exhibited secondary metabolic changes leading to

decreased food intake. Although, it is unclear if this is due

to altered bile acid metabolism via the inhibition of bile

acid reconjugation, altered lipid metabolism via the inhi-

bition of fatty acid uptake, or both. While outside the scope

of this work, it remains possible to use siRNAs targeting

Fatp5 to address this question, since we observed the

inhibition of bile acid reconjugation but not fatty acid

uptake under these conditions.

Finally, we have shown that Fatp5 knockdown resulted

in a significant increase in genes involved in hepatic cho-

lesterol biosynthesis (Srebp2 pathway) and fatty acid syn-

thesis (Srebp1 pathway). This is consistent with the

increase in fatty acid synthase expression and defects in

bile acid reconjugation reported for the loss of FATP5

activity [26, 27].

One could, therefore, speculate that changes in bile acid

conjugation levels would result in an increase in de novo

cholesterol synthesis, requiring more acetyl-CoA, which

may promote fatty acid synthesis.
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Abstract Scientific research is constantly working to find

new molecules that are effective in preventing excessive

accumulation of body fat. The aim of the present work was

to assess the potential agonism on PPARa and PPARc of a

conjugated linolenic acid (CLNA) isomer mixture, con-

sisting of two CLNA isomers (cis-9,trans-11,cis-15 and

cis-9,trans-13,cis-15). Secondly, we aimed to analyze the

effects of this mixture on triacylglycerol accumulation in

3T3-L1 mature adipocytes. Luciferase transactivation

assay was used to analyze whether the CLNA mixture

activated PPARs. The expression of several enzymes and

transcriptional factors involved in the main metabolic

pathways that control triacylglycerol accumulation in adi-

pocytes was assessed by real time RT-PCR in 3T3-L1

adipocytes treated for 20 h with the CLNA mixture. The

mixture activated PPRE in cells with PPARa receptor over-

expression, but not those with PPARc over-expression.

Decreased triacylglycerol was found in treated adipocytes.

The lowest dose (10 lM) increased HSL expression and

the highest dose (100 lM) increased ATGL gene expres-

sion. The other genes analyzed remained unchanged. The

hypothesis of an anti-obesity action of the analyzed CLNA

mixture, based on increased lipid mobilization in adipose

tissue, can be proposed.

Keywords PPARa � PPARc � Conjugated linolenic acid �
HSL � ATGL � 3T3-L1

Abbreviations

ACC1 Acetyl-CoA carboxylase1

ATGL Adipose triglyceride lipase

CLA Conjugated linoleic acid

CLNA Conjugated linolenic acid

FASN Fatty acid synthase

HSL Hormone-sensitive lipase

IBMX 3-Isobutyl-1-methyl-xanthine

LPL Lipoprotein lipase

PPAR Peroxisome proliferator-activated receptor

PPRE Peroxisome proliferator response element

SREBP-1c Sterol regulatory element binding protein

TAG Triacylglycerol

Introduction

Being overweight and obesity are a public health problem

in developed societies because of their high prevalence, not

only in adults but also in children. They generate numerous

metabolic disturbances and other associated diseases, such

as insulin resistance, diabetes, hypertension and dyslipemia

[1]. Scientific research is constantly working to find new

molecules, either drugs or dietary ingredients, which are

J. Miranda � A. Lasa � A. Fernández-Quintela �
M. P. Portillo (&)

Department of Nutrition and Food Sciences, Faculty

of Pharmacy, University of the Basque Country, Paseo de la

Universidad, 7, 01006 Vitoria, Spain

e-mail: mariapuy.portillo@ehu.es

C. Garcı́a-Marzo � J. Ayo

Food Research Unit, AZTI-Tecnalia, Derio, Spain

R. Dentin
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effective in preventing excessive accumulation of body fat

and/or in reducing the fat previously stored.

In recent years a great deal of scientific work has been

performed to analyze the anti-obesity effects of conjugated

linoleic acid (CLA) and has shown that it strongly reduces

body fat in rodents (mice, hamsters and rats) [2–5]. Despite

these promising results, CLA testing on humans produced

effects which were far less noticeable, and frequently

highly controversial. Whereas CLA was not effective in

several studies, in others it led to a very weak reduction in

body fat [6–9]. Thus, the EFSA (European Food Safety

Authority) Panel on Dietetic Products, Nutrition and

Allergies, based on the results reported in human studies,

concluded that a cause and effect relationship has not been

established between the consumption of an equimolecular

mixture of CLA isomers, cis-9,trans-11 and trans-10,cis-

12, and contribution to the maintenance or achievement of

a normal body weight [10].

This scientific scenario has directed researchers’ atten-

tion towards conjugated linolenic acid isomers (CLNA),

defined as octadecatrienoic fatty acid isomers with at least

two conjugated double bonds. The literature shows that,

although in general terms beneficial effects on health are

induced by CLNA isomers, important differences exist in

terms of anti-obesity action among cis-9,trans-11,trans-13

(a-eleostearic acid) [11], trans-9,trans-11,cis-13 (catalpic

acid) [12], cis-9,trans-11,cis-13 (punicic acid) [13–15],

trans-8,trans-10,cis-12 (calendic acid) [16] and cis-8,trans-

10,cis-12 (jacaric acid) [17]. Based on published results, it

has been proposed that punicic acid (cis-9,trans-11,cis-13)

will be further developed for regulating blood sugar levels

[18] and catalpic acid (trans-9,trans-11,cis-13) for lipid-

lowering and anti-obesity applications. The interest in

calendic acid (trans-8,trans-10,cis-12) is limited because

its effectiveness on body-fat reduction is lower than that of

conjugated linoleic acid (CLA) [16]. Jacaric acid (cis-

8,trans-10,cis-12) seems not to be useful for these purposes

[19].

Taking all these results into consideration, and in the

line of searching new CLNA isomers with anti-obesity

properties, the present study focused on a CLNA mixture

consisting of two CLNA isomers (rumelenic acid cis-

9,trans-11,cis-15 18:3 and cis-9,trans-13,cis-15 18:3;

50:50) not extensively investigated yet. In the first part of

the present study the potential agonism of these CLNA

isomers on PPARa and PPARc was assessed. Secondly, the

effects of this mixture on triacylglycerol (TAG) accumu-

lation in 3T3-L1 mature adipocytes, as well as on the

expression of enzymes and transcriptional factors involved

in the main metabolic pathways that control TAG accu-

mulation in adipocytes, such as de novo lipogenesis, fatty

acid uptake from circulating TAG and lipolysis, were also

evaluated. Our research revealed that the analyzed CLNA

mixture was able to activate PPARa but not PPARc.

Moreover, it increased the expression of HSL and ATGL

but not that of LPL, PPARc, ACC1, FASN and SREBP-1c.

Therefore, our findings suggest that analyzed CLNA mix-

ture may have anti-obesity properties.

Methods and Procedures

Method for Obtaining the CLNA Mixture

The CLNA isomer mixture was prepared by alkali isom-

erization of hydrolyzed linseed oil using an adaptation of

the procedure described by Galvez et al. [21]. The CLNA

isomers were isolated from the isomerized product by sil-

ver ion thin layer chromatography, according to the method

described by Destaillats et al. [22]. The two CLNA isomers

were identified as rumelenic acid (cis-9,trans-11,cis-15)

and cis-9,trans-13,cis-15 18:3 in a molar ratio of 50:50,

previous derivatization with 4-methyl-1,2,4-triazoline-3,5-

dione (Sigma, St. Louis, Mo, USA) following the proce-

dure of Destaillats et al. [23].

Reporter Assay

Human Kidney Embryonic HEK293T cells were maintained

and transfections were carried out as previously described

[24]. HEK293T were transiently transfected with 25 ng of

the reporter expression vector under study (PGL2-PPRE-

Luc) and with 25 ng of the internal control vector

(b-galactosidase), using Lipofectamin 2000� (Invitrogen,

Carlsbad, CA, USA), according to the manufacturer’s

instructions. Cells were divided into two experimental

groups: cells with over-expression of PPARa (transfected

with 5 ng of PPARa) and cells with over-expression of

PPARc (transfected with 5 ng of PPARc). WY-14643

(Calbiochem-Merck, Darmstadt, Germany) and rosiglitaz-

one (Cayman Chemical, Michigan, USA) were used as the

positive controls of PPARa and PPARc receptors activation,

respectively. After 24 h, cells were treated with the CLNA

mixture at different doses (3, 15, 30 lM) during 18 h.

CLNA, as well as PPAR ligands, were dissolved in 95%

ethanol. At this point luciferase activity was measured.

Luciferase activity was normalized for transfection effi-

ciency using a b-galactosidase reporter (RSV b-gal) as an

internal control. Experimental data are the mean of at least

three independent experiments with luciferase activity nor-

malized to b-galactosidase activity, conducted in triplicate.

b-Galactosidase assays for normalization of PPRE-

luciferase activity were performed using 10 ll of cell

lysate, 50 ll 29 buffer (1.33 mg/mL 2-nitrophenyl

b-D-galactopyranoside, 100 mM 2-mercaptoethanol, 2 mM

magnesium chloride, 200 mM sodium phosphate pH 7.5),

1006 Lipids (2011) 46:1005–1012
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and 40 lL water in each well of a clear 96-well plate. All

these were purchased from Sigma (St. Louis, MO, USA).

The plate was covered and incubated for 30 min at 37 �C,

and absorbance at 405 nm was determined with a BioRad

Lumimark Plus plate reader. Lysate samples were assayed

in triplicate. Lysates from untransfected cells were used as

controls for background activity.

3T3-L1 Adipocyte Culture

The 3T3-L1 cells were maintained and cultured as previ-

ously described [25]. In brief, cells were cultured at 37 �C

in a humidified atmosphere of 5% CO2/95% air. 3T3-L1

pre-adipocytes were maintained in DMEM (Invitrogen,

Carlsbad, CA, USA) containing 10% (v/v) fetal calf serum

(FCS; Sigma, St. Louis, MO, USA) and antibiotics (peni-

cillin/streptomycin). Differentiation of the cells was initi-

ated 24 h after confluence by incubation for 2 days in FCS

free medium containing 0.25 lM dexamethasone (Sigma,

St. Louis, MO, USA), 500 lM 3-isobutyl-1-methyl-xan-

thine (IBMX; Sigma, St. Louis, MO, USA) and 10 nM

insulin (Sigma, St. Louis, MO, USA). Differentiation into

adipocytes was visualized under the microscope from the

accumulation of lipid droplets. Until day 11 (adipogenic

phase) the cells were maintained in a feeding medium

(DMEM containing 10% (v/v) FCS and antibiotics, as well

as insulin) that was renewed every 3 days.

On day 11 after differentiation, the cells were pre-

incubated for 24 h with an insulin-free feeding medium in

order to avoid the influence of insulin. On day 12 after

differentiation, mature adipocytes, grown in 6-well plates,

were incubated with either 0.1% ethanol (95%) (control

group) or with the CLNA mixture (10 or 100 lM, diluted

in 95% ethanol) for 20 h. Cells were harvested after the

treatment and TAG content, normalized by protein content

[26], were quantified by using AdipoRed� assay reagent

(Lonza, Walkersville, USA). Gene expression was assessed

by real time RT-PCR as described below.

Gene Expression Analysis by Reverse

Transcription-Quantitative PCR (RT-PCR)

Total RNA was extracted from adipocytes with Trizol

(Invitrogen, Carlsbad,CA, USA). RNA samples were then

treated with a DNA-free kit (Ambion, Applied Biosystems,

USA) according to the manufacturer’s instructions, to

remove any contamination with genomic DNA. The yield

and quality of RNA were assessed by measuring absor-

bance at 260, 270, 280 and 310 nm and by electrophoresis

on 1.3% agarose gels. Then, 1.5 lg of total RNA of each

sample was reverse-transcribed to first-strand comple-

mentary DNA (cDNA) using iScript� cDNA Synthesis Kit

(Bio-Rad, Hercules, CA, USA).

Relative PPARc, LPL (lipoprotein lipase), ACC1

(acetyl-CoA carboxylase1), FASN (fatty acid synthase),

SREBP-1c (sterol regulatory element binding protein),

HSL (hormone-sensitive lipase) and ATGL (adipose tri-

glyceride lipase) mRNA levels were quantified using real-

time PCR with an iCycler� – MyiQ� Real Time PCR

Detection System (BioRad, Hercules, CA, USA). b-Actin

mRNA levels were similarly measured and served as the

reference gene.

Then, 0.1 lL of each cDNA was added to the PCR

reagent mixture (SYBR� Green Master Mix; Applied

Biosystems, USA), with the upstream and downstream

primers (300 nM each). The PCR parameters were as fol-

lows: initially 2 min at 50 �C, denaturation at 95 �C for

10 min followed by 40 cycles of denaturation at 95 �C for

15 s, annealing for 30 s and extension at 60 �C for 30 s.

Information concerning specific sense/antisense primers

and PCR annealing extension temperatures is described in

Table 1.

Table 1 Primers and annealing temperature for PCR amplification of each gene studied

SYBR� Green RT-PCR

Primers Sense primer Antisense primer Annealing temperature

SREBP-1c 50-GCGGACGCAGTCTGGG-30 50-ATGAGCTGGAGCATGTCTTCAAA-30 60.9 �C [27]

FASN 50-AGC CCC TCA AGT GCA CAG TG-30 50-TGCCAATGTGTTTTCCCTGA-30 60.0 �C

ACC1 50-GGACCACTGCATGGAATGTTAA-30 50-TGAGTGACTGCCGAAACATCTC-30 60.0 �C

PPARc 50-ATTCTGGCCCACCAACTTCGG -30 50-TGGAAGCCTGATGCTTTATCCCCA -30 63.9 �C

LPL 50-CAGCTGGGCCTAACTTTGAG-30 50-CTCTCTGCAATCACACG-30 60.0 �C

ATGL 50-CACTTTAGCTCCAAGGATGA-30 50-TGGTTCAGTAGGCCATTCCT-30 60.8 �C

HSL 50-GGTGACACTCGCAGAAGACAATA-30 50-GCCGCCGTGCTGTCTCT-30 60.0 �C

b-Actin 50-ACGAGGCCCAGAGCAAGAG-30 50-GGTGTGGTGCCAGATCTTCTC-30 60.0 �C

SREBP Sterol-regulatory element binding protein, LPL lipoprotein lipase, PPAR peroxisome proliferator-activated receptor, ACC1 acetyl-CoA

carboxylase1, FASN fatty acid synthase, HSL hormone-sensitive lipase and ATGL adipose tissue TAG lipase
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mRNA levels were normalized to the values of b-actin

and the results expressed as fold changes of threshold cycle

(Ct) value relative to controls using the 2-DDCt method

[28].

Statistical Analysis

Results are presented as means ± standard errors of the

means. Statistical analysis was performed using SPSS 17.0

(SPSS Inc. Chicago, IL, USA). Data was analyzed by one-

way analysis of variance followed by the Tukey post hoc

test. Statistical significance was set-up at the P \ 0.05

level.

Results

PPRE Activation on HEK293 Cells

The mixture of CLNA isomers activates peroxisome pro-

liferator response element (PPRE) of cells with PPARa
receptor over-expression, but not those with PPARc over-

expression. In the case of the PPARa transcriptional factor

the activity increase was as evident as that shown with the

positive control (10 lM of WY-14643). No dose-depen-

dent effect among the doses was observed (Fig. 1).

Effect of the CLNA Mixture on Triacylglycerol

Accumulation in Nature Adipocytes

The TAG content in the control group was not modified

after 20 h of treatment. It was found that 10 and 100 lM of

the CLNA mixture decreased TAG content in mature adi-

pocytes (-49 and -39% respectively). As shown in Fig. 2,

dose-dependent effects were not found, according to the

percentage of reduction.

Effect of the CLNA Mixture on the Expression

of Adipocyte-Specific Genes in Mature Adipocytes

With regard to the adipocyte-specific genes, LPL, PPARc,

ACC1, FASN and SREBP-1c remained unchanged

(Fig. 3a, b). The expression of the main lipases, HSL and

ATGL, was also analyzed. HSL expression was increased

with the lower dose (10 lM) and ATGL expression was

increased with the higher dose (100 lM) (Fig. 3a).

Discussion

Genes involved in lipid metabolism are controlled by several

peroxisome proliferator-activated receptors (PPARs)

[29–31]. PPARa, mainly expressed in oxidative tissues such

PPARα
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Fig. 1 Effects of 3, 15 and

30 lM CLNA mixture cis-

9,trans-11,cis-15 and cis-

9,trans-13,cis-15 on peroxisome

proliferator response element

(PPRE) reporter activity of

HEK293T cells with PPARc/

PPARa receptors over-

expressed. Values (luciferase

activity normalized to

b-galactosidase activity) are

means with the standard error of

the mean, shown by vertical
bars. 10 lM Rosiglitazone and

10 lM WY-14643 were used as

positive control of PPARc and

PPARa receptor activation

respectively. Data were

analyzed by one-way analysis of

variance followed by the Tukey

post hoc test. **P \ 0.01,

***P \ 0.001
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as liver, activates the expression of enzymes involved in fatty

acid oxidation [31]. PPARc, widely expressed in white adi-

pose tissue, regulates genes related to adipogenesis, fatty

acid storage as TAG, adipokine release and improves insulin

sensitivity [31–33]. Thus, when the anti-obesity and/or anti-

diabetic properties of new potential functional ingredients

are analyzed it is important to know if they are able to acti-

vate these transcriptional factors.

It has been reported that conjugated linoleic acid isomers

have the ability to bind PPARa [34, 35] and PPARc [36, 37].

With regard to conjugated linolenic isomers, Hontecillas

et al. [15] observed that punicic acid (cis-9,trans-11,cis-13)

activated both PPARc and PPARa in 3T3-L1 adipocytes

transfected with PPAR-Luciferase plasmids. In another

study Chuang et al. [11], found that a-eleostearic acid (cis-

9,trans-11,trans-13) activated PPARa in a transactivation

assay performed with a clone of CHOK1 cells. By contrast,

in previous studies from our laboratory, jacaric acid (cis-

8,trans-10,cis-12) a CLNA isomer that does not show the

sequence cis-9,trans-11 observed in punicic and a-eleo-

stearic acids, did not activate PPARc or PPARa in a trans-

activation assay performed with HEK293T cells [19]. These

results suggest that the ability of CLNA isomers for acti-

vating PPARs depends on their chemical structure.

In this context, in order to broaden the knowledge about

CLNA isomers, the first aim of the present study was to

evaluate the potential activation of PPARa and PPARc by

means of a CLNA mixture consisting of two CLNA iso-

mers (rumelenic acid cis-9,trans-11,cis-15 18:3 and cis-

9,trans-13,cis-15 18:3; 50:50). This process has not been

extensively investigated before. In fact, as far as we know,

there is only one paper addressing the effect of these two

isomers on lipid synthesis, which specifically concerns

their effect on milk fat synthesis in lactating dairy cows

[20]. The results concerning the activation of PPARs by

CLNA isomers will be very helpful in order to know if

these molecules may be good candidates to be used as

functional ingredients for obesity, diabetes and dyslipide-

mia prevention.

The mixture analyzed in the present study activated

PPRE of cells with PPARa receptor over-expression, but

not those with PPARc over-expression. By comparing the

present results with those published by other authors, by

using other CLNA isomers, it can be observed that our

mixture shares with punicic acid and a-eleostearic acids the

ability for activating PPARa.

As previously explained in this discussion, the activation

of PPARa leads to the activation of enzymes involved in

mitochondrial and peroxisomal fatty acid oxidation [28, 38,

39]. Thus, the present results suggests that, when admin-

istered in vivo, this CLNA mixture could have the capa-

bility of reducing steatosis, hypertriglyceridemia, and even

body fat accumulation (anti-obesity effect), by increasing

fatty acid oxidation [40–45].

The CLNA mixture did not act as a PPARc agonist; this

is a difference from other CLNA isomers, such as punicic

acid [15]. The lack of PPARc activation means that this

CLNA mixture is probably not useful for insulin resistance

management and glycemic control. In contrast, it could be

an interesting prospect for avoiding an increase in adipose

tissue because, as explained before, PPARc activation

promotes lipid storage in adipose tissue. Other potential

actions of the CLNA mixture on adipocyte metabolism

cannot be discarded because changes in the expression of

this transcriptional factor, as well as modifications in

metabolic pathways that are not regulated by PPARc, could

take place.

In order to obtain more evidences concerning the effect

of the CLNA mixture on adipose tissue metabolism, a

second experiment devoted to analyze its effects on TAG

accumulation in 3T3-L1, as well as on the expression of

lipid-related genes, was carried out in the present study.

The amount of accumulated TAG was lower in treated cells

than in the controls, suggesting that the analyzed CLNA

mixture may be of interest as a potential anti-obesity agent,

not only by increasing liver fatty acid oxidation through the

activation of PPARa, but also by acting directly on other

molecular mechanisms in adipocytes.

Fig. 2 Triacylglycerol content normalized by protein in mature

adipocytes 3T3-L1 treated for 20 h with 10 and 100 lM of the CLNA

mixture cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15. Values are

means with the standard error of the mean, shown by vertical bars.

Data were analyzed by one-way analysis of variance followed by the

Tukey post hoc test. ***P \ 0.001
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In the present study, the effects of the CLNA mixture on

the expression of enzymes and transcriptional factors

involved in de novo lipogenesis, fatty acid uptake from

circulating TAG and lipid mobilization were assessed. No

changes were observed in the expression of LPL or PPARc.

These results, together with the absence of activation of

this transcriptional factor, suggest that the CLNA mixture

does not modify fatty acid uptake from circulating TAG in

adipocytes.

The expression of ACC1 and FASN, as well as the

transcriptional factor SREBP-1c, also remained unchanged,

indicating that the reduction in the accumulation in TAG

induced by the CLNA mixture is not due to decreased de

novo lipogenesis. With regard to HSL and ATGL, two

lipases controlling lipolysis, an increase in their expression

was observed in adipocytes treated with the CLNA mix-

ture. These data suggest that the reduction in TAG accu-

mulation can result from increased lipid mobilization.

In summary, on the basis of the present in vitro delipi-

dation effect, the hypothesis of an anti-obesity action of the

CLNA mixture, consisting of cis-9,trans-11,cis-15 and cis-

9,trans-13,cis-15 isomers, increased lipid mobilization in

adipose tissue, can be proposed. These results open the way

for further research. Obviously, checking whether this

A

B

Fig. 3 mRNA levels were measured by Real Time RT-PCR in

mature 3T3-L1 adipocytes treated for 20 h with 10 and 100 lM of the

CLNA mixture cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15.

a Genes related to fatty acid uptake from circulating triacylglycerol

and lipolysis (LPL, PPARc, ATGL, HSL) and b genes related to

lipogenesis (SREBP-1c, FASN, ACC1). Values are expressed relative

to control group and results are given as means with the positive and

negative error, shown by vertical bars. Data were analyzed by one-

way analysis of variance followed by the Tukey post hoc test.

*P \ 0.05
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CLNA mixture indeed induces a reduction in fat accumu-

lation requires further studies performed in animal models

as a first step, and later on in humans.
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Abstract Nuclear hormone receptors are transcription

factors that can be activated by nutrition-derived ligands

and alter the expression of various specific target genes.

Stearoyl-Coenzyme A desaturase (SCD1) converts palmitic

acid (16:0) to palmitoleic acid (16:1n-7) as well as stearic

acid (18:0) to oleic acid (18:1n-9). At the same time,

elongase 6 (ELOVL6) elongates 16:1n-7 and 18:1n-9 to

vaccenic acid (18:1n-7) and eicosenoic acid (20:1n-9).

We examined how synthetic selective ligands of nuclear

hormone receptors alter the gene expression of hepatic

enzymes in mice. In addition, we examined how the regu-

lation of these two enzymes influences fatty acid compo-

sition of phospholipids in liver and plasma. Mice were

gavaged daily for 1 week with synthetic ligands of perox-

isome proliferator-activated receptor (PPAR) a, b/d, c, liver

X receptor (LXR), retinoic acid receptor (RAR) and reti-

noid-X receptor (RXR) for 1 week. Phospholipids from

liver and plasma were analysed using ESI-MS/MS and GC

after saponification. Hepatic gene expression of SCD1 and

ELOVL6 was measured using QRT-PCR. SCD1 and

ELOVL6 expression increased after the gavage of LXR and

RXR ligands. The analysis of fatty acid composition of total

phospholipids in plasma and liver showed increased per-

centage contributions of the SCD1 and ELOVL6 products

18:1n-9, 18:1n-7 and 20:1n-9 after LXR and RXR ligand

application. Analysis of total phospholipids from plasma

and liver revealed a significant increase in monounsaturated

fatty acids bound in phosphatidylcholine (PtdCho) and

lysophosphatidylcholine (PtdEtn) after LXR and RXR

ligand administration. Increased hepatic gene expression of

SCD1 and ELOVL6 after gavage of selective RXR or LXR

ligands to mice resulted in increased concentrations of their

metabolic products in phospholipids of liver and plasma.

Keywords Nuclear receptor � Monounsaturated fatty

acids � Polyunsaturated fatty acid � Phospholipids � SCD1 �
ELOVL6

Abbreviations

PPAR Peroxisome proliferator-activated receptor

LXR Liver X receptor

RXR Retinoid X receptor

RAR Retinoic acid receptor

MUFA Monounsaturated fatty acid(s)

PUFA Polyunsaturated fatty acid(s)

SFA Saturated fatty acid(s)

SCD1 Steroyl-coenzyme A desaturase

ELOVL6 Elongase 6
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modulate the expression of various specific target genes at

the transcriptional level. Peroxisome proliferator-activated

receptor a (PPARa) is mainly expressed in the liver,

skeletal and heart muscle as well as in blood vessels and

the pancreas. PPARa plays an important role in fatty acid

uptake, liver steatosis, cardiac lipid accumulation, and is

critical for the development of atherosclerosis [1, 2].

PPARb/d is ubiquitously expressed, and is involved in

HDL-cholesterol metabolism in obese and non-obese mice

[2]. PPARc is mainly expressed in adipose tissue, in

macrophages and in low levels in the liver. It is primarily

involved in fatty acid uptake and inflammation control

[3, 4]. Apart from the synthetic ligands used in our study

for each PPAR isoform, mainly monounsaturated fatty

acids (MUFA) and polyunsaturated fatty acids (PUFA)

were also reported to be natural activators [5].

Liver X receptor (LXR) is highly expressed in the liver,

and to a lesser extent in the adipose tissue and in macro-

phages. LXR is a key modulator of lipid metabolism,

inflammatory signalling and regulation of cholesterol

efflux in macrophages. Cholesterol and its metabolites are

natural ligands that can activate LXR [6]. Retinoid-X

receptor (RXR) and retinoic acid receptor (RAR) are

activated by vitamin A derivates like all-trans-retinoic acid

(ATRA) and its cis-isomer the 9-cis-retinoic acid (9CRA).

This activation can also take place by specific synthetic

ligands. Furthermore RXR forms heterodimers with vari-

ous nuclear receptors including the LXR, RAR and PPARs

[3, 7], which is crucial to induce a signal transduction.

Alternatively besides natural ligands also synthetic, high

specific ligands for LXR, RXR, RAR and PPARs have

been developed.

SCD1 is an enzyme mainly expressed in adipogenic

tissues including hepatic and adipose tissue [8, 9]. SCD1

desaturates 16:0 and 18:0 to 16:1n-7 and 18:1n-9, respec-

tively. The regulation of SCD1 and its consequences on

metabolic disease has been studied in several models. The

depletion of SCD1 in SCD1-knock-out mouse models

reduces triglyceride synthesis in the liver [10] and further

protects against induced hepatic steatosis and adiposity

[11]. Elongases extend fatty acids by two additional carbon

atoms. The enzyme ELOVL6 extends 16:0, 16:1n-7 and

18:1n-9 to 18:0, 18:1n-7 and 20:1n-9, respectively [12, 13].

It is mainly expressed in brown and white adipose tissue,

hepatic tissue and brain [12, 14]. The gene expression of

both enzymes is suggested to be regulated by the SREBP1,

a transcription factor inducible by the activated nuclear

hormone receptors LXR and RXR but not by other hor-

mone receptors like PPARa and PPARc [15–17].

This study investigated how the nuclear hormone

receptors RAR, RXR, PPARs and LXR alter the gene

expression of the enzymes SCD1 and ELOVL6 by the

application of their specific selective ligands. Due to this

alteration of the gene expression the impact on the com-

position of various phospholipids and the contents of the

metabolic products of SCD1 and ELOVL6 had been

studied in plasma and liver of mice. The activation of the

nuclear hormone receptors RAR, RXR, PPARs and LXR

can also occur by various semi-stable and multi-potent

endogenous/nutritional-relevant ligands. An induction of

these receptors regulates various nutritional relevant path-

ways like in the present study - the metabolism of mono-

unsaturated and saturated fatty acids. We postulate that an

alteration of gene expression of SCD1 and ELOVL6

caused by the application of different nuclear hormone

receptor ligands influences the content of MUFAs/saturated

fatty acids (SFAs) and therefore indirectly effects the fatty

acid composition of phospholipids and membranes.

Materials and Methods

Experimental Design

Animal experiments were performed at the Laboratory

Animal Core Facility at the University of Debrecen in

Hungary in accordance with Hungarian ethical guidelines.

Six to eight week old female C57BL6 mice, purchased

from Charles River (Budapest, H), were fed for 2 weeks

with chow (VRF1, Altromin, D). After the acclimatization

period, animals were gavaged daily for one week with

specific synthetic ligands dissolved in 25% Cremophor EL

(Sigma-Aldrich, Budapest, H)/water (v/v) (Table 1). The

vehicle (cremophor EL) was applied at 5 ml/kg body

weight (b.w.). Rosiglitazone a PPARc ligand was bought at

Biomol (Butler Pike, USA) [18] and LG268 an RXR ligand

[19] was a gift from Ligand Pharmaceuticals (San Diego,

CA, USA). AM580 (RAR ligand) [20], GW7647 (PPARa
ligand) [21] and GW0742 (PPARb/d ligand) [22] were

purchased from Biotrend Chem. GmbH (Cologne, D) and

T0901317 (LXR ligand) [23] from the Cayman Chemical

Company (Tallinn, EST).

Table 1 Amount of ligands applied to mice by oral gavage

Receptor Specific ligand Daily dose

Vehicle Cremophor/EL 5 ml/kg b.w.

PPARa GW7647 3 mg/kg b.w.

PPARb/d GW0742 5 mg/kg b.w.

PPARc Rosiglitazone 3 mg/kg b.w.

LXR T0901317 20 mg/kg b.w.

RAR AM580 10 mg/kg b.w.

RXR LG268 30 mg/kg b.w.

Ligands: GW7647, GW0742, Rosiglitazone, T0901317, AM580 and

LG268 were dissolved in 25% Cremophor/water (v/v) and gavaged

once a day

1014 Lipids (2011) 46:1013–1020

123



Animal Study

Mice had free access to water and food over the duration

of the experiment. They were kept at 22 �C room tem-

perature with a 12 h day/night cycle. All animals were

killed by anaesthesia with halothane. Blood collection

was carried out by cardiac puncture. The blood was

centrifuged for 10 min and plasma was stored at -80 �C.

The mice were dissected, and liver samples were weighed

and immediately frozen in liquid nitrogen and later stored

at -80 �C.

Analysis of Composition of Fatty Acid in Total

Phospholipids in Plasma by Gas Chromatography (GC)

For the analysis of plasma fatty acids, frozen plasma

samples were thawed and the dipentadecanoylpho-

sphatidylcholine (Phosphatidylcholine Dipentadecanoyl,

Sigma-Aldrich, Budapest, Hungary) internal standard was

added. Lipids were extracted by the addition of 3 ml

chloroform and 1 ml methanol according to the method of

[24]. The mixture was vortexed at 3,000 rpm for 15 min.

The lower layer was then aspirated into vials and evapo-

rated under an N2 stream. Lipid extracts were reconstituted

in 70 ll chloroform and lipid classes were separated by

thin layer chromatography (TLC). The solvent-mix for

TLC of plasma lipids was as follows: hexane:diethyl

ether:chloroform:acetic acid (21:6:3:1, v/v). The bands

were stained with dichlorofluorescein, removed by scrap-

ing and transesterified in 1 ml of 3 N-HCl-methanol solu-

tion (Methanolic HCl, 3 N, Supelco, Budapest, Hungary) at

84 �C for 45 min [25]. Fatty acids were analysed by high-

resolution capillary GC using a Finnigan 9001 gas chro-

matograph (Finnigan/Tremetrics Inc., Austin, TX, USA)

with split injection (ratio 1:25), automatic sampler

(A200SE; CTC Analytic, Zwingen, CH, USA) and flame

ionisation detector with a DB-23 cyanopropyl column of

40 m length (J & W Scientific, Folsom, CA, USA). The

temperature program was set to the following parameters:

temperature of injector at 80 �C/min up to 280 �C, tem-

perature of detector at 280 �C, temperature of column area

at 60 �C for 0.2 min, temperature increase by 40 �C/min

up to 180 �C, 5 min isothermal period, temperature

increase by 1.5 �C/min up to 200 �C, 8.5 min isothermal

period, temperature increase by 40 �C/min up to 240 �C

and 13 min isothermal period. The constant linear velocity

was 0.3 m/s (referred to 100 �C). Peak identification was

confirmed by comparison with authentic mixtures of

weighed fatty acid (FA) methyl esters (GLC-463: Nu-Chek

Prep, Elysian, MN, USA; and Supelco 37 FAME Mix:

Supelco, Bellefonte, PA, USA). Individual FA response

factors determined from these weighed standards were used

to calculate the percentage by weight for individual FA

between 12 and 24 carbon atoms from the percentage of

area under the curve.

RNA Isolation from Liver and QRT-PCR

Total RNA was isolated from liver and quantified by QRT-

PCR (quantitative real time-PCR). In brief, samples of liver

tissue (50 mg) were homogenized in Trizol (10 mg tissue/

100 ll Trizol, Sigma-Aldrich, Budapest, Hungary) and

extracted with chloroform (20 ll/100 ll Trizol). The

aqueous phase was mixed with 700 ll of ethanol (70% v/v)

and loaded on the RNA isolation column (GenElute

Mammalian Total RNA Miniprep Kit, Sigma-Aldrich,

Budapest, Hungary). RNA was isolated from tissues

according to the given protocol of Sigma-Aldrich and

eluted in nuclease free water. Concentration and purity

were measured by Nanodrop (Thermo, Budapest, Hun-

gary), while the RNA quality was examined by agarose-

gel-electrophoresis (1%, Sigma-Aldrich, Hungary). cDNA

was obtained by reverse transcription (10 min 25 �C,

120 min 42 �C, 5 min 72 �C) and amplified via QRT-PCR

(40 cycles: 12 s 94 �C, 45 s 60 �C, 60 s 94 �C). Primer and

probe for expression analysis (Taq-Man-Gene Expression

Assay) as well as quantitative real-time PCR detection

system (ABI-PRISM, 7900HT Sequence Detection Sys-

tem) were purchased from Applied Biosystems (Budapest,

Hungary). The expression of genes was normalized to

cyclophilin A (house-keeping gene): primer 77‘‘?’’ 50-CG

ATGACGAGCCCTTGG-30, primer 142 ‘‘-’’ 50-TCTGCT

GTCTTTGGAACTTTGTC-30, probe (69?, 96?): FAM-

CGCGTCTCCTTCGAGCTGTTTGCA. The amplification

signal was detected and analysed by the SDS2.1 program

from Applied Biosystems, Budapest, Hungary. The

expression of SCD1, ELOVL6 and cyclophilin A was

determined in the liver.

Analysis of Lipid Species in Plasma and Liver

by ESI-MS/MS

Liver homogenate and plasma were extracted according to

the procedure described by Bligh and Dyer et al. [26] in

the presence of non-naturally occurring lipid species as

internal standards. Lipids were quantified by electrospray

ionization tandem mass spectrometry (ESI-MS/MS) in

positive ion mode as described previously by Brugger et al.

and Liebisch et al. [27–29]. Samples were quantified by

direct flow injection analysis using the analytical setup

described by Liebisch et al. [28, 29]. A precursor ion scan

of m/z 184 specific for phosphocholine containing lipids

was used for phosphatidylcholine (PtdCho), sphingomyelin

(CerPCho) [28] and lysophosphatidylcholine (LysoPtdCho)

[30]. Neutral loss scans of 141 and 185 were used for

phosphatidylethanolamine (PtdEtn) and phosphatidylserine
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(PtdSer), respectively [27]. Ceramide was analyzed simi-

larly to a previously described methodology [31] using

N-heptadecanoyl-sphingosine as the internal standard.

Quantification was achieved by standard addition calibra-

tion to liver homogenates or plasma using a number of

naturally occurring lipid species for each lipid class. The

following non-naturally occurring lipid species were used

as internal standards: PtdCho 28:0, 44:0, LysoPtdCho 13:0,

19:0, PtdEtn 28:0, 40:0, PtdSer 28:0, 40:0. Quantification

was performed by standard addition calibration to plasma

and liver homogenates using several naturally occurring

lipid species for each lipid class (PtdCho 34:1, 36:2, 38:4,

40:0; Sphingomyelin 16:0, 18:1, 18:0; LysoPtdCho 16:0,

18:1, 18:0; PtdEtn 34:1, 36:2, 38:4, 40:6 and PtdEtnp16:0/

20:4; PtdSer 34:1, 36:2, 38:4, 40:6). All standards were

purchased from Avanti Polar Lipids (Alabaster, AL, USA).

Isotopic overlap corrections of lipid species as well as data

analysis by self programmed Excel Macros were performed

for all lipid classes according to the principles described

previously [28].

Statistical Analysis

Results were displayed as mean with standard error and

statistically analysed by ANOVA followed by the Bon-

ferroni post hoc test using the program SPSS (15.0) (SPSS

Inc., Chicago, USA). Statistically significant differences

were displayed at a value of P \ 0.05.

Results

Analysis of Fatty Acids Composition in Plasma

Phospholipids

Plasma phospholipids fatty acids for substrates, products

and product/substrate ratios of SCD1 and ELOVL6

enzymes in the treatment groups are compared to the

vehicle group in Table 2. Palmitic acid (16:0) decreased

significantly in treatment groups of LXR, RAR and RXR,

whereas significantly increased in the PPARa group. Stearic

acid (18:0) percentages decreased significantly in the RXR

group and increased significantly in the RAR group. Per-

centages of palmitoleic acid (16:1n-7) did not differ,

whereas vaccenic acid (18:1n-7), oleic acid (18:1n-9) and

eicosenoic acid (20:1n-9) percentages increased signifi-

cantly in the LXR and RXR groups. The product/substrate

ratios exhibited significant increases following treatment

(with the exception of the 20:1n-9/18:1n-9 ratio). Specifi-

cally, a significant increase of the 16:1n-7/16:0 ratio has

been observed in the LXR group, of the 18:1n-9/18:0 ratio

in the PPARa, LXR and RXR groups and of the 18:1n-7/

16:1n-7 ratio in PPARc and RXR groups. T
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Hepatic Gene Expression of SCD1 and ELOVL6

Hepatic SCD1 and ELOVL6 expression significantly

increased in animals gavaged with LXR and RXR ligands,

while treatment with PPARa, PPARb/d and PPARc ligand

did not show any significant alteration. Application of an

RAR ligand leads to a slight, non-significant suppression

of hepatic SCD1 expression, while the expression of

ELOVL6 was not effected (Fig. 1).

Analysis of Composition of Fatty Acids of PtdEtn,

PtdCho and LysoPtdCho by ESI-MS/MS

Saturated and monounsaturated fatty acids of selected

phospholipid classes phosphatidylcholine (PtdCho), phos-

phatidylethanolamine (PtdEtn) and lysophosphatidylcho-

line (LysoPtdCho) were determined in plasma and liver by

ESI-MS/MS and displayed in mean of % of specific lipid

class related to total lipid class (Fig. 2). The composition of

phosphatidylethanolamine (PtdEtn) species containing one

monounsaturated fatty acid (36:1 and 34:1) was mainly

influenced by the application of RXR and LXR ligand

leading to an increase of bound monounsaturated fatty

acids in liver tissue and plasma (Fig. 2). The oral gavage of

the RAR ligand, by contrast, decreased monounsaturated

fatty acids (displayed by: 32:1, 34:1) in liver and plasma.

As with PtdEtn, an increase of monounsaturated fatty acids

(displayed by: 32:1, 34:1 and 36:1) in PtdCho was deter-

mined in the liver and plasma after the application of RXR

and LXR agonists, while the activation of RAR, PPARa
and PPARc lead to a decrease of phosphatidylcholine

(PtdCho) 36:1 in the liver and plasma. Furthermore, RAR

activation reduced the content of PtdCho 32:1, 34:1 and

36:1 in liver and plasma. The activation of RXR and LXR

by their synthetic ligands altered the composition of lyso-

phosphatidylcholine (LysoPtdCho) in liver and plasma in

which monounsaturated fatty acids (16:1 and 18:1) were

increased. 16:1 in plasma and 18:1 in liver were addi-

tionally increased by application of ligands for RXR and

PPARa, respectively. A reduction of 18:1 in liver tissue

and 16:1 in plasma and liver was determined after the

gavage of the RAR agonist. Additionally, the composition

of ceramides and sphingomyelins were investigated and

remained unchanged in 16:0, 18:0, 16:1 and 18:1 species.

In summary, activation of RXR and LXR by their specific

ligands was found to lead to an increase of bound MUFAs.

Discussion

In this study, we investigated the influence of nuclear

hormone receptor ligand treatment on hepatic SCD1 and

ELOVL6 gene expression and the composition of SFA/

MUFA bound to phospholipids in liver and plasma. We

gavaged specific synthetic ligands of nuclear hormone

receptors in concentrations that are able to activate these

receptors regarding to previous published studies [18–23].

Our results revealed that the hepatic gene expression of

SCD1 and ELOVL6 was significantly increased by LXR

and RXR ligand treatment, while RAR and PPARa, b/d
and c ligands did not significantly alter SCD1 and

ELOVL6 gene expression. In addition, metabolic products

of SCD1 and ELOVL6 such as 18:1n-7, 18:1n-9 and 20:1n-9

as well as product / substrate ratios 18:1n-9 / 18:0 and

18:1n-7 / 16:1n-7 was significantly increased by RXR and

LXR ligand treatments, but not by PPARa, PPARb/d or

PPARc ligand treatment.

The nutritional impact of this study is how these nutri-

ent-activated nuclear hormone receptors RXR, RAR,

PPARs and LXR are regulating fatty acid metabolism and

thereby membrane composition. The connection of food

intake and nuclear hormone activations is not very deeply

investigated [32, 33], so instead of semi-stable and multi-

potent natural ligands we used the synthetic ligands spe-

cific for these nuclear hormone receptors.

Fig. 1 Expression of SCD1 and ELOVL6 in liver of mice, n = 6,

measured by QRT-PCR. Expression of SCD1 and ELOVL6 were

normalized to cyclophilin A, mean ± standard error of gene expres-

sion were displayed and statistically analysed compared to the

vehicle, P \ 0.05(*)
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Hepatic SCD1 expression has been extensively investi-

gated and known to be an LXR target gene [10]. Our studies

corroborate previous results in mice, namely, that the

application of LXR and RXR ligands induces hepatic SCD1

expression. In these same studies, the gavage of PPARa
ligands also resulted in an increased SCD1 gene expression,

thereby increasing the plasma and hepatic ratios of 16:1n-7/

16:0 and 18:1n-9/18:0 [34–37]. Both SCD1 and ELOVL6

are target genes of sterol regulatory element-binding protein

1 (SREBP1). It is a transcription factor inducible by the

activation of LXR in hepatic tissue, adipose tissue and

intestine [15, 16] and by a synthetic RXR ligand, but not by

PPARa or PPARc ligands [17]. An activation of this tran-

scription factor pathways results in an induction of SCD1

and ELOVL6 [38]. As expected the PPARc ligand rosig-

litazone did not alter hepatic expression of ELOVL6 or

SCD1 or phospholipid composition [37–39].

The role of vitamin A in the regulation of SCD1

expression remains controversial. Bioactive vitamin A

metabolites like all-trans-retinoic acid and 9-cis-retinoic

acid are natural ligands for the activation of RAR, RXR as

well as PPARb/d mediated pathways [40]. RXR induces

SCD1 gene expression, while RAR displayed tendencies to

reduce it. The previously reported induction of gene

expression of SCD1 by vitamin A has not been specified

regarding the responsible nuclear hormone receptor RXR

and RAR. RXR can form heterodimers with several nuclear

hormone receptors like LXR, which are activated by

metabolites of cholesterol and specific synthetic ligands

like T091317 [41]. This LXR-RXR heterodimer can also

be activated by the synthetic RXR ligand LG268, the

potential natural ligand of RXR 9-cis-retinoic acid or the

selective ligands for LXR and result in an induced

expression of LXR specific target genes [42, 43]. In sum-

mary, in our study, the activation of LXR by a synthetic

LXR-ligand as well as by a synthetic RXR-ligand maybe

responsible for the strong induction of the hepatic expres-

sion of SCD1 and we postulate that the RXR ligands

induced effects are mediated via LXR–RXR pathways.

This activation can be inhibited if other nuclear hormone

receptors are activated by their ligands. PPARa and LXR

are competitors to bind to RXR. This competition leads to a

suppression of the SREBP-1c pathway (LXR activated) by

the increased formation of PPARa/RXR and decreased

availability of LXR/RXR [44].

Following LXR and RXR ligand application 18:1n-7

and 20:1n-9, metabolic products of ELOVL6, as well as

product/substrate ratios of 18:1n-7/16:1n-7 but not 20:1n-9/

18:1n-9 was significantly increased in plasma phospholip-

ids. In contrast the ratio of 16:1/18:1 in liver of ELOVL6

knock-out mice increased, by reduced conversion of 16:1

to 18:1 compared to wild-type mice [13]. PtdCho, PtdEtn
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and LysoPtdCho were analysed separately, and fatty acid

composition was determined in order to investigate, which

specific phospholipids are influenced by nuclear receptor

ligand treatments. PtdEtn and PtdCho contain two esteri-

fied fatty acids, while in LysoPtdCho only one fatty acid is

contained. In our analysis of the specific phospholipid

classes PtdCho and PtdEtn the two bound fatty acids were

detected and resulted in an increase of monounsaturated

fatty acids incorporated in PtdEtn and PtdCho after the

application of LXR and RXR ligands and a tendency to

decrease in liver and in plasma by the treatment with an

RAR ligand. The increase could be explained by the

induction of SCD1 and ELOVL6 in the liver, while the

tendency of decrease may be the result of the tendency of

suppressed expression of SCD1 by RAR ligand treatment.

In summary, hepatic SCD1 and ELOVL6 expression and

product formation was found to be strongly influenced by the

activation of LXR–RXR pathways, while RAR and PPARa,

PPARc, and PPARb/d pathways exerted minor influence.

Studies directly connecting the activation of nuclear

hormone receptors with the formation of phospholipids,

reported that the activation of LXR reduced the biosynthesis

of PtdEtn by inhibiting the phosphoethanolamine cytidyl-

yltransferase [45]. However, in our study, LXR resulted in

an increased total content of PtdCho and PtdEtn in liver and

in plasma. Additionally, with the administration of rosig-

litazone the synthetic PPARc ligand is thought to inhibit the

formation of PtdCho and PtdEtn in a dose-dependent

manner [46]. This could not be confirmed in our studies.

In conclusion, hepatic expression of SCD1 and ELOVL6

was significantly induced by LXR and RXR ligand applica-

tion, while RAR, PPARa, b/d and c ligands did not signifi-

cantly alter their gene expression. The nutritional relevance

of these findings must be examined using various nutritional

supplementations [47, 48], which have been shown to acti-

vate specific nuclear hormone receptor pathways to elucidate

nutritional activation of gene expression pathways. Unfor-

tunately selective activations by nutrients have been reported

as difficult [49]. The MUFA incorporated into phospholipids

were increased suggesting that the phospholipid MUFA and

SFA compositions in plasma and liver are mainly under the

control of SCD1 and ELOVL6 pathways.
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alterations in the numbers and function of macrophage and

dendritic cells in visceral fat [2–4]. Inflammation in visceral

adipose tissue is thought to play a central role, with the

degree of inflammation being demonstrated to inversely

correlate with insulin sensitivity [5–8]. Conversely, treat-

ment of inflammation has been shown to reverse insulin

resistance and improve indices of whole body glucose

homeostasis. The mechanisms by which a dysregulated

immune axis may contribute to IR is multifactorial but a key

pathway is through the release of pro-inflammatory cyto-

kines (TNFa and IL-6), and immunoattractant chemokines

that further contribute to an adaptive immune response

[9–16]. Mice that lack TNFa and CCR-2, the receptor for

monocyte chemoattractant protein 1 (MCP-1/CCL-2), have

improved insulin sensitivity and glucose metabolism when

compared to adiposity-matched controls [13, 17]. Recent

studies show that the Toll-like receptor 4 (TLR4) may play

a central role in the link among insulin resistance, inflam-

mation, and obesity; TLR4 deficiency prevented insulin

resistance and obesity-mediated activation of IjB kinase

(IKKb) and c-Jun NH2-terminal kinase (JNK), suggesting

that TLR4 is a key modulator in the cross-talk between

inflammatory and metabolic pathways [18–22].

Alpha lipoic acid (aLA) is a disulfide derivative of octa-

noic acid that forms an intra-molecular disulfide bond that is

readily reduced to dihydrolipoic acid intra-cellularly [23].

Anorectic effects in rodents have been reported for aLA as

well as improved hypertriglyceridemia in Zucker diabetic

fatty rats [24]. aLA has been reported to increase insulin

sensitivity in the skeletal muscle via AMPK activation in

obese rats [25] though other researchers have failed to confirm

this finding [24]. aLA has been shown to reduce NF-jB

activation in human monocytic cells and reduce inflammation

[26]. However the impact of aLA on innate immune inflam-

mation and whether these effects lead to coordinate change in

indices of IR/glucose homeostasis have not been investigated.

We employed a novel model of diet-induced obesity/IR using

transgenic reporter mice that express YFP under control of a

c-fms reporter (c-fmsYFP?) that allows monocyte specific

expression of the reporter and unparalleled ability to track

these cells in visceral adipose tissue. In carefully performed

pair-fed experiments, we demonstrate that aLA improves key

metrics of innate immune activation and IR.

Materials and Methods

Animals

Oral aLA Regimen

c-fmsYFP? transgenic mice were generated at the Transgenic

Animal Service of Queensland, Brisbane, Queensland,

Australia by injection of the transgenes into pronuclei of

(C57BL/6 9 CBA)F1 (BCBF1) fertilized eggs [27]. The

Committee on Use and Care of Animals from the Ohio State

University (OSU) approved all experimental procedures.

c-fmsYFP? mice of the FVB/N strain were bred and geno-

typed at OSU and housed in cages individually. YFP? males

at 6 weeks of age were fed a HFD for 8 weeks (42% energy

from fat—Harlan Teklad TD88137) prior to randomized to

three dietary groups (5 mice/group): ad libitum, aLA-fed,

and pair-fed to aLA. Pair-feeding was employed as aLA is

well known to modulate central appetite pathways and

reduce food intake. Food intake was monitored every other

day by weighing the remaining chow; pair-fed mice were

then offered the same amount of food as consumed by the

aLA-mice. aLA (2 mg/ml; Sigma Aldrich T5625) was

administered in the drinking water (ultrapure 18.2 MX) at a

pH of 8.0 with NaOH. Pair-fed mice were given ultrapure

water at a pH of 8.0. aLA was administered for 8 weeks

before mice were sacrificed. Mice consumed approximately

6 mg of aLA per day over the course of the study, which was

a dose of 167 mg/kg at time zero, and 157 mg/kg after

8 weeks due to weight gain.

Determining an appropriate oral aLA dose was chal-

lenging as there were no published data on plasma aLA

levels in mice after oral administration. Thus, we used a

dose previously shown to be effective in mice on disease

processes, that did not have adverse side effects, and which

was reasonable in regards to what plasma levels might be

expected. Yi and Maeda [28] used approximately 200 mg/

kg via addition to the chow and showed significant abro-

gation of atherosclerotic lesion development. Additionally,

if one considers 50 mg/kg injections in mice resulted in

modest plasma levels of 7.6 ± 1.4 lg/ml [29], the oral

dose of *160 mg/kg used in this study is expected to

result in \7 lg/ml plasma concentrations due to bioavail-

ability limits and gastrointestinal metabolism.

IP aLA Regimen

Males at 6 weeks of age were fed a HFD for 8 weeks,

before being randomized to aLA or vehicle control groups.

A solution of sterile aLA in saline (4 mg/ml) was injected

intraperitoneally at a dose of 10 mg/kg once daily, 6 days a

week. Mice were weighed daily to ensure accurate dosing.

aLA dosing in the mouse was done with attention to the

concentration reasonably obtained in human plasma by use

of conventional dietary supplements. Healthy human sub-

jects given an average oral dose of 8.25 mg/kg (600 mg) of

R-aLA sodium salt dissolved in water were shown to have

a mean maximum plasma concentration (Cmax) of

16.03 lg/ml [30]. However, others have reported a much

lower oral bioavailability, with 600 mg of racemic aLA via

solid supplement resulting in a Cmax of 2.85 [31] and
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2.7 lg/ml [32]. These data suggest that potassium or

sodium salt of lipoic acid have higher oral bioavailability,

as was administered in this study. Additionally, a human

oral dose of 1,200 mg resulted in plasma Cmax levels of

3.8 ± 2.6 to 10.3 ± 3.8 lg/ml with area under the curve

(AUC) levels from 443.1 ± 283.9 to 848.8 ± 360.5 which

was similar to a subcutaneous injection of 50 mg/kg aLA

in mice which yielded 7.6 ± 1.4 lg/ml and 223 ± 20

AUC [29]. The dose of 10 mg/kg (daily) and 50 mg/kg

(acute) used in this report are reasonable if not conservative

in this context.

Serum Cytokine Analysis

Blood was collected via heart puncture under CO2 anesthesia

and allowed to coagulate at room temperature followed by

centrifugation. Serum cytokine levels were analyzed using

BDTM Cytometric Bead Array, Mouse inflammation kit

according to the manufacturer instructions.

Epididymal Fat Pad Digestion and Quantification

of ATMs

Epididymal fat pads from c-fmsYFP? mice at the end of the

treatment phase were excised, minced, washed in 19 PBS,

and digested with sterile collagenase type II from Clos-

tridium histolyticum (1 mg/ml) in DMEM (10% FBS) at

37 �C with shaking (140 rpm) as detailed previously [4,

33]. The digesta was filtered through a 100 lm nylon cell

strainer before centrifugation (3009g, 10 min). The

resulting pellet was defined as the stromal vascular fraction

(SVF). Viable adipose tissue mononuclear cells were iso-

lated from SVF using Lympholyte M (Cedarlane Labora-

tories Ltd, Burlington, NC). Approximately 106 cells were

incubated with mouse FcR blocking reagent (Miltenyi

Biotec Inc., Auburn CA) in FACS buffer (19 PBS, 5%

FBS) for 10 min at 4 �C followed by staining with F4/80-

PE-Cy5, CD11b-PE, and isotype control antibodies (Bio-

legend, San Diego, CA). Cells were washed in FACS

buffer 3 times and measured (BD FACS LSR IITM flow

cytometer, Becton–Dickinson, San Jose, CA). Data were

analyzed using BD FACS Diva 6.0.1 software (Becton–

Dickinson, San Jose, CA). Gates were set using the

appropriate isotype controls.

Live Confocal Microscopy of Unfixed Adipose Tissue

Epididymal fat was removed using sterile techniques and

carefully cut into *3–4 mm pieces. After rinsing with 19

PBS the tissue was incubated with Griffonia simplicifolia

isolectin GS-IB4 conjugated to AlexaFluor 488 (10 lg/ml—

Molecular Probes), BODIPY 558/568 (5 lM—Molecular

Probes), and Hoechst 33342 (40 lM—Molecular Probes)

for 1 h in 19 PBS supplemented with 1 mM CaCl2. Isolectin

has been shown to be an endothelial cell specific stain in the

adipose [34]. Tissue was visualized on a Zeiss laser scanning

microscope 510 under 409 water immersion.

Monocyte-Vascular Adhesion as Assessed by Intravital

Microscopy

Mice were given aLA IP (50 mg/kg body weight) 24 h

before the start of the experiment. TNFa was injected IP

(1 lg/kg; 0.9% saline with 1.0% BSA) 4 h before visual-

ization. Under ketamine/xylazine anesthesia, the testicular

cremaster muscle was exposed using a dissecting micro-

scope (29; Nikon SMZ 645, Japan). The cremaster muscle

was bathed with Ringers Lactate at 37 �C and monocyte-

endothelial interaction was assessed in 15–25 vessels using

a Nikon Eclipse FN1 microscope (Nikon, Japan) with a

409/0.80 W water immersed objective at a 2.0 mm

working distance. In all experiments video images were

captured and digitalized to 12-bit TIF images using

Metamorph software (version 7.1.2.0, Metamorph, Down-

ingtown, USA). Rolling YFP? cells were counted per

minute for different vessel diameters and vessel segments.

All YFP? cells, per 100 lm of vessel length, that were

immobile for at least 30 s were interpreted as adherent cells

[35]. Calculations to determine the number of rolling and

adherent cells according to vessel diameter were performed

using Opti Test (Version 1.4.1.0).

Bone Marrow Derived Macrophage Culture

and Differentiation

Bone marrow was isolated from WT or TLR4 deficient

mice and grown in DMEM media supplemented with 10%

FBS in the presence of L-cell conditioned media for

5 days. The differentiated macrophages were pretreated

with aLA (100 lg/ml) 45 min before LPS (0.5 lg/ml)

addition. Post absorption, aLA is rapidly cleared from

circulation via renal excretion and tissue uptake. While

much is excreted, tissues especially the liver, heart, skeletal

muscle, and possibly the brain, accumulate aLA and

extensively catabolize to a dozen or more metabolites

depending on species [36, 37]. There is also evidence the

aLA is rapidly reduced by cells in vitro to DHLA and

subsequently excreted [37]. Thus, determining in vitro

doses that might be physiologically relevant was chal-

lenging. 100 lg/ml (*0.5 mM) aLA was previously

shown to prevent LPS-induced TNFa expression in mouse

monocytes in vitro and was found to be an optimal dose for

Akt phosphorylation [38]. This does is higher than would

be obtained in mouse serum, thus it most likely super-

physiological but is no more than tenfold higher than what

is possible in serum. Also, relative to published in vitro
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studies using aLA the dose used herein is conservative

[39, 40].

Quantitative-Real-Time PCR Detection of Macrophage

Activation Status

RNA was isolated using Absolutely RNA�, StratageneTM

according to the manufacturer’s instructions including

DNase digestion. RNA quality and quantity were assessed

by agarose gel electrophoresis and a NanodropTM spectro-

photometer. cDNA was reverse transcribed using 800 ng of

total RNA according the manufacturer’s instructions

(Invitrogen Life Technologies—M-MLV reverse trans-

criptase) using random primers. PCR was performed using

SYBR Green I master mix (Roche) on a Roche Lightcycler

480. All real-time reactions had the following profile con-

ditions: 10 min hot start at 95 �C followed by 45 cycles of

94 �C 10 s, 60 �C 20 s, 72 �C 20 s. Reference and target

gene dilution standards were run in triplicate for each pri-

mer set to calculate PCR efficiency using the above profile.

The concentration ratios were determined after PCR effi-

ciency correction by relative quantification analysis using

Lightcycler 480 software. All target genes were expressed

as fold increase compared to control. Melting/dissociation

curves were run on each plate to assure the production of

one amplicon of the same melting temperature for each

primer set. Real time primers (listed below) were designed

to span genomic introns, thus avoiding amplification of

genomic DNA possibly present in the RNA samples. ‘‘No

template,’’ cDNA negative controls were included for each

gene set in all PCR reactions to detect contamination.

Primers used were: TNFa For 50-caacggcatggatctcaaagac-

30, Rev 50-agatagcaaatcggctgacggt-30; CCR2 For 50-ttgg

gtcatgatccctatgtgg-30, Rev 50-ccttcctaatcctgtgaccctt-30; IL-6

For 50-attaacacatgttctctgggaaatcgt-30 Rev 50-tatatccagtttgg

tagcatccatca-30 MCP-1 For 50-gcagcaggtgtcccaaagaa-30

Rev 50-atttacgggtcaacttcacattcaa-30 Macrophage galactose

N-acetyl-galactosamine receptor-specific lectin 1 (Mgl1)

For 50-tggatgggaccgactttgagaa-30; Mgl1 Rev 50-gggac

cacctgtagtgatgtg-30; Glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) For 50-gtgaagcaggcatctgaggg-30; GAPDH

Rev 50-cgaaggtggaagagtgggagt-30

Chemiluminescent Electrophoretic Mobility Shift

Assay

Nuclear extracts for use in EMSAs were performed using

the previously published protocol [41, 42]. Oligonucleo-

tides probes (NFjB sense 50-AGTTGAGGGGACTT

TCCCAGGC-30, NFjB antisense 50- GCC TGG GAA

AGT CCC CTC AAC T-30) were biotinylated using Biotin

30 End DNA Labeling Kit (Pierce, Rockford IL #89818)

according to manufacturer’s instructions. LightshiftTM

Chemiluminescent EMSA kit (Peirce, Rockford IL #20148)

was used to perform the binding reaction and chemilumi-

nescent detection. Briefly, 5 lg of nuclear extract was

incubated at room temperature in a binding reaction which

included a final concentration of: 19 binding buffer, 50 ng/ll

Poly (dI�dC), 0.05% NP-40, 2.5% glycerol, and 5 mM

MgCl2 for 15 min prior to addition of the biotinylated

probes. The complex was run on a pre-electrophoresed 6%

polyacrylamide gel in 0.59 TBE (pH 8.4) at 100 V for

approximately 45 min followed by wet-transfer in 0.59

TBE to Amersham HybondTM –N? membrane (GE

Healthcare) at 380 mA for 30 min. The transferred DNA

was cross-linked to the membrane before continuing with

protocol according to manufacturer’s instructions. X-ray

film was exposed to membrane and developed.

Results

Alpha Lipoic Acid (ala) Administration Improved

Markers of Systemic and Local Insulin Sensitivity

and Triacylglycerol Metabolism

Oral aLA Regimen

At the end of 8 weeks of HFD feeding, c-fmsYFP? trans-

genic mice were markedly insulin resistant demonstrating

evidence of fasting hyperglycemia and hyperinsulinemia.

Body weight increased approximately 16 g. Following this

period mice were assigned to ad libitum treatment (aLA

2 mg/ml drinking water), or pair-fed groups. c-fmsYFP?

mice administered aLA-fed mice exhibited improved fast-

ing glucose approaching a high normal level (125 ± 10.6

mg/dl) compared to the pair-fed group (179 ± 15.7 mg/dl)

(Fig. 1a). Fasting insulin levels were also significantly

lower in aLA-fed mice (0.96 ± 0.21 ng/ml) than the pair-

fed group (2.03 ± 0.17 ng/ml) and the ad libitum group

(2.23 ± 0.63 ng/ml). Food intake suppression was modest

and decreased over time with non-significantly different

body weights across groups after 8 weeks of feeding (Ad

lib 40.9 ± 1.4 g; Pair-fed 39.8 ± 0.9 g; aLA-fed 38.2 ±

0.8 g). Cholesterol and triglyceride levels were unchanged

with aLA feeding. aLA feeding resulted in a significant

decrease in serum IL-6 levels (Ad lib 11.9 ± 4.3 ng/ml;

Pair-fed 7.4 ± 2.6 ng/ml; aLA-fed 1.1 ± 0.2 ng/ml), an

insignificant but measured decrease in MCP-1, and no

change in circulating IL-12, TNFa, IFNc, and IL-10 cyto-

kines (Fig. 1c).

IP aLA Regimen

In contrast to the weight-neutral effects of oral aLA, an IP

regimen did have significant weight loss effects. In this
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experiment as with the oral regimen, after 8 weeks of HFD

feeding, mice were randomized to aLA and vehicle control

groups. IP aLA resulted in a significant decrease in body

weight of 3.9 ± 0.8 g (41.6 ± 0.93 g in IP aLA vs.

45.5 ± 0.73 g in vehicle injected controls). There was no

change in plasma total cholesterol but circulating triglyc-

erides were significantly lower in the IP aLA group

(59.25 ± 5.7 mg/dl) compared to IP vehicle controls

(121 ± 12 mg/dl). IP aLA resulted in significant decreases

in serum IL-6, MCP-1, and TNFa. IP aLA also resulted in a

significant decrease in serum E-selectin and ICAM-1,

markers of monocyte vascular adhesion (Fig. 1d).

In light of its weight neutral effects we proceeded to

investigate oral supplementation of aLA at *160 mg/kg.

IP-aLA induced weight loss would have rendered disso-

ciation of weight-loss effects from weight-loss independent

effects difficult. Thus continued experimentation focused

on the effects of dietary aLA as the effects on food intake
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Fig. 1 Effect of a-lipoic acid (aLA) on measures of glucose

metabolism. a Plasma glucose was measured every 30 min after

intra-peritoneal injection of 2 mg/g body weight dextrose after an

overnight fast. Fasting glucose and insulin in the aLA-fed mice was

significantly lower than the pair-fed control group; *P \ 0.05;

**P \ 0.005 aLA-fed group compared to pair-fed (N = 5/group).

However, glucose clearance post-bolus was not improved in the aLA

group. b IP aLA resulted in significant weight loss, a more dramatic

effect on glucose clearance (not shown), and decreased fasting serum

triglycerides compared to IP vehicle; **P \ 0.005. Serum cytokines

in HFD fed mice receiving either aLA or placebo by drinking water

(c) or via intraperitoneal injection (d). Oral aLA resulted in a

significant decrease in circulating IL6 levels and a nonsignificant

decrease in MCP1; there were no changes in serum IL-12, TNFa,

IFNc, and IL-10 cytokine values within the detection the range of the

assay. IP aLA administration resulted in a significant decrease in

circulating cytokines involved with vascular adhesion and

inflammation
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could be more easily addressed and because aLA is most

commonly consumed as a dietary supplement.

Dietary aLA Attenuated Visceral Adipose Tissue

Macrophage (VATM) Infiltration and In Vivo

Macrophage Activation

VATM content of the epididymal adipose of c-fmsYFP?

mice was quantified using yellow fluorescent protein

expression (CD115) in combination with surface staining

for CD11b and F4/80, markers for monocytes and mature

macrophages, respectively. We found that dietary aLA

treatment dramatically decreased the number of YFP?

CD11b? macrophages per gram of epididymal fat from

6.1 9 105 ± 0.5 cells per gram in the ad libitum and

7.4 9 105 ± 1.7 in the pair fed group to 1.5 9 105 ± 0.4

cells per gram in aLA-fed mice (Fig. 2). This phenomenon

was visualized histologically using confocal microscopy of

unfixed epididymal adipose collected, stained, and visual-

ized consecutively upon sacrifice. Representative images

are provided in Fig. 3a. Assessment of confocal images in

the pair-fed mice demonstrate a pattern of crown like

structures (CLS) indicative of dead or dying adipocytes

[43] and macrophage infiltration. The prevalence of CLS

was dramatically decreased in the visceral adipose of the

aLA-fed group compared to pair-fed and ad libitum

(Fig. 3a). We then examined CD11c? cells in the stromal

vascular fraction of adipose tissue derived from YFP?

animals. aLA-feed significantly attenuated the number of

CD11c? inflammatory macrophages in the visceral adipose

with the ad libitum group containing 1.7 9 105 ± 0.4 cells

per gram, the pair-fed group 1.5 9 105 ± 0.4 cells per

gram and the aLA-fed group only 0.4 9 105 ± 0.09 cells

per gram. To further examine the effect of aLA on

monocyte/endothelial interactions and monocyte activation

pathways, we tested the effects of aLA on TNFa mediated

monocyte adhesion using a model of acute inflammation

and additionally tested the effects of aLA on monocyte

activation in vitro.

aLA Pretreatment Prevented TNFa-Mediated Vascular

Adhesion In Vivo

Intravital microscopy of the cremasteric vasculature

showed that the number of free-flowing, rolling YFP? cells

was increased by TNFa (Fig. 3b). While aLA did not have

an effect of rolling monocytes, aLA pretreatment signifi-

cantly prevented TNFa-mediated YFP? cell adherence to

vessel walls suggesting that aLA may modulate adhesion

molecules involved in firm monocyte adhesion but not
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Fig. 2 Macrophage content analysis of the epididymal adipose by

flow cytometry. The ad libitum and pair-fed groups had significantly

more CD11b? YFP? cells per gram of adipose tissue than the aLA

fed group, ***P \ 0.005. Oral aLA significantly decreased the

number of CD11c positive, inflammatory macrophages, per gram of

adipose, *P \ 0.05 versus pair-fed
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those involved in rolling. To further examine the effect of

aLA on mechanisms by which aLA may modulate excess

monocyte infiltration into the adipose we examined the

effects of aLA on MCP-1 and CCR-2 in response to a

prototypical TLR4 agonist, LPS.

aLA Attenuates MCP-1 Expression on Macrophages

via TLR4 Mechanisms

Bone marrow-derived macrophages (BMDM) from wild-

type Balb/c mice and toll-like receptor 4 (TLR4) null mice

were pretreated with aLA or vehicle control then activated

with lipopolysaccharide (LPS), a TLR4 ligand [44]. aLA

significantly decreased MCP-1 and TNFa gene expression

in response to LPS stimulation but had no effect on IL-6

activation (Fig. 4a). aLA significantly decreased basal

TNFa expression in both TLR4 WT and deficient macro-

phages. The degree of attenuation of LPS-mediated TNFa
expression by aLA alone was small but comparable to that

seen with TLR4def/def. The TNFa and IL-6 response to LPS

in TLR4def/def macrophages was significantly blunted

compared to the WT cells. MCP-1 induction by LPS was

small compared to TNFa and IL6. LPS-mediated MCP-1

expression, however, was potently inhibited by aLA

pretreatment. Interestingly, LPS activation had no effect on

CCR2 expression, though aLA significantly down-regu-

lated CCR-2 expression in the presence and absence of

LPS; suggesting that non-TLR4 pathways are probably

involved in CCR2 down-regulation in response to aLA.

aLA increased Mgl1 gene expression, a marker of alter-

native macrophage activation, while LPS decreased

expression (data not shown). These data suggest that aLA

may function as an anti-inflammatory agent by preventing

inflammatory gene expression. Since nuclear factor kappa

B (NF-jB) plays a pivotal role in cellular inflammatory

processes we decided to assay the effect of aLA on NF-jB-

DNA binding in these TLR WT macrophages. An elec-

trophoretic mobility shift assay showed LPS treatment

dramatically increased the binding of NF-jB to the oligo-

nucleotide probe. aLA (100 lg/ml) pretreatment of WT

BMDM lead to the inhibition of LPS-mediated (0.5 lg/ml)

NF-jB activation as measured by binding to probe DNA.

Discussion

Visceral adipose inflammation is believed to play an etio-

logic role in the development of insulin resistance (IR) in
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Fig. 3 a Representative confocal microscopy images of live epidid-

ymal adipose. YFP? (yellow/indicated by arrow) cell infiltration and

the prevalence of multiple ‘‘crown-like’’ structures surrounding

adipocytes (green/indicated by the letter A) in the pair-fed and

aLA-fed groups. Blood vessels are shown in red (indicated by white
arrow V) due to endothelial staining with Griffonia simplicifolia
isolectin GS-IB4 conjugated to AlexaFluor 488, most of the YFP

expressing cells are outside of the vasculature. The adiposomes are

shown in green (indicated by the letter A) due to BODIPY 558/568

staining and nuclei are blue (indicated by white arrow N) due to

Hoechst 33342 staining. b Acute aLA IP pretreatment reduced YFP?

cell adhesion in cremasteric vessels after injection of TNFa;

*P \ 0.05 versus control, #P \ 0.05 versus TNFa
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obesity and is typified by early, and often dramatic,

increases in innate immune cells such as macrophages.

With accumulation of neutral lipids in the adiposome,

adipocytes hypertrophy and a subset undergo ‘‘necrosis-

like’’ cell death resulting in the recruitment of macrophages

[45, 46]. The relationship between alterations in innate and

adaptive immune cell numbers, their effect on the adipose,

and their contribution to the eventual development of

obesity is largely attributed to the production and systemic

introduction of inflammatory mediators. The pathophysio-

logical processes that develop due to obesity have various

putative etiological origins involving multiple tissues,

including immune-modulated inflammation of the visceral

adipose.

In this study we assessed the effects of aLA on the

development of insulin resistance and adipose inflamma-

tion in a novel model of murine diet-induced obesity and

IR. We demonstrate in pair-feeding experiments that oral

aLA exerts beneficial weight loss-independent effects on

insulin sensitivity, visceral adipose inflammation, vascular

adhesion, and whole body inflammatory cytokine markers.

Oral aLA reduced VATM content and activation in insulin

resistant, obese mice. aLA also prevented LPS-mediated

NF-jB activation and decreased the expression of inflam-

matory/migratory genes in un-stimulated and LPS-stimu-

lated macrophages. These results suggest that aLA has a

potent effect on macrophage activation status and thus may

modulate the innate immune response in chronic inflam-

mation in the visceral adipose tissue, a hallmark of type 2

diabetes and the metabolic syndrome.

Though oral aLA was less effective than IP aLA at

lowering blood glucose and normalizing markers of insulin

resistivity, at the dose used orally, it lacked weight loss

effects and obviously prevented its confounding influence

in the assessment of results. aLA decreases hypothalamic

AMPK activity and causes profound weight loss in rodents

by reducing food intake and enhancing energy expenditure

[47]. Pair-fed experiments suggest a minimal effect of oral
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aLA at *160 mg/kg on food intake and body weight over

8 weeks in mice. It should be noted that the first week of

oral aLA did result in decreased food intake and some

weight loss, however, over the subsequent weeks the effect

subsided and weights normalized then increased to levels

comparable to controls. The reduction in fasting glucose

and insulin by oral aLA did not translate into improved

glucose bolus clearance, suggesting that aLA did not

abrogate the effects of obesity on glucose metabolism in

the long term. However, aLA may selectively regulate

fasting indices of glucose homeostasis which have been

shown to be sensitive to anti-inflammatory measures [48].

Our data suggest that aLA has a moderate effect in already

obese mice. The effect may be more dramatic in mice that

begin oral aLA prior to a HFD or in mice that are not

already overtly insulin resistant.

The marginal effects of post-prandial indices contrasted

dramatically with the ability of aLA to reduce the number

and activation status of macrophages in the epididymal

adipose. Visceral adipose inflammation is a major area of

study in obesity and IR, with visceral adipose inflammation

being a putative pathophysiological phenomenon with the

activation status of VATM being of particular interest. The

phenotypic activation state of macrophages is a crucial

determinant of functionality and the inflammatory state.

Resident tissue macrophages in lean mice display a phe-

notype that is typical of cells committed to efferocytosis

and scavenger functions and are referred to as M2 or

‘‘alternatively activated’’ macrophages expressing anti-

inflammatory cytokines (Il10, Arginase1, Mgl1) [49] con-

comitantly with lower levels of M1 genes. High fat diet

(HFD) and obesity in mice lead to a M1 or ‘‘classically

activated’’ state which have been shown to express CD11c

and secrete pro-inflammatory cytokines such as TNFa,

IL-6, and IL-12 [4]. This phenotypic shift is now believed

to play an important role in the genesis of IR [4]. The

dramatic attenuation in VATM numbers and CD11c

expression observed by aLA is consistent with an effect on

activation status of adipose macrophages. Interestingly, the

effects of aLA are similar to those reported in obese CCR2

null mice versus obese wild type (WT) mice [13]. Obese

CCR2 null mice also showed a reduction in VATM with a

modest decrease in whole body insulin resistance. Our data

suggest that modulation of VATM activation and visceral

infiltration by aLA in already obese mice decreases sys-

temic markers of inflammation and improves markers of

insulin sensitivity.

In separate experiments, we addressed the effects of

aLA on the monocyte/macrophage activation state and

extravasation by demonstrating that acute aLA adminis-

tration reduced monocyte adhesion to the endothelium.

Homing of macrophages to the visceral adipose may be

modified by decreasing vascular adhesion, the first step in

extravasation and homing to tissue. Our intravital micros-

copy data demonstrate a dramatic effect of aLA in reducing

monocyte adhesion to venules and supports the hypothesis

that aLA may reduce monocyte efflux from the vasculature

to tissues due to inflammatory signals. Directly measuring

monocyte/macrophage efflux to the epididymal adipose is a

preferable method but was not technically possible at the

time of these mouse experiments.

To further address the role of aLA on TLR4-mediated

macrophage activation and signaling we examined the

effects of aLA on bone marrow-derived macrophages from

TLR4def/def and WT animals. Recent studies show that the

Toll-like receptor 4 (TLR4) may play a central role in the

link among insulin resistance, inflammation, and obesity.

TLR4 deficiency prevented DIO-mediated insulin resis-

tance and activation of IkB kinase (IKKb) and c-Jun NH2-

terminal kinase (JNK), suggesting that TLR4 is a key

modulator in the cross-talk between inflammatory and

metabolic pathways [18–22]. Recently it was demonstrated

that high fat meals can increase circulating LPS levels and

may result from increased intestinal permeability to LPS

[50, 51]. Additionally, DIO was shown to induce the

expression and activation of TLR4 in the adipose of obese

rats, while exercise reduced circulating LPS and TLR4

activation [21]. High levels of saturated NEFA, such as

palmitate, when combined with hyperinsulinemia, have

been shown to activate human monocytes via TLR4

agonism resulting in the production of pro-inflammatory

cytokines [52]. Additionally, high glucose conditions may

result in oxidative stress-mediated NF-jB activation and

subsequent up-regulation of TNFa and MCP-1 [53, 54].

We demonstrated that aLA was an effective inhibitor of

NF-jB activation in murine macrophages, a potent tran-

scription factor regulating inflammatory genes including

TNFa and IL6 in this cell. We show that aLA pretreatment

is capable of preventing TLR4-mediated up-regulation of

MCP-1. MCP-1 is the primary cytokine recruiting mono-

cytes, memory T cells, and dendritic cells to sites of tissue

injury and inflammation. It has been shown in endothelial

cells that aLA prevented high-glucose induced MCP-1

expression via inhibition of reactive oxygen species-med-

iated NF-jB activation [54]. The cognate receptor for

MCP-1, CCR2 is also down-regulated on monocytes by

aLA (albeit via non-TLR4 pathways) suggesting that it

may make monocytes less responsive to a MCP-1 che-

motactic gradient. Interestingly, CCR2 expression was not

induced by TLR4 activation, conversely LPS acted syner-

gistically with aLA to further down-regulate CCR2

expression. aLA also potently decreased LPS-stimulated

TNFa gene expression demonstrating that aLA can mod-

ulated macrophage activation post TLR4 ligation. These

data suggest that aLA is a potent modulator of inflamma-

tion via TLR4, non-TLR4 and NF-jB pathways.
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We acknowledge several important limitations of this

study beginning with our focus on adipose-inflammation

centric mechanisms. Our study did not investigate the

effects of aLA on hepatic glucose generation or adipocyte

function. Prior studies with aLA have clearly demonstrated

an effect of aLA in improving serum lactate and pyruvate

concentrations and improving glucose levels in lean and

obese patients with type 2 diabetes [55]. Our experimental

design did not clearly examine the effect of aLA on adi-

pocytes themselves. We cannot say whether aLA decreased

visceral adipocyte apoptosis and subsequent VATM infil-

tration or whether aLA prevented monocyte/macrophage

activation and infiltration leading to a lower incidence of

adipocyte apoptosis. It is also important to note that aLA

may have different mechanisms of action based on duration

of treatment, route of administration, and maximal plasma

concentration thus comparing data between treatment

protocols and in vivo and in vitro results is tenuous and

must be taken within context. For example, while aLA

potently down-regulated TNF, IL6, and MCP-1 gene

expression in vitro, the in vivo effects were not nearly as

dramatic in the oral aLA group with only IL-6 being sig-

nificantly down-regulated and more comparable in the

IP-aLA mice. It should also be noted that aLA can activate

nuclear factor erythroid2-related factor (Nrf2), the princi-

pal transcriptional regulator of antioxidant response ele-

ment (ARE)-mediated gene expression [56] and through

these pathways could exert powerful effects on adipose

inflammation [57, 58]. Though prior studies have demon-

strated important effects on systemic IR and inflammation,

a thorough examination of the long-term weight loss-

independent effects of aLA on insulin sensitivity and

macrophage activation pathways in already obese individ-

uals was needed.
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energy balance leading to constant weight gain in the form

of fat [2]. Since the discovery of leptin in 1994 by Zhang

and colleagues [3], the adipocyte and its products have

been profoundly studied. Adipose tissue has an important

and critical role in the regulation of energy homeostasis,

behaving as an endocrine organ that synthesizes molecules

involved in the regulation of metabolism [4]. Alterations of

both the expression and activity of these molecules also

contribute to the development of obesity among other

pathologies [4]. IL-15 has been recently described as a

cytokine that has important metabolic effects on adipose

tissue [5]. IL-15 has pleiotropic functions because it exerts

effects on the proliferation, survival, and differentiation of

many more distinct cell types than was originally thought

[6, 7]. Since the discovery of this cytokine as an anabolic

factor for skeletal muscle, several reports have described its

important role as a regulator of energy homeostasis [7, 8].

In-vivo studies have shown that chronic IL-15 adminis-

tration (seven days) results in a 33% decrease of white

adipose tissue (WAT) in healthy rats [6]. Additional studies

demonstrate that the effects of the cytokine on WAT are

partially caused by inhibition of both lipogenesis [9] and

LPL activity [10] and by reduced lipid uptake in this tissue

[5]. IL-15 also regulates liver lipogenesis, reducing the

lipid content of VLDL particles [10], and thermogenesis in

brown adipose tissue [11]. Some of the effects of this

cytokine are mediated by upregulation of PPARd [5, 11] a

transcription factor involved in fatty acid oxidation and

other metabolic adaptations to environmental changes [12].

In summary, IL-15 could be important in the conversion of

fat to lean body composition [4, 8, 10, 13].

Inhibition of adipogenesis by IL-15 in 3T3-L1 cells has

been reported, suggesting a direct action of the cytokine in

adipose tissue [14]. Moreover, in a study using obese

rodent models, a correlation was found between the sen-

sitivity to the fat-inhibiting effects of IL-15 and the fat

expression of mRNA for signaling subunits of the IL-15

receptor in WAT [15], confirming that IL-15 has a direct

effect on this tissue. Thus, it is known that the cytokine

signals by activation of two different subunits also present

in the IL-2 receptor, and binds specifically to the a subunit

of the receptor [7]. The activation of IL-15 receptor trig-

gers different transduction pathways depending on cellular

type. Thus, IL-15-mediated signaling involves proteins

such as JAK/STAT, the Src family, PI3-Kinase and Akt,

MAPK, NFjB, and AP1 in immune cells [16–19].

Regarding its signal transduction in adipose tissue, only

one report has suggested that JAK and PKA act as partial

mediators of the lipolytic effect that IL-15 exerts on pri-

mary pig adipocytes [20].

Taking into account the important effects of the cyto-

kine on lipid metabolism, the objective of this study was to

analyze the effects of IL-15 on adipocyte differentiation

using the 3T3-L1 preadipose cell line, and to study the

signal transduction pathways mediating the effects of the

cytokine.

Materials and Methods

Cell Culture and Adipocyte Differentiation

3T3-L1 preadipocytes (ATCC) were cultured in Dul-

becco’s modified Eagle’s medium (DMEM) with high

glucose (Invitrogen) supplemented with 10% (v/v) fetal

calf serum (Invitrogen), 25 mM HEPES pH 7.0, 1,000 U/

mL penicillin, 1,000 U/mL streptomycin, and 25 lg/mL

fungizone (BioWhittaker). To induce adipocyte differenti-

ation, cells were grown for 2 days postconfluence and then

treated for 2 days with differentiation medium of DMEM

with high glucose supplemented with 10% (v/v) fetal

bovine serum (Invitrogen), 25 mM HEPES pH 7.0,

1,000 U/mL penicillin, 1,000 U/mL streptomycin, and

25 lg/mL fungizone, plus MDI (0.5 mM isobutylmethyl-

xanthine, 0.25 lM dexamethasone and 5 lg/mL insulin).

On day 2 the cells were re-fed with differentiation medium

that contained insulin (5 lg/mL) instead of MDI, and every

2 days thereafter with differentiation medium alone. The

cells were completely differentiated 14 days after induc-

tion. 3T3-L1 cells were treated with 10 ng/mL IL-15

(Peprotech) or with PBS for 7 days before inducing

differentiation (referred to hereafter as preadipocytes),

for 7 days after inducing differentiation (referred to as

7d-adipocytes), and for 7 days after they were differenti-

ated (referred to as 14d-adipocytes). All experimental

groups were analyzed at the end of the treatment.

Protein Extraction and Western Blotting

For protein extraction the cells were scraped into ice-cold

buffer containing 10 mM Tris pH 7.5, 10 mM EDTA,

400 mM NaCl, 10% glycerol, 0.5% Nonidet P-40,

5 mM NaF, and 0.01 mM sodium orthovanadate, in the

presence of protease inhibitors, and then sonicated for 10 s.

The samples were then centrifuged at 13,000 rpm for

10 min and the supernatants were collected and protein

concentration was determined by use of the BCA method

(Pierce, USA). Equal amounts of protein (50 lg) were

heat-denatured in sample-loading buffer (50 mM Tris-HCl,

pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue,

10% glycerol), resolved by SDS–polyacrylamide gel

electrophoresis (10% polyacrylamide, 0.1% SDS) and

transferred to Immobilon membranes (Immobilon PVDF,

Millipore, USA). The filters were blocked with 5%

PBS-non-fat dried milk or 5% BSA and then incu-

bated with polyclonal antibodies: anti-phosphoAKT,

1034 Lipids (2011) 46:1033–1042

123



anti-phosphoSAPK/JNK, anti-phosphoJAK1, anti-JAK1,

anti-phosphoSTAT5, anti-STAT5 (Cell Signaling Technol-

ogy, Beverly, USA), anti-AKT, anti-SAPK/JNK1, anti-

phosphop38 (Santa Cruz Biotechnology, Santa Cruz, CA,

USA), and anti-p38 (Calbiochem, Germany). An anti-tubulin

polyclonal antibody (Santa Cruz Biotechnology) was used as

a control for the different studies. Donkey anti-mouse per-

oxidase-conjugated IgG (Jackson ImmunoResearch, West

Grove, USA), and goat anti-rabbit horseradish peroxidase

conjugate (Bio-Rad, USA) were used as secondary anti-

bodies. The membrane-bound immune complexes were

detected by use of an enhanced chemiluminescence system

(EZ-ECL, Biological Industries, Israel).

Cell-Proliferation Studies

3T3-L1 cells were seeded in multiwells plates and cultured

for 24 h for cell attachment. The cells were then serum-

starved for 24 h and treated with 10 ng/mL IL-15 or

vehicle solution depending on the experimental group.

After 24 h of treatment, 1 lCi methyl-[3H]thymidine

(Amersham) was added to each well, and cells were

incubated for 24 h for thymidine incorporation into DNA

[21, 22]. For measuring the cell-proliferation rate, cells

were washed twice with PBS, and DNA was precipitated

by use of trichloroacetic acid. Finally, cells were homog-

enized and the total amount of lysate was dissolved in

4 mL liquid-scintillation fluid for total radioactivity esti-

mation in a liquid scintillation counter.

DNA Extraction and Apoptosis

The studies were carried out on 14d-adipocytes. For DNA

extraction, cells were resuspended in Kauffman buffer

(0.5 M Tris, 2 mM EDTA, 10 mM NaCl, and 1% SDS)

and incubated for 12 h in the presence of 200 lg/ml pro-

teinase K. DNA was extracted with phenol–chloroform

[23] and apoptosis was measured by LMPCR (ligation-

mediated PCR) [24], using the b-actin gene as control. The

PCR samples were checked by 1.5% agarose gel electro-

phoresis and stained with ethidium bromide. The percent-

age of DNA fragmentation was quantified by scanning

densitometry (Phoretix International, Newcastle upon

Tyne, UK).

Oil Red O Staining

In order to assess the stage of differentiation, cells were

stained by oil red O dye, lipid content being determined in

both 7d-adipocytes and 14d-adipocytes. The cells were

fixed with 3% paraformaldehyde and stained with the

lipophilic dye oil red O (Sigma) dissolved in isopropanol,

as previously described [14]. Stained cells were visualized

by bright-field microscopy and photographed. Diameter of

lipid droplets was measured by bright-field microscopy at

940.

Annexin V–Propidium Iodide Staining

The staining was performed on 14d-adipocytes. To

determine apoptosis by the annexin–propidium iodide

method, cells were seeded on coverslips. After 3T3-L1

differentiation, cells were serum-starved for 24 h followed

by 24 h-treatment with IL-15 (100 ng/mL). For annexin

V–propidium iodide determination, the cells were fixed

and stained by use of a commercial kit (rhAnnexin

V/FITC/propidium iodide; Bendermedsystems, Pharmin-

gen, San Diego, CA, USA). Apoptosis was assessed by

laser-scanning microscopy with a laser wavelength of

495 nm.

DAPI Staining

DAPI staining was carried out using 14d-adipocytes. For

analysis of nuclei condensation, the cells were seeded on

coverslips. Twenty-four hours after serum deprivation,

cells were treated for 24 h with 100 ng/mL IL-15. The cells

were then washed with ice-cold PBS, fixed with 70%

ethanol for 10 min, stained with a DAPI solution (1 lg/

mL) for 20 min, then washed twice and mounted on glass

slides with Vectiscilol (Vectashield� Mounting Medium;

Vector Laboratoires H-1000, Southfield, MI, USA). DAPI

staining was analyzed by use of an epifluorescence

microscope (Leica, Solms, Germany).

Real-Time PCR (Polymerase Chain Reaction)

First-strand cDNA was synthesized from total RNA with

oligo dT15 primers and random primers pdN6 by using a

cDNA synthesis kit (Transcriptor Reverse Transcriptase,

Roche, Barcelona, Spain). Analysis of mRNA levels for the

genes from the different proteolytic systems was performed

with primers designed to detect the following gene prod-

ucts: PPARd (50 GAAGCCATCCAGGACACCAT 30; 30

AAGG TCTCACTCTCCGTCTT 50), leptin (50 TTCACA

CACGCAGTCGGTAT 30; 30 CATTCA GGGCTAAGGTC

CAA 50) and 18S (50 GCGAATGGCTCATTAAAT

CAGTTA 30; 30 GC ACGTAAATAGTCTAGTTTTGGT

50). To avoid the detection of possible contamination by

genomic DNA, primers were designed in different exons.

The real-time PCR was performed using a commercial kit

(LightCyclerTM FastStart DNA MasterPLUS SYBR Green I,

Roche, Barcelona, Spain). The relative amount of all

mRNA was calculated by using the comparative CT

method. The invariant control for all studies was 18S

mRNA.
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Statistical Analysis

All data were analyzed by use of Student’s t test. Statistical

significance of results is indicated by: *p \ 0.05,

**p \ 0.01, ***p \ 0.001.

Results

To check the degree of adipocyte differentiation, cells were

stained with oil red O dye to estimate lipid content (Fig. 1).

It can be seen that cells were clearly differentiated and how

IL-15 resulted in a significant decrease in lipid content.

Levels of different markers (PPAR-c2 and leptin) also

indicated a clear effect of IL-15 on lipid content (Table 1).

Because p42/44 MAPK play a central role in the regulation

of cell proliferation and cell survival [25–27], their content

was analyzed. In preadipocytes, IL-15 treatment caused a

significant decrease (60% less than control) of both the

phosphorylated form and the total amount of p42/44

MAPK (Fig. 2a) with no differences in the ratio (Fig. 2b).

However, IL-15 treatment of early differenciated adipo-

cytes (7 days) caused a strong decrease of the p44 MAPK

protein content (84% less than in the control) (Fig. 2a, b).

On the other hand, in 14d-adipocytes, IL-15 treatment led

to an increase of both forms of p42/44 MAPK (phosphor-

ylated active p44 73% and p42 29%; total amount p44 42%

and p42 47%) protein (Fig. 2a).

To relate the effects of the cytokine to cell differentia-

tion, the JAK/STAT pathways were examined. The total

and activated amount of both JAK and STAT proteins in

the different stages of adipocyte differentiation under IL-15

treatment were determined. Despite a significant increase

in the total amount of JAK1 and STAT5 proteins in 3T3-L1

preadipocytes (25 and 80% respectively) (Fig. 3a), the

ratio between the active or phosphorylated form and the

total protein content indicated that there was a significant

decrease of active JAK1 protein whereas no significant

changes were observed for STAT5 (Fig. 3b). During the
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Fig. 1 Oil red O staining of

both 7d-adipocytes

(in differentiation) and

14d-adipocytes (completely

differentiated) after treatment

with vehicle or IL-15. Oil red O

dye stains lipid content of the

cells. These are representative

photographs from six

independent experiments. The

results are means ± SEM for

100 cells and are expressed in

lm (diameter of lipid droplets

measured by bright-field

microscopy at 940)

Table 1 Effects of IL-15 on 7d-adipocytes’ mRNA content of the

differentiation markers

Experimental group Control IL-15

PPARc 100 ± 48 (5) 26 ± 11 (4)

Leptin 100 ± 30 (5) 17 ± 8 (4)*

For more details see the ‘‘Materials and Methods’’ section. Results are

mean ± SEM (n) for the number indicated in parentheses. The results

are expressed as a percentage of controls. Values that are significantly

different by the Student’s t test from the control group are indicated

by *p \ 0.05
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differentiation of 3T3-L1 cells (d7-adipocytes), cytokine

treatment induced a decrease in both the active form and

the total amount of STAT5 protein, despite no changes

were observed in the ratio (Fig. 3a, b). However, in

d14-adipocytes, the IL-15 treatment resulted in a signifi-

cant increase of both JAK1 and STAT5 phosphorylated

proteins (127 and 300% respectively) (Fig. 3a) also in the

ratio (Fig. 3b), suggesting activation of the JAK/STAT

pathway in mature 3T3-L1 adipocytes.

AKT is another important signaling protein for cell

proliferation and differentiation [28]. No differences were

observed in AKT protein content in 3T3-L1 preadipocytes

treated with IL-15 (Fig. 4a). However, treatment with this

cytokine induced a significant increase in the total amount

of AKT protein (42%) (Fig. 4a) and reduced the ratio

(Fig. 4b), therefore modulating the activity of this pathway.

Finally, IL-15 caused an increase in both activated and

total of AKT protein in 14d-adipocytes (70 and 54%,

respectively) (Fig. 4a).

p38 and SAPK/JNK belong to the MAPK signaling

pathway and are known to be involved in the regulation of

differentiation and cell apoptosis. Interestingly, these pro-

teins can regulate each other [25, 29–32]. In preadipocytes,

IL-15 treatment caused a decrease in the total amount of

p38 (47%) without affecting its activated phosphorylated

form, as shown in Fig. 5a, b. Moreover, in 7d-adipocytes

IL-15 treatment also caused a significant reduction in the

total amount of p38 (34%), leading to a significant increase

of the ratio phospho-p38/p38 (Fig. 5a, b). Finally, in 14d-

adipocytes the treatment resulted in a significant decrease

in the percentage of activation, but an increase in the total

amount of p38 protein (73%). In order to see the effects of

IL-15 on the SAPK/JNK pathway, the two proteins that

form the dimer (SAPK/JNK54/46) were analyzed. IL-15
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Fig. 2 Effects of IL-15 on MAPK protein content, cell cycle

distribution, and proliferation rate. C control, IL-15 IL-15-treated

cells. a Representative Western blot pattern of both phosphorylated

and total p42/p44 MAPK. The images were densitometrically

analyzed and corrected for tubulin levels as loading control (images

not shown). Data were then statistically analyzed (Student’s t test).

b Ratio of densitometric analysis of phosphorylated and total form of

p42/p44 MAPK content. The results are means ± SEM for 4 or 5

samples and are expressed as percentages of control values. Values

that are significantly different by the Student’s t test from the control

group are indicated by ***p \ 0.001. c Effects of IL-15 on

proliferation rate of preadipocytes expressed as a percentage of

proliferation of control cells
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treatment caused a significant decrease of the ratio between

phospho-SAPK/JNK and SAPK/JNK total (in both JNK54

and 46) in preadipocytes (Fig. 5b). Interestingly, during

adipocyte differentiation (14d-adipocytes), the ratio

between the active and total forms of these proteins was

increased (Fig. 5b).

It is important to note that the increase in p38 and

SAPK/JNK in mature 14d-adipocytes has been related to

increased apoptosis [25, 31]. Thus, to determine if this

could be a satisfactory explanation for the observed

increase in the p38 protein, apoptosis was studied by the

LMPCR method. Figure 6a shows a clear and significant

increase of the DNA ladder levels after IL-15 treatment in

14d-adipocytes, supporting increased apoptosis as a result

of the cytokine treatment. DAPI and annexin–propidium

iodide analysis confirmed the effects of IL-15 on apoptosis

(Fig. 6b, c).

Discussion

The accretion of WAT observed in obese patients can be

because of an increase in cell size, cell number or both

[33], indicating that the molecular mechanisms that

regulate preadipose cell growth, adipose differentiation,

and lipogenesis in fat cells, have a key role in controlling

the energy balance [33]. Cytokines seem to be major reg-

ulators of adipose tissue metabolism [34]. Taking this into

consideration, IL-15 is a cytokine of special interest

because it causes an important reduction of WAT weight

by altering several important processes within this tissue,

for example lipogenesis [9, 15], LPL activity, or lipid

uptake [5, 10]. Furthermore, it is important to note that our

results from oil red O staining confirm that IL-15 is able to

inhibit adipogenesis in 3T3-L1 cells as previously descri-

bed [14].

IL-15 signaling pathways have been widely studied in

the immune system since this cytokine was firstly descri-

bed in immune cells in 1994 [35, 36]. However, very few

investigations have been focused on the proteins involved

in IL-15 signal transduction in adipose tissue or other non-

immune system tissues. Ajuwon and Spurlock [20]

described the direct regulation of lipolysis by IL-15 in

primary pig adipocytes through a pathway regulated in part

by PKA and JAK proteins.

In order to study the signaling of IL-15 on adipocytes,

we chose the 3T3-L1 cell line. This is an immortal fibro-

blast line derived from nonclonal Swiss 3T3 cells that are
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Fig. 3 Effects of IL-15 on JAK1 and STAT5 protein content.

C control, IL-15 IL-15-treated cells. a Representative Western blot

pattern of both phosphorylated and total JAK1 and STAT5. The

images were densitometrically analyzed and corrected for tubulin

levels as loading control (images not shown). Data were then

statistically analyzed (Student’s t test). b Ratio of densitometric

analysis of phosphorylated and total form of JAK1 and STAT5

content. The results are means ± SEM for 4 or 5 samples and are

expressed as percentages of control values. Values that are signifi-

cantly different by the Student’s t test from the control group are

indicated by *p \ 0.05, **p \ 0.01
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already committed to the adipocytic lineage [37]. This

cellular model has some limitations, because the adipose

tissue matrix has an important role in adipocyte differen-

tiation. However, when these cells receive the appropriate

hormonal inducers, they undergo differentiation to mature

fat cells [37–39]. In fact, the first stage before differentia-

tion is growth arrest, which is achieved in cultured cells by

contact inhibition (named in this study as the preadipocyte

group). When the cultured cells receive the differentiation

cocktail (isobutylmethylxanthine, dexamethasone, and

insulin), they begin the next step of differentiation, called

clonal expansion. This is followed by a second growth

arrest which is associated with several changes in protein

expression. After this, the cells acquire a round morphol-

ogy, accumulate lipid, become insulin-sensitive, and

express typical gene markers (for example PPARc) of

completely differentiated adipocytes [40].

In immune cells, IL-15 signals through several mole-

cules, for example MAPK, AKT, or JAK/STAT. Among

these, p42/44 MAPK is highly related to the promotion of

cell division [27] and this could be the role of this protein

in 3T3-L1 preadipocytes. Indeed, IL-15 seems to down-

regulate p42/44 MAPK levels in preadipocytes, and it

could lead to a tendency of a lower proliferation rate.

The JAK/STAT pathway is a predominant signaling

cascade for cytokines including the IL-15 signaling

pathway [7]. In addition, it has been described that during

adipocyte differentiation, expression levels of STAT5 are

highly induced and dysregulation of this cell process

attenuates induction of this protein [41]. Floyd and Ste-

phens [42] stated that STAT5A ectopic expression in

nonprecursor cells led to fat cell differentiation, con-

firming the importance of this signaling protein in this

adipocyte process. As mentioned in the ‘‘Results’’ section,

IL-15 treatment resulted in a decrease in differentiation

markers in 7d-adipocytes. Interestingly, treatment of 7d-

adipocytes with IL-15 clearly resulted in downregulation

of the levels of STAT5 protein, indicating that the effects

of IL-15 on adipogenesis could be partly mediated

through STAT5 protein. Conversely, in mature adipocytes

STAT5 protein has been reported to have an antilipogenic

role by inhibiting expression of fatty acid synthase, the

central enzyme for de-novo lipogenesis [43]. Furthermore,

it has been reported that IL-15 induces loss of adipose

tissue partly by inhibiting lipogenesis [9]. Indeed, IL-15

treatment of 14d-adipocytes results in a significant

increase in the activity of the JAK/STAT pathway and a

decrease in lipid content, suggesting that this cytokine
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could also act through these proteins to control adipocyte

lipogenesis.

There are contradictory reports on the role of p42/44

MAPK in adipogenesis. On the one hand, some studies

have implicated these proteins in the differentiation process

[44] and, on the other hand, Font de Mora et al. [45] stated

that they are not necessary for this process but rather these

proteins exert an antagonizing effect on adipogenesis.

However, it is important to note that after insulin treat-

ment—as a differentiation stimulus—the MAPK and AKT

pathways are activated [46]. Insulin treatment seems to

exert a dual effect on 7d-adipocytes, by inducing mito-

genesis in growing cells, and differentiation in confluent

cells through p42/44 MAPK and AKT respectively. In our

study, the observation that IL-15 inhibited p44 MAPK

reinforces the role of this protein in the differentiation

process. On the other hand, the activation of p42/44MAPK

by IL-15 at day 14 could also be correlated with cytokine

blockage of the differentiation process, because p42/

44MAPK has been involved in inhibition of terminal adi-

pose conversion. Interestingly, sustained activation of p42/

44 MAPK has been demonstrated to inhibit terminal adi-

pose conversion by inhibition of PPARc, at least [47].

IL-15 could act by blocking the final stages of adipogenesis

in 14d-adipocytes by increasing the protein level of p42/44

MAPK and consequently could be blocking PPARc activ-

ity. Additionally, and because the AKT pathway has a key

role in adipogenesis, it has been reported that constitutive

activation of AKT induces spontaneous adipogenesis in

3T3-L1 cells [28]. The IL-15-induced decrease of the

activation ratio at day 7 supports the effects of this cytokine

on adipogenesis.

Although previous work established a direct relationship

between p38 upregulation and apoptosis in 3T3-L1 adi-

pocytes [29], the results of our study showed upregulation

of total p38 in mature adipocytes without affecting the

activated protein. In addition, in 14d-adipocytes IL-15

treatment caused a significant increase in SAPK/JNK,

which seems to lead to an increment in apoptosis levels as

shown in the apoptotic assays (Fig. 6). These results agree

with the study of Yang et al. [31], who reported that

increased levels of SAPK/JNK are also directly related to

apoptosis.

In conclusion, this study expands knowledge of the

actions of IL-15 on body fat [8, 10] and confirms the anti-

adipose tissue actions of the cytokine. IL-15 could, thus,

regulate energy homeostasis by affecting adipose tissue in

several cell processes including proliferation, differentia-

tion, lipogenesis, and apoptosis. These actions on adipo-

cytes may be mediated by different signaling pathways:

p42/44 MAPK in proliferation and final conversion to

adipocytes, STAT5 during differentiation process and

lipogenesis, and SAPK/JNK in apoptosis in mature

adipocytes. Additional studies are needed to further

understand the role of IL-15 in adipogenesis.
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of important cellular signaling molecules, termed adipo-

kines. These adipokines have consequences ranging from

local autocrine and paracrine effects to systemic endocrine

actions. Adipokines also vary widely in both their function

and mechanisms of control. One such mechanism of con-

trol is the fatty acid composition of adipose tissue which

can affect cellular signaling, fatty acid trafficking, gene

expression and, consequently, metabolism [1]. Adipose

tissue composition varies based on two main effectors:

energy balance, which regulates the metabolism of free

fatty acids within the adipose tissue, and diet, which will

alter the fatty acid profile of the adipose tissue. Although

the former has been examined extensively, particularly

with regard to leptin expression and adipocyte differenti-

ation, the effects of the latter on endocrine function have

only recently begun to be investigated.

Adiponectin is the most highly expressed and secreted

adipokine, with beneficial effects on metabolism, inflam-

mation, and vascular function. Adiponectin has a para-

doxical expression pattern. As adiposity increases,

adiponectin expression and secretion decreases within the

adipose tissue [2]. It is believed that this paradox is part of

the pathology of obesity, and is symptomatic of dysfunc-

tional adipose tissue. Adiponectin plays a role in insulin

sensitivity, LDL oxidation, eNOS activation, inflammation

suppression and fatty acid catabolism [3–5]. Thus, hypoa-

diponectinemia is of interest as a biomarker of both car-

diovascular disease and metabolic syndrome.

Another important adipokine that could be stimulated by

changes in fatty acid profile is leptin. It was first discovered

as the protein encoded by the obese gene, named for the

phenotype of the double knockout mouse. These mice

experience no satiety, and thus eat continuously when fed

ad libitum, leading to severe diet-induced obesity. In

humans, leptin deficiency has been implicated in cases of

morbid obesity, as either a genetic factor or a metabolic

insufficiency [6, 7]. Leptin’s role in hypothalamic-medi-

ated appetite suppression in response to caloric intake is

not its only function. Leptin may also be important in the

modulation of T cell activity in the early stages of ath-

erosclerotic development as well as other immune cells [8].

In obesity, leptin may be under-expressed by the adipose

tissue in response to a consistently high caloric diet, or,

leptin receptors may be down-regulated, thus leading to

high plasma leptin levels and leptin resistance [9].

Flaxseed has recently gained popularity as a functional

food. Alpha-linolenic acid (ALA) comprises approximately

55% of the total fatty acid content of flaxseed fatty acids

[10]. ALA-rich diets, including diets enriched with ground

flaxseed, have been shown in interventional and experi-

mental trials to reduce both fatal and non-fatal myocardial

infarction [11, 12], cardiac arrhythmias [12–15], and the

incidence of atherosclerotic lesions [12, 14, 16, 17].

However, the mechanism whereby ALA and flaxseed

induce this cardio-protective action is unclear. Previous

data have indicated that ALA from a flaxseed enriched diet

is deposited in adipose tissue [18]. It is possible, therefore,

that this change in adipose tissue fatty acid content may

influence adipose tissue function. We hypothesize that the

change in lipid composition in adipose tissue in response to

a flaxseed supplemented diet may affect the adipokine

signaling from the adipocytes. It is possible, therefore, that

the beneficial cardiovascular actions of flaxseed previously

observed may be associated with changes in adipokine

expression.

Materials and Methods

Diet and Feeding

All experiments were conducted in accordance with the

guidelines of the Canadian Council on Animal Care.

Sixteen male New Zealand White rabbits (2.8 ± 0.1 kg,

Southern Rose Rabbitry) were randomly assigned to

receive one of four diets. Diets were prepared as previ-

ously described [15, 17] by the addition of components

to a regular (RG) rabbit diet (CO-OP Complete Rabbit

Ration, Federated Co-operatives): 0.5% cholesterol (CH),

or 10% ground flaxseed (FX), or both (CF) for 8 weeks

(n = 4). The chow was stored at 4 �C and protected from

light. The diets differed only in total fat content due to

the inclusion of the naturally ALA-rich ground flaxseed

(Tables 1, 2). The diet fatty acid composition is outlined

in Table 2. Addition of flaxseed to the diet significantly

increased the amount of C16:0, C18:0, C18:1 (oleic acid)

and C18:3 (ALA) provided. The addition of cholesterol

had no significant effect on dietary fatty acids provided

in comparison to the RG diet. Rabbits were fed 125 g/

day of the diet.

Table 1 Crude dietary composition

RG FX CH CF

Crude protein (%) 21.3 20.5 20.4 20.5

Carbohydrates (%) 51.4 51.7 52.5 50.6

Crude fat (%) 5.4 8.1 5.2 8.9

Crude fibre (%) 13.5 11.7 13.6 12.4

Ash (%) 8.4 8.1 8.1 7.7

ALA (mg/g of diet) 2.0 20.0 2.1 22.5

Digestible energy (kcal/g) 3.38 3.56 3.37 3.60

RG regular diet, FX 10% flaxseed supplemented diet, CH 0.5%

cholesterol supplemented diet, CF 10% flaxseed and 0.5% cholesterol

supplemented diet

1044 Lipids (2011) 46:1043–1052

123



Blood Sampling and Analysis

Blood was drawn from the left marginal ear vein of rabbits

that were fasted overnight before starting their experi-

mental diets and at 8 weeks. It was collected in vacutainer

tubes containing EDTA (Becton–Dickinson). Blood sam-

ples were centrifuged at 4,5009g at room temperature for

10 min, and plasma was then stored at -80 �C. Before

analysis, plasma samples were thawed and centrifuged at

6,8009g. Plasma levels of cholesterol and triglycerides

were analyzed using a VetTest 8008 blood chemistry

analyzer (IDEXX Laboratories). Fatty acids were extracted

from plasma and derivatized, as described previously [15,

18].

Tissue Collection

After 8 weeks of dietary treatment, animals were eutha-

nized by 5% isoflurane gas delivered by face mask, fol-

lowed by cardiac extraction. Retroperitoneal and

epididymal adipose tissue were collected. To prevent

RNase contamination, the animal and tools were sprayed

with RNaseZap (Ambion) both before and during tissue

collection. Adipose tissue was immediately placed in

RNAlater, and kept overnight at 4 �C, as indicated in the

manufacturer’s instructions (Ambion). Preliminary testing

indicated that there was successful stabilization of mRNA

compared to flash freezing or maintenance overnight at

4 �C (as assessed by agarose gel electrophoresis and sub-

sequent qRT-PCR) despite the high lipid content of this

tissue. RNAlater was removed from the tissue by suction,

and the samples were then flash frozen in liquid nitrogen

and stored at -80 �C.

qRT-PCR

RNA was extracted from the adipose tissue in an RNase-free

environment. Adipose tissue was homogenized in Trizol

reagent (Invitrogen), and fat was removed. Phenol was sep-

arated from the solution by washing the solution twice with

chloroform. The RNA was precipitated from solution with

ethanol, and added to RNeasy columns for further purification

(Qiagen). Extracted RNA was quantified and assessed for

quality by spectrophotometer and agarose gel electrophoresis.

It was then used for qRT-PCR (Quanta Biosystems) using a

iQ5 Real-Time PCR Detection System (Bio-Rad). Primers

designed using BLAST software (NCBI) and were as follows:

Adiponectin: (Forward 50ACCAGGACAAGAACGTGG

AC30, Reverse 50TGGAGATGGAATCGTTGACA30);
Leptin: (Forward 50GTCGTCGGTTTGGACTTCATC30,

Reverse 50CGGAGGTTCTCCAGGTCGTTG30) [19];

GAPDH: (Forward 50GATGGTGAAGGTCGGAG

TGAA30, Reverse 50GGTGAAGACGCCAGTGGATT30)
[20].

Primers were validated using NCBI’s BLAST software

[21]. Unused samples were stored at -80 �C. cDNA was

synthesized from 1 ug of RNA with qScript cDNA Su-

permix (Quanta) via the manufacturer’s directions. qPCR

proceeded for 2 min at 50 �C, 95 �C for 8.5 min, then 40

cycles of 95 �C for 15 s and 60 �C for 60 s, at which point

the data were captured. A melt curve was obtained after

cycling with 95 �C for 1 min followed by 55 �C for 1 min,

Table 2 Fatty acid composition

of rabbit diets

Values are means ± SE, as mg

of lipid/g of diet. Fatty acids

were extracted from rabbit chow

RG regular fed, FX 10%

flaxseed fed, CH 0.5%

cholesterol fed, CF 0.5%

cholesterol plus 10% flaxseed

fed, ND not detectable amounts

present

* p \ 0.05 versus RG

^ p \ 0.05 versus FX

FAME (mg/g) RG FX CH CF

C14:0 0.293 ± 0.014 0.371 ± 0.013 0.267 ± 0.002 0.337 ± 0.016

C14:1 0.131 ± 0.001 ND 0.033 ± 0.033 ND

C16:0 6.502 ± 0.247 9.567 ± 0.349* 6.338 ± 0.044 9.364 ± 0.232*

C16:1 0.403 ± 0.024 0.540 ± 0.031 0.354 ± 0.001 0.442 ± 0.004

C18:0 2.200 ± 0.147 3.942 ± 0.157* 2.048 ± 0.006 3.643 ± 0.186*

C18:1 Ol 10.693 ± 0.325 17.055 ± 0.862* 10.292 ± 0.010 16.361 ± 0.840*

C18:1 Vac 1.719 ± 0.148 2.775 ± 0.002* 1.644 ± 0.064 2.611 ± 0.067

C18:2 LA 11.191 ± 0.343 11.781 ± 0.513 12.328 ± 0.170 13.713 ± 0.490

C20:0 0.113 ± 0.011 0.165 ± 0.009 0.117 ± 0.001 0.159 ± 0.025

C18:3n-6 GLA ND 0.115 ± 0.002 ND 0.125 ± 0.004

C20:1 ND ND ND ND

C18:3n-3 ALA 1.993 ± 0.120 20.077 ± 0.841* 2.119 ± 0.036 22.535 ± 0.679*^

C20:2 0.092 ± 0.012 0.125 ± 0.009 0.087 ± 0.002 0.106 ± 0.007

C22:0 0.160 ± 0.012 0.196 ± 0.002 0.166 ± 0.006 0.199 ± 0.036

C22:1 0.112 ± 0.032 0.292 ± 0.009 0.095 ± 0.009 0.094 ± 0.042

C20:3 ND ND ND 0.193 ± 0.003

C22:6 DHA ND ND 0.105 ± 0.105 0.115 ± 0.115
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and 80 10-s capture cycles of 55 ? 0.5 �C/cycle. Results

were normalized by GAPDH expression and analyzed by

the delta–delta-Ct method using iCycler Real-Time

Detection Software.

Fatty Acid Extraction and Methylation

Plasma fatty acids were directly extracted and derivatized

using a modification of the original method described by

Lepage and Roy [22] and later modified by Garg et al. [23].

Briefly, 100 lL of plasma was combined with 2 mL of 4:1

(v/v) methanol:toluene in a borosilicate glass tube. The

methanol:toluene solution contained 0.5 mg/ml of the

internal standard, C19:0 (Nu-Chek Prep. Inc.). While vor-

texing, 200 lL of acetyl chloride was slowly added. Tubes

were capped with a Teflon lined lid, weighed and then

heated at 100 �C for 1 h. Once cooled to room temperature,

tubes were re-weighed to ensure no sample loss had

occurred. Five milliliters of an aqueous 6% K2CO3 solution

was then added to terminate and neutralize the reaction. The

sample tube was then centrifuged at 5,000 rpm for 5 min at

room temperature after which the upper toluene layer was

removed and subjected to gas chromatographic analysis

using flame ionization detection (GC-FID). Methylation

was verified by thin layer chromatography. Fatty acids from

approximately 15 mg of adipose tissue were extracted and

derivatized using the method outlined by Lepage and Roy

[24].

Gas Chromatography

Fatty acid methyl esters (FAME) were injected onto a Varian

CP 3800 gas chromatographic system using a Varian CP 8400

autosampler. Analytes were detected using flame ionization

detection and analyzed on a Varian MS Workstation (vrs.

6.9.1). One microliter of sample was injected at 250 �C at a

split ratio of 50:1 onto a Varian CP-Sil 88 capillary column

(60 m 9 0.25 mm 9 0.20 lm). Helium gas (ultra pure) was

used as the carrier gas at a constant flow rate of 1.5 mL/min.

The oven temperature was maintained at 111 �C for 1 min

then rapidly increased by 20 �C/min to 170 �C. It was then

slowly increased at a rate of 5 �C/min to 190 �C and finally by

3 �C/min up to 225 �C where it was maintained for 10 min.

FAME were quantified against an external standard, GLC

462 (Nu-Chek Prep, Inc.).

Quantification of Aortic Atherosclerosis

The aorta from the ascending arch to the iliac bifurcation

was isolated from peripheral tissues and washed in cold

PBS, then opened longitudinally and pinned flat. The aortic

lumen was digitally photographed and luminal images

were analyzed with Silicon Graphics Imaging software.

Fatty streaks and complicated lesions were expressed as a

percentile of total luminal surface area.

Statistics

Results were reported as means ± SE, and analyzed with

Sigma-Stat software by one-way ANOVA, using Fisher’s

LSD test. A significant correlation was identified by a t test.

p B0.05 was considered statistically significant.

Results

Body Weight

After 8 weeks of dietary treatment, mean body weight

significantly increased from 2.8 ± 0.06 to 3.7 ± 0.09 kg.

However, there was no effect on weight with the experi-

mental diets as compared to control diets (data not shown).

Plasma Lipids

There was no significant change in the plasma cholesterol

of animals fed a regular or flaxseed supplemented diet after

8 weeks. Supplementation of the diet with dietary choles-

terol for 8 weeks induced severe hypercholesterolemia

(Fig. 1a). Addition of dietary flaxseed to a cholesterol-

enriched diet did not lower the plasma cholesterol values

from those observed in animals fed a diet supplemented

with cholesterol alone.

Plasma triglycerides were not significantly affected by

any of the diets (Fig. 1b). Addition of milled flaxseed to the

diet, providing ALA, induced a 17-fold increase in the

percentage composition of ALA in the plasma (Fig. 1c).

Simultaneous consumption of flaxseed and cholesterol

doubled the amount of ALA in the plasma as compared to

the consumption of flaxseed alone, comprising 21% of all

plasma fatty acids. an eightfold increase in plasma ALA,

despite being provided with only 2 mg of ALA/gram,

supporting the observation that cholesterol aids in absorp-

tion of ALA [15–18].

Atherosclerosis

Animals fed a regular or flaxseed-supplemented diet for

8 weeks did not develop any quantifiable atherosclerosis in

the aortic arch (Fig. 2). Inclusion of 0.5% cholesterol in the

diet induced atherosclerotic lesions in the aorta, covering

76.3 ± 8.5% of the aortic lumen (p \ 0.05 vs. RG, n = 3).

Addition of ground flaxseed to the cholesterol-supple-

mented diet ameliorated the atherogenic effects of cho-

lesterol, significantly reducing lesions to 28 ± 4.3% of the

aortic lumen (p \ 0.05 vs. CH, n = 3).

1046 Lipids (2011) 46:1043–1052

123



Fatty Acid Composition of Adipose Tissue

Total lipids were extracted from two primary sources of

visceral fat. Epididymal and retroperitoneal fat consisted of

92.24% lipid by wet weight (range 83.3–99.5%), with no

significant changes in total lipid between different dietary

treatments, or either adipose source (Tables 3, 4).

The main component of adipose tissue was C18:1, oleic

acid, which composed 32.3 ± 1.9% of total fatty acids in the

retroperitoneal adipose of RG-fed animals (Table 3). C16:0,

palmitic acid, and C18:2, linoleic acid, were also common,

comprising 25.2 ± 1.4 and 26.7 ± 1.3% of the total retro-

peritoneal adipose tissue fatty acid content, respectively. Also

stored in appreciable quantities in the retroperitoneal adipose

tissue of animals fed a regular diet were ALA

(6.34 ± 0.34%), steric acid (6.14 ± 0.57%), palmitoleic

acid (2.12 ± 0.08%), vaccenic acid (1.98 ± 0.21%), and

myristic acid (1.77 ± 0.12%) (Table 3).

The fatty acid proportions in the epididymal tissue of the

animals fed a regular diet were not significantly different

than the proportions of fatty acid in retroperitoneal tissue

(Table 4). Dietary cholesterol did not significantly affect

either total lipids or individual fatty acids as compared to RG.

Addition of flaxseed to a regular diet significantly reduced

levels of C16:0, C18:1-cis, C18:1-trans, and C18:2 in the

adipose tissue, both in absolute concentrations and relative to

total fatty acid content (Tables 3, 4). When consumed in

conjunction with 0.5% cholesterol, dietary flaxseed induced

a 3.1-fold increase in adipose tissue ALA, a significant

increase as compared to RG, but significantly less than ani-

mals supplemented only with flaxseed. Dietary cholesterol

did not affect any of the other fatty acids observed.

Adipokine Expression

Adiponectin and leptin are the two most highly expressed

adipokines in adipose tissue. In epididymal adipose tissue,

there was no significant change in either leptin or adipo-

nectin mRNA expression after addition of either flaxseed

or cholesterol to the diet (Fig. 3a). Adiponectin expression

did not vary with dietary treatment in retroperitoneal adi-

pose tissue (Fig. 3b). However, in retroperitoneal adipose

tissue, dietary flaxseed induced a two-fold increase in

leptin mRNA (p \ 0.05 vs. RG). Conversely, dietary

cholesterol reduced leptin mRNA expression by about one-

half in comparison to control, and the addition of flaxseed

to the cholesterol-supplemented diet induced a recovery of

leptin expression, increasing expression beyond that of

flaxseed alone.

Fig. 1 Plasma cholesterol (a), triglycerides (b), and alpha-linolenic

acid (c) levels in male New Zealand White rabbits at baseline and

after 8 weeks of dietary treatment. *p \ 0.05 versus RG; n = 3–4.

RG regular chow, FX chow supplemented with 10% flaxseed, CH
0.5% cholesterol-supplemented diet, CF 10% flaxseed and 0.5%

cholesterol-supplemented diet

Fig. 2 Development of atherosclerotic lesions on the aorta of New

Zealand White rabbits after 8 weeks of dietary treatment. Values are

means ± SE; n = 3. *p B 0.05 versus RG; p B 0.05 versus CH. RG
regular chow, FX chow supplemented with 10% flaxseed, CH 0.5%

cholesterol-supplemented diet, CF 10% flaxseed and 0.5% choles-

terol-supplemented diet
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These changes in leptin expression were positively

correlated with plasma ALA and adipose ALA levels

(Fig. 4). Plasma ALA correlated with leptin expression in

the retroperitoneal adipose tissue (p \ 0.05), but not in

epididymal adipose (Fig. 4a). Adipose tissue ALA exhib-

ited a stronger relationship than plasma ALA with leptin

expression in retroperitoneal adipose tissue (Fig. 4b).

Relationship of Leptin Expression to Atherosclerosis

All animals that were not fed cholesterol did not exhibit any

atherosclerosis. Consequently, in order to determine if there

was a significant relationship between leptin expression and

the development of atherosclerotic lesions, linear regression

was performed only on data obtained from animals fed a

cholesterol-supplemented diet. Increased leptin expression in

the retroperitoneal adipose tissue significantly correlated

(p \ 0.05) with decreased atherosclerosis (Fig. 5).

Discussion

One of the primary purposes of this study was to determine

if diets of very different lipid composition could influence

the expression of leptin or adiponectin in adipose tissue

when caloric balance was maintained. It is known that

leptin expression varies with caloric balance and adiposity

[25–28]. The present study was designed to avoid these

potential variables by maintaining the diets in a manner

which maintained a consistent level of caloric intake while

at the same time insuring diversity in lipid composition.

The differences in caloric values between the diets were so

minor that they did not induce a significant change in body

weight. The data obtained in the present study demon-

strates that the lipid composition of the diet can have an

important role to play in adipokine expression. The chan-

ges in adipokine expression were sensitive to the type of

lipid in the diet, the adipose tissue examined and the

Table 3 Fatty acids in

retroperitoneal adipose tissue

from rabbits fed diets for

8 weeks

Values are means ± SE. Fatty

acids were extracted from

retroperitoneal adipose tissue

following 8 weeks of feeding

(n = 4)

RG regular fed, FX 10%

flaxseed fed, CH 0.5%

cholesterol fed, CF 0.5%

cholesterol plus 10% flaxseed

fed, ND not detectable amounts

present, TL total mg lipids

extracted per mg of tissue

* p \ 0.05 versus RG

^ p \ 0.05 versus FX

FAME (lmol/g) Retroperitoneal adipose tissue

RG FX CH CF

10:0 ND ND ND ND

12:0 ND ND 1.54 ± 0.94 1.45 ± 0.87

12:1 ND ND ND ND

14:0 74.40 ± 4.00 50.91 ± 6.76* 66.17 ± 2.12 60.90 ± 1.84

14:1 ND ND ND ND

16:0 945.68 ± 37.82 699.88 ± 15.45* 905.45 ± 40.17 773.21 ± 25.07*

16:1 81.17 ± 7.50 46.95 ± 6.42 90.90 ± 10.74 83.39 ± 13.85

18:0 195.76 ± 12.98 169.31 ± 8.66 179.48 ± 6.93 169.35 ± 4.22

18:1 n-9 1,104.79 ± 75.25 821.93 ± 49.73* 981.88 ± 20.87 962.26 ± 21.53

18:1 trans 67.80 ± 7.42 42.39 ± 3.38* 55.96 ± 1.62 49.30 ± 1.26*

18:2 n-6 878.82 ± 26.06 705.14 ± 35.87* 938.47 ± 69.49 778.75 ± 19.54

20:0 0.51 ± 0.38 0.45 ± 0.24 0.88 ± 0.45 ND

18:3 n-6 ND ND ND ND

18:3 n-3 218.96 ± 7.95 895.96 ± 63.33* 184.22 ± 6.98 672.52 ± 78.99*^

20:1 14.49 ± 1.69 11.83 ± 1.16 12.46 ± 1.29 11.14 ± 1.40

20:2 1.68 ± 0.57 0.27 ± 0.18 1.31 ± 0.51 0.60 ± 0.23

22:0 ND ND ND ND

20:3 n-6 ND ND ND ND

20:3 n-3 ND 5.76 ± 0.89 ND 3.32 ± 0.80

22:1 0.68 ± 0.28 0.22 ± 0.15 0.43 ± 0.26 0.83 ± 0.62

20:4 n-6 0.76 ± 0.44 0.38 ± 0.89 1.28 ± 0.75 0.83 ± 0.48

C22:2 ND ND ND ND

C20:5 n-3 ND ND ND ND

C24:0 ND ND ND ND

C24:1 ND ND ND ND

C22:4 ND ND ND ND

C22:5 ND 0.58 ± 0.45 ND 0.48 ± 0.2

C22:6 ND ND ND ND

TL (%) 90.5 ± 0.23 91.4 ± 3.70 95.7 ± 2.02 94.4 ± 1.35
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adipokine studied as well. A high cholesterol diet sup-

pressed leptin expression whereas a diet rich in the omega-

3 fatty acid ALA increased leptin expression. Leptin

expression was influenced by the diets whereas adiponectin

was not. Retroperitoneal but not epididymal adipose tissue

was affected by the diets. It is known that the location of

the different adipose tissues will influence circulating

adipokine levels [29].

The mechanism whereby leptin mRNA expression is

regulated by dietary lipids is presently unclear. Although

SREBP1c mRNA expression is directly related to poly-

unsaturated fatty acid content in adipose tissue [30] and an

SREBP-like binding element is present in the leptin pro-

moter, it is not responsive to SREBP itself [31]. However,

polyunsaturated fatty acids may act as ligands for PPAR

gamma to alter adipokine expression [32]. This may occur

through an increase in translation [33]. Mason et al. [28]

have demonstrated a novel binding site for an adipocyte-

specific transcription factor in the -87 position of the leptin

promoter which is conserved in both mice and humans,

however, the consensus sequence does not match any

known transcription factor. This region, termed LP1, pre-

sents an interesting possibility for a novel transcription

factor which may regulate the response of leptin to dietary

lipids in addition to PPAR-gamma.

The observation that the adipose tissue is responding to

these diets in a very specific manner suggests that the

changes are physiologically important. Increased leptin

levels have been identified previously as a risk factor for

atherosclerosis [34]. However, data correlating leptin and

atherosclerosis have been derived from obese humans and

animal models of obesity [35–39]. Our data indicates that

in a non-obese population, leptin may have a previously

unidentified role in cardioprotection. In support of this

hypothesis, leptin expression was significantly correlated in

a negative fashion with atherosclerosis. When leptin levels

Table 4 Fatty acids in

epididymal adipose tissue from

rabbits fed diets for 8 weeks

Values are means ± SE. Fatty

acids were extracted from

epididymal adipose tissue

following 8 weeks of feeding

(n = 4)

RG regular fed, FX 10%

flaxseed fed, CH 0.5%

cholesterol fed, CF 0.5%

cholesterol plus 10% flaxseed

fed, ND not detectable amounts

present, TL total mg lipids

extracted per mg of tissue

* p \ 0.05 versus RG

^ p \ 0.05 versus FX

FAME (lmol/g) Epididymal adipose tissue

RG FX CH CF

10:0 ND ND ND ND

12:0 ND 1.13 ± 0.85 2.48 ± 1.70 ND

12:1 ND ND ND ND

14:0 79.12 ± 3.28 59.37 ± 4.65 68.03 ± 4.33 57.85 ± 7.95

14:1 0.99 ± 0.52 ND ND ND

16:0 919.51 ± 32.27 676.35 ± 20.48* 862.90 ± 46.25 743.00 ± 44.11*

16:1 101.26 ± 11.89 64.76 ± 10.31 89.76 ± 14.79 92.60 ± 21.24

18:0 193.31 ± 7.60 162.54 ± 6.79 169.93 ± 11.23 158.20 ± 7.84

18:1 n-9 1,122.28 ± 38.65 889.86 ± 29.71* 925.11 ± 25.28 917.13 ± 73.87*

18:1 trans 69.78 ± 6.12 48.23 ± 1.50* 54.66 ± 3.68 49.07 ± 5.21*

18:2 n-6 893.65 ± 36.57 694.95 ± 22.56* 887.65 ± 17.06 789.54 ± 40.46

20:0 0.88 ± 0.45 ND 1.16 ± 0.61 1.27 ± 0.30

18:3 n-6 ND ND ND ND

18:3 n-3 219.61 ± 7.33 916.35 ± 27.84* 176.76 ± 6.12 569.80 ± 96.29*^

20:1 15.06 ± 1.53 12.81 ± 0.92 11.97 ± 0.45 12.26 ± 0.26

20:2 1.13 ± 0.40 0.48 ± 0.28 0.98 ± 0.57 ND

22:0 ND ND ND ND

20:3 n-6 ND ND ND ND

20:3 n-3 ND 6.58 ± 2.16 ND 0.96 ± 0.81

22:1 1.67 ± 0.64 ND 1.83 ± 0.54 1.78 ± 0.34

20:4 n-6 ND ND ND ND

C22:2 ND ND ND ND

C20:5 n-3 ND ND ND ND

C24:0 ND ND ND ND

C24:1 ND ND ND ND

C22:4 ND ND ND ND

C22:5 ND ND ND ND

C22:6 ND ND ND ND

TL (%) 93.2 ± 2.87 90.5 ± 4.11 88.1 ± 3.36 94.1 ± 2.18
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were high, atherosclerosis was low and when leptin

expression was depressed by circulating cholesterol, ath-

erogenesis was stimulated.

Consumption of flaxseed has previously been shown to

improve insulin resistance, hyperlipidemia, atherosclerosis

and hypertension and decrease the incidence of cardiac

arrhythmias [15–17, 40]. These effects of dietary flaxseed

have been attributed, in part, to the rich ALA content of

flaxseed [15–17, 40]. Dietary flaxseed provided a source of

ALA in the present study which subsequently increased

ALA both in the circulation and in the adipose tissue. With

the addition of cholesterol to the flaxseed-supplemented

diet, plasma ALA increased substantially but adipose tissue

levels of ALA did not exhibit further increase beyond those

observed when the diet was supplemented with flaxseed

alone (Table 3). This could be due to one of several factors.

ALA may be deposited in other organs preferentially, such

as the heart and liver, as previously observed in the

hypercholesterolemic rabbit [18]. Alternatively, a choles-

terol-rich diet may direct the ALA to be used directly for

beta-oxidation, thus reducing the amount of ALA available

for storage [41]. Cholesterol may also induce an efflux of

ALA from the adipose tissue, which is greater than the

influx of ALA from the plasma, leading to a net decrease in

ALA [42]. Further study is required to understand the

relative lack of storage of ALA in the adipose tissue when

it is presented with such high levels of circulating ALA.

Both beneficial and deleterious cytokines from the adi-

pose tissue may be responsible for many of the links

between diet, BMI and cardiovascular disease. The present

data demonstrate that dietary cholesterol and flaxseed have

Fig. 3 mRNA expression of adiponectin (a) or leptin (b) in epidid-

ymal and retroperitoneal adipose tissue of New Zealand White rabbits

after 8 weeks of dietary treatment, measured by quantitative real-time

PCR. Values were normalized by GAPDH expression and expressed

as means ± SE; n = 3–4. *p \ 0.05. RG regular chow, FX chow

supplemented with 10% flaxseed, CH 0.5% cholesterol-supplemented

diet, CF 10% flaxseed and 0.5% cholesterol-supplemented diet

Fig. 4 Correlational analysis of expression of leptin mRNA from

retroperitoneal adipose tissue with plasma alpha-linolenic acid (a),

and adipose alpha-linolenic acid (b) of New Zealand White rabbits

after 8 weeks of dietary treatment. a *p \ 0.05; b p \ 0.05

Fig. 5 Correlational analysis of the percentage of the aortic lumen

covered with atherosclerotic plaque with leptin mRNA from retro-

peritoneal adipose tissue of hypercholesterolemic New Zealand White

rabbits after 8 weeks of atherogenic dietary treatment. *p \ 0.05
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the capacity to alter leptin expression. The cardioprotective

effects of flaxseed are thought to be provided in part by its

delivery of ALA to the body [16, 40]. However, the

mechanism to explain the induction of these effects by

ALA remains elusive. In the present study, ALA in the

adipose tissue was strongly associated with increased leptin

expression and the subsequent reduction of atherosclerosis.

Our data, therefore, suggests that flaxseed may induce its

anti-atherogenic effects in part via an ALA-mediated

modulation of the expression of leptin.
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PUFA Polyunsaturated fatty acid(s)

SR Scavenger Receptor

SR-PSOX SR for phosphatidylserine and oxidized LDL

Introduction

The accumulation and retention of Apolipoprotein (Apo)B-

containing lipoproteins, such as low-density lipoprotein

(LDL), within the arterial wall is a major trigger of ath-

erosclerotic plaque development [1, 2]. Along with arterial

endothelial activation, LDL retention elicits a chronic

inflammatory response whereby monocytes, among other

immune cells, are continually recruited to the site of trap-

ped LDL, indicating defective inflammatory resolution [3,

4]. Such monocytes can differentiate into macrophages

and, along with those resident in the arterial intima, ingest

native and modified forms of LDL through various cellular

mechanisms that are usually harnessed in innate immunity

to become lipid-rich foam cells [5]. Macrophages were

established as critical components of atherosclerotic plaque

initiation development in ApoE-/- mice [6]; a well char-

acterized animal model for this disease [7]. The conversion

of macrophages into lipid-loaded foam cells is a critical

early event in atherosclerosis [1]. The uptake of modified

LDL is a key feature of macrophage foam cell formation

and involves internalization of modified LDL by a family

of scavenger receptors [8, 9] and alternative mechanisms

such as macropinocytosis [10] and phagocytosis [11].

There is increasing evidence that dietary intake of long

chain n-3 PUFA, such as EPA and DHA, which occur in

significant amounts in fish oil, is beneficial against car-

diovascular disease. In particular, these fish oil derived n-3

PUFA have been shown to be atheroprotective in different

mouse models of the disease [12–16], to reverse defective

efferocytosis of apoptotic cells in obese mice [17], to

enhance atherosclerotic plaque stability in humans await-

ing carotid endarterectomy [18] and to be effective in

reducing the risk of cardiac mortality [19, 20]. Neverthe-

less, despite this evidence, other studies have contradicted

some of these results [21–23] although this could be linked

to background levels of n-6 PUFA since these can affect

the efficacy of n-3 PUFA in atheroprotection [24] and since

lowering the n-6:n-3 PUFA ratio in ApoE-/- mice reduces

atherosclerotic plaque development [16]. Some of the

atheroprotective effects of n-3 PUFA in mice have been

shown to involve changes in macrophage function [12, 17]

and a recent study found that EPA, delivered from n-3

PUFA ethyl esters, reduced foam cell accumulation in

advanced human carotid plaques [25] suggesting that n-3

PUFA not only target macrophage activity but also foam

cell formation. It has been found that EPA inhibits cho-

lesteryl ester accumulation in THP-1 [26] and rat peritoneal

macrophages [27] with the latter effect attributed to a

reduction in acetylated LDL (AcLDL) receptor number.

However, it has not been established whether EPA affects

direct uptake of modified LDL in human macrophages and

whether DHA, another key n-3 PUFA, is also able to

regulate this process.

In this present study, we investigated whether the uptake

of AcLDL and OxLDL by human macrophages was altered

by co-incubation of EPA or DHA. We found that both EPA

and DHA inhibited AcLDL uptake in both THP-1 macro-

phages and primary human monocyte-derived macro-

phages (HMDMs) whilst DHA, but not EPA, reduced

OxLDL uptake. These effects could only partly be

explained by changes in the mRNA and protein expression

of key scavenger receptors in these cells, thereby sug-

gesting that inhibition of macropinocytosis, as measured by

Lucifer Yellow uptake and Syndecan-4 expression, should

play an important role in modified LDL uptake.

Materials and Methods

Reagents and Cell Culture

THP-1 cells were maintained in complete RPMI-1640

supplemented with 10% (v/v) heat-inactivated FCS, pen-

icillin (100 U/ml), streptomycin (100 lg/ml) and L-gluta-

mine (2 mmol/l) (all from Invitrogen, Paisley, UK), at

37 �C in a humidified atmosphere containing 5% (v/v)

CO2. HMDMs were isolated from buffy coats supplied by

the Welsh Blood service using Ficoll-Hypaque purifica-

tion [28]. Briefly, blood from the buffy coat was layered

over LymphoprepTM (Nycomed Pharmaceuticals, Oslo,

Norway) in AccuspinTM tubes (Sigma–Aldrich, Poole,

UK) and centrifuged at 800g for 30 min. The resultant

mononuclear cell interface was collected and washed 6–8

times in PBS containing 0.4% (v/v) tri-sodium citrate to

remove platelets. Monocytes were allowed to adhere to

tissue culture plates in complete RPMI-1640 medium

containing 5% (v/v) FCS for 10 days to enable macro-

phage differentiation and permit removal of non-adherent

cells. THP-1 cells were differentiated into macrophages

using 160 nM phorbol 12-myristate 13-acetate (PMA;

Sigma–Aldrich) for 24 h and this ensured high expression

levels of scavenger receptors [29]. The stock solutions of

EPA and DHA were made up in DMSO at a concentra-

tion of 100 mM and were stored at -20 �C. The cells

were then incubated for the requisite time with EPA or

DHA (both from Nu-Chek-Prep Inc., Elysian, MN, USA)

or the same final concentration of DMSO as a vehicle

control. For experiments with LY294002, the cells were
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pre-treated for 1 h with the inhibitor or vehicle before

addition of the lipids.

DiI-AcLDL and Lucifer Yellow Uptake Assays

Cells were incubated for 24 or 48 h with 1,10-dioctadecyl-

3,3,30,30-tetramethyllindocarbocyane perchlorate (DiI)-

labeled AcLDL (DiI-AcLDL) or oxidized LDL (DiI-OxLDL)

(both 10 lg/ml; Intracel, Frederick, MD, USA) or Lucifer

Yellow CH dipotassium salt (100 lg/ml; Sigma–Aldrich) in

RPMI-1640 containing 0.2% (v/v) fatty-acid free BSA

(Sigma–Aldrich) at 37 �C. The concentration of Lucifer

Yellow reflects that used routinely in previously reported

experiments [30]. DiI-AcLDL and Lucifer Yellow uptake

were analyzed by flow cytometry on a FACS Canto (BD

Biosciences, Oxford, UK) flow cytometer with at least 10,000

events acquired for each sample. DiI-AcLDL and Lucifer

Yellow uptake is represented as a percentage with the DMSO-

treated control indicated as 100%.

Real-Time Quantitative PCR

Real-time quantitative PCR analysis was performed using

SYBR� Green JumpStartTM Taq ReadyMixTM (Sigma–

Aldrich) and primers, detailed in the supplementary table,

specific for human scavenger receptor (SR)-A (SR-A),

CD36, SR for phosphatidylserine and oxidized LDL (SR-

PSOX), Syndecan-4, Lipoprotein lipase (LPL), Lectin-like

oxidized LDL receptor-1 (LOX-1) and SR-BI using a

previously described method [28].

Western Blotting

Total cell lysates were size-fractionated on NuPAGE 4–12%

SDS–polyacrylamide gels (Invitrogen) and then analyzed by

Western blotting [28]. Antibodies against CD36 (sc-9154)

and SR-A (sc-20660) were from Santa Cruz Biotechnology

(Santa Cruz, CA) and the antibody to b-actin was from

Sigma–Aldrich. Semi-quantitative measurement of Western

blots was performed by densitometric analysis using the

Gene Tools software (GRI, Braintree, UK).

Fatty Acid Uptake Analysis

Lipids were extracted from cells by a modified Folch

method [31] and separated using 1-dimensional thin-layer

chromatography on 10 9 10 cm silica gel G plates with

double development using toluene/hexane/formic acid

(140:60:1, by vol) for the entire plate followed by hexane/

diethyl ether/formic acid (60:40:1, by vol) to half height.

Plates were sprayed with 0.05% (w/v) 8-anilino-4-naph-

thosulphonic acid in methanol and viewed under UV light

to reveal lipids. The bands corresponding to free fatty acids

and total polar lipids were scraped from the TLC plates and

their fatty acid compositions and the amounts of incorpo-

rated DHA and EPA were determined by gas chromatog-

raphy using an internal standard of pentadecanoate.

Statistical Analysis

All data are presented as means [± standard deviation,

(SD)] on the assigned number of independent experiments.

Statistical significance was evaluated using Student’s t test

or by one-way ANOVA with Dunnett’s post-hoc test for

multiple sample comparison.

Results

EPA and DHA Inhibit AcLDL Uptake by Human

Macrophages In Vitro

Macrophage foam cell formation is known to involve the

disruption of a homeostatic mechanism that controls cho-

lesterol metabolism and the uptake of modified forms of

LDL by macrophages enables rapid, uninhibited conver-

sion into lipid-rich foam cells [5]. One type of modified

LDL, AcLDL, is used extensively for in vitro foam cell

formation assays since it produces massive intracellular

cholesterol accumulation [32]. Considering this, we first

investigated the impact of exogenous EPA and DHA

incubation (24 h) on the uptake of co-cultured DiI-AcLDL

by THP-1 macrophages. Fatty acid uptake analysis showed

that 73% of the supplemented EPA and 69% of DHA was

taken up by the cells (data not shown). Both acids were

partly incorporated into polar lipids and partly located

among the pool of cytosolic free fatty acids. EPA and DHA

produced a statistically significant decrease in DiI-AcLDL

uptake compared to the DMSO-treated control in a con-

centration-dependent manner (Fig. 1a). The highest con-

centration, 100 lM, reduced DiI-AcLDL uptake by

approximately 40%. Using this same concentration, which

lies within the physiological range of human plasma EPA

and DHA levels, DiI-AcLDL uptake was also decreased in

HMDMs in a statistically significant manner with EPA

producing a 28% reduction and DHA a 32% reduction

(Fig. 1b). To add to this, EPA produced a comparable

reduction in 48 h DiI-AcLDL uptake by THP-1 macro-

phages (Fig. 1c) whilst DHA was able to produce similar

reduction although this change failed to reach significance.

In addition, we found that DHA inhibited the uptake of DiI-

OxLDL in THP-1 macrophages (Fig. 1d) suggesting that it

can also inhibit the uptake of other forms of LDL. Con-

versely, EPA produced a significant increase in OxLDL

uptake (Fig. 1d). These data show that DHA can inhibit

both AcLDL and OxLDL uptake by human macrophages
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whilst EPA reduced AcLDL uptake but increased OxLDL

in THP-1 cells.

EPA and DHA Do Not Inhibit CD36 and SR-A

Expression in Human Macrophages

The uptake of modified LDL into macrophages is princi-

pally performed by two scavenger receptors, CD36 and

SR-A, which internalize the majority of OxLDL and Ac-

LDL, respectively [8, 9]. We therefore investigated whe-

ther the changes in modified LDL uptake in human

macrophages by EPA and DHA could be explained by

alterations in CD36 and/or SR-A expression. We found that

EPA and DHA produced a statistically significant increase

in CD36 mRNA levels in THP-1 macrophages and

HMDMs but did not produce any significant change in

SR-A mRNA expression (Fig. 2a, b). These changes in

mRNA expression did not explain the EPA- and DHA-

mediated reductions in AcLDL uptake seen in these cells,

but may in part explain the observed EPA-mediated

increase in OxLDL uptake, particularly since CD36 mRNA

expression was increased. We next analyzed the impact of

EPA and DHA on the mRNA expression of other scaven-

ger receptors including SR-B1, SR-PSOX and LOX-1,

which can take up modified LDL. EPA and DHA did not

change the mRNA expression of SR-B1, SR-PSOX and

LOX-1 in THP-1 macrophages or HMDMs (Fig. 2a, b).

Additionally, EPA and DHA did not alter the mRNA

expression of LPL, which is also known to regulate mod-

ified LDL uptake (Fig. 2a, b) [33]. Since the reduction in

AcLDL uptake by EPA and DHA may involve changes in

CD36 and SR-A protein expression rather than mRNA

transcripts, we next investigated whether EPA and DHA

could inhibit the protein expression of CD36 and SR-A.

We found that EPA and DHA increased CD36 protein

levels in THP-1 macrophages (Fig. 2c), with the increase

by only EPA being statistically significant, but did not alter

CD36 protein expression in HMDMs or SR-A protein

levels in either THP-1 macrophages or HMDMs (Fig. 2c,

d). Collectively, these data show that EPA and DHA do not

inhibit CD36 and SR-A expression at either the mRNA or

protein level. Therefore, the inhibition of AcLDL uptake

by these n-3 PUFA appears to involve a scavenger recep-

tor-independent mechanism in human macrophages whilst

EPA may increase OxLDL uptake in THP-1 macrophages

via a CD36-dependant mechanism.

EPA and DHA Inhibit Macropinocytosis

and Syndecan-4 mRNA Expression

There is evidence documenting scavenger receptor-inde-

pendent mechanisms of LDL uptake. Native LDL can be
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Fig. 1 EPA and DHA regulate the uptake of modified LDL by human

macrophages. DiI-AcLDL uptake was measured in 24 h PMA-differen-

tiated THP-1 macrophages following 24 h co-incubation with varying

concentrations (25, 50, 100 lM) of EPA (filled bars) or DHA (open bars)
(n = 4) (a). DiI-AcLDL uptake was measured in 10 day differentiated

HMDMs incubated for 24 h with 100 lM EPA or DHA (n = 4) (b).

DiI-AcLDL uptake was measured in 24 h PMA-differentiated THP-1

macrophages co-incubated for 48 h with 100 lM EPA or DHA (n = 3)

(c). DiI-OxLDL uptake was measured in 24 h PMA-differentiated THP-1

macrophages incubated for 24 h with 100 lM EPA or DHA (n = 4) (d).

DMSO was used as a vehicle control in all experiments and the modified

LDL uptake in its presence was given an arbitrary value of 100%. Data

represent means ± SD. One-way ANOVA with Dunnett’s post-hoc test

(a) or Student’s t test (b–d), *P \ 0.05; **P \ 0.01; ***P \ 0.001
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internalized by the LDL receptor but this mechanism is

negatively regulated by rising intracellular cholesterol

levels [1]. In addition, it can be taken up by macropino-

cytosis [34], a form of fluid-phase endocytosis that is

phosphoinositide 3-kinase (PI3K)-dependent, involves

membrane ruffling and is involved in immune responses

such as antigen presentation in dendritic cells [35, 36].

Modified LDLs can also be internalized by macrophages

through macropinocytosis [10]. We therefore investigated

whether EPA and DHA inhibited macropinocytosis. To do
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Fig. 2 EPA or DHA do not inhibit mRNA and protein expression of

key genes implicated in the uptake of modified lipoproteins in human

macrophages. Real-time quantitative PCR for CD36, SR-A, SR-

PSOX, LOX-1, LPL and SR-BI was performed on cDNA from 24 h

PMA-differentiated THP-1 macrophages (a) or 10 day differentiated

HMDMs (b) incubated for 24 h with DMSO (filled bars), 100 lM

EPA (open bars) or 100 lM DHA (striped bars) (n = 4). Gene-

specific mRNA expression levels were calculated using comparative

Ct method and normalized to GAPDH levels with DMSO-treated cells

given an arbitrary value of 1. Western blot analysis was performed on

total lysates from 24 h PMA-differentiated THP-1 macrophages (c) or

10 day differentiated HMDMs (d), incubated for 24 h with DMSO

(filled bars), 100 lM EPA (open bars) or 100 lM DHA (striped bars)

using antibodies against CD36, SR-A or b-actin. Multiple immuno-

reactive polypeptides for SR-A and CD36 represent different isoforms

and/or post-translationally modified products. Semi-quantitative

analysis of Western blots was performed by densitometric analysis

using the Gene Tools software (GRI) and normalized to b-actin levels

(DMSO-treated cells given an arbitrary value of 1). Graphs indicate

data from four independent experiments (n = 4). All quantitative data

represent means ± SD. Student’s t test, *P \ 0.05; **P \ 0.01
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this, we analyzed the impact of EPA and DHA on the

uptake of Lucifer Yellow (LY), a solute marker used to

study and quantify macropinocytosis in macrophages [37]

by flow cytometry. LY uptake by macrophages was con-

firmed using confocal microscopy which identified the

presence of Lucifer Yellow positive macropinosomes

(1–5 lm in diameter) within the cells (data not shown). We

found that EPA and DHA inhibited LY uptake by THP-1

macrophages (22 and 24%, respectively) (Fig. 3a) indi-

cating that both EPA and DHA may inhibit macropinocy-

tosis. Furthermore, as seen in Fig. 3b, blockade of

macropinocytosis using the PI3 K inhibitor LY294002 [36]

completely abolished the EPA- and DHA-mediated inhi-

bition of LY uptake, thereby potentially providing direct

evidence for the involvement of macropinocytosis during

this process.

In order to further explain these reductions in LY

uptake, we next analyzed whether EPA and DHA altered

Syndecan-4 expression in these cells. Syndecan-4 is a cell

surface heparan sulfate proteoglycan that can be endocy-

tosed through the macropinocytic pathway [38] and can

mediate uptake of LPL-enriched LDL [39] and group V

secretory phospholipase A2-modified LDL (GV-LDL) [40].

We found that EPA and DHA produced a statistically

significant decrease in Syndecan-4 mRNA expression in

THP-1 macrophages (Fig. 3c). The magnitude of this

decrease was greater than that seen for LY uptake, which

suggested that it might be linked to the inhibition in

macropinocytosis. These data suggest that the reduction in

macrophage AcLDL uptake triggered by EPA and DHA

could involve the inhibition of macropinocytosis and

Syndecan-4 expression.

Discussion

The results reported here supplement evidence describing

EPA and DHA, as not only anti-inflammatory but also

atheroprotective agents [12–18]. EPA and DHA are known

to reduce foam cell accumulation in advanced human

carotid plaques [25] and cholesteryl ester levels in THP-1

macrophages [26]. However, here we report that EPA

elicits differential effects on the uptake of modified LDL as

it reduces the uptake of AcLDL while promoting the

uptake of OxLDL. We also report for the first time that

DHA is able to regulate a key mechanism in macrophage

foam cell formation since it inhibits both AcLDL and

OxLDL uptake in human macrophages (Fig. 1). In addi-

tion, we show that both EPA and DHA inhibit the uptake of

LY by macropinocytosis (Fig. 3).

In our study, the mechanism for EPA- and DHA-medi-

ated inhibition of AcLDL uptake was found to be CD36

and SR-A-independent since their expression was not

attenuated by either n-3 PUFA. Indeed, we found that

stimulation with EPA or DHA induced the expression

CD36 mRNA in both THP-1 macrophages and HMDMs

and enhanced CD36 protein expression in only THP-1

macrophages. Clearly, such changes in scavenger receptor

expression may be expected to elevate modified LDL

uptake. It is possible that the reduction in AcLDL uptake

observed in our study may occur as the result of diminished
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Fig. 3 EPA or DHA inhibit Lucifer Yellow uptake and Syndecan-4

expression in THP-1 macrophages. LY uptake was measured in 24 h

PMA-differentiated THP-1 macrophages treated for 24 h with DMSO,

100 lM EPA or 100 lM DHA (n = 3–4) (a) or DMSO, EPA or DHA in

the presence or absence of 100 lM LY294002 stimulation (n = 3) (b).

Lucifer Yellow uptake in the presence of DMSO alone was arbitrarily

assigned as 100%. LY294002 produced an approximate 49% inhibition

in LY uptake in DMSO-treated cells (i.e., constitutive macropinocy-

tosis). However, to delineate the effect of LY294002 on the EPA- or

DHA-mediated inhibition of LY uptake, the relative level of LY uptake

in LY294002 treated cells has been arbitrarily assigned as 100%.

Syndecan-4 mRNA expression was measured in 24 h PMA-differen-

tiated THP-1 macrophages in response to 24 h treatment with DMSO,

100 lM EPA or 100 lM DHA (n = 3) (c). Gene-specific mRNA

expression levels were calculated using comparative Ct method and

normalized to GAPDH levels. The DMSO-treated cells were given an

arbitrary value of 1. Data represent means ± SD. Student’s t test,

**P \ 0.01; ***P \ 0.001
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AcLDL receptor number, as reported in rat peritoneal

macrophages [27]. In addition, an inhibition in macropin-

ocytosis and Syndecan-4 expression (Fig. 3) may also

explain how AcLDL uptake, and OxLDL uptake in the case

of DHA, is reduced independent of changes in the

expression of scavenger receptors. Indeed, our data impli-

cate modified LDL as a potential ligand for Syndecan-4

mediated endocytosis since GV-LDL has been identified as

a target ligand [40].

As seen in Fig. 2, incubation with EPA induces CD36

mRNA and protein expression in an identical fashion to

that observed for DHA. However, this observation con-

trasts that reported in human monocytic cells [41] and

could represent a differential effect of this n-3 PUFA on

monocytes compared to macrophages. Nevertheless,

increased expression of CD36 mRNA and protein levels

could potentially explain the observed increase in OxLDL

uptake in response to EPA. Interestingly, EPA has been

shown to induce the expression of peroxisome proliferator-

activated receptors (PPAR)-a in THP-1 macrophages [26]

and numerous studies have used PPAR agonists, such as

thiazolidinedione, to delineate an anti-atherogenic role for

these ligand-activated transcription factors during foam

cell formation [42]. More specifically, it has now been

shown that PPAR activation can induce the expression of

CD36 [43, 44], which in turn increases the amount of

OxLDL internalized [45], while simultaneously promoting

cholesterol efflux through the up-regulation of ATP-bind-

ing cassette transporter proteins A1 (ABCA-1) and G1

(ABCG-1) in human macrophages [46, 47]. Considering

these observations, we may propose that, despite the EPA-

mediated up-regulation of OxLDL uptake observed in our

study, EPA may still elicit an anti-foam cell phenotype in

our system by increasing both OxLDL uptake and cho-

lesterol efflux from the cell, a mode of cholesterol

homeostasis also observed during the PPAR-dependant

anti-atherogenic actions of interleukin-10 [48]. Further-

more, it has previously been shown that fish oils enhance

macrophage reverse cholesterol transport in mice [49], and

that AcLDL prepared from LDL isolated from African

green monkeys fed on a diet rich in n-3 PUFA increases

free cholesterol efflux from THP-1 macrophages [50].

Nevertheless, the role of EPA during cholesterol efflux

remains controversial as our own study has shown that

EPA does not affect the expression of SR-B1, which con-

tributes to cholesterol efflux, while another study has

shown that EPA can reduce ABCA-1-dependent efflux in

THP-1 macrophages [51]; a result characteristic of foam

cell promoting agents. There have yet to be any reports

documenting specific actions of DHA on the above

process.

In conclusion, we show that the n-3 PUFA DHA inhibits

both AcLDL and OxLDL uptake while EPA reduces

AcLDL uptake but increases OxLDL uptake by human

macrophages. We also provide data suggesting that DHA

and EPA reduce AcLDL uptake, and OxLDL uptake in the

case of DHA, through a mechanism that is in part scav-

enger receptor-independent and may involve inhibition of

macropinocytosis and Syndecan-4 expression. Further-

more, despite highlighting a role for CD36 in the EPA-

mediated induction of OxLDL uptake, we speculate that

EPA has anti-foam cell properties and that both EPA and

DHA are capable of inhibiting macrophage foam cell for-

mation. This study adds to evidence describing an athero-

protective role for n-3 PUFA implicating them as potential

therapeutic agents for the treatment of clinical athero-

sclerosis.
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confirmed in randomized phase III clinical trials, the con-

sequences could be considerable by opening up the pros-

pect of systematic adjuvant supplementation during cancer

treatment, a significant shift in current cancer therapeutic

paradigms.

DHA has been hypothesized to sensitize tumors to

anticancer treatments through a variety of mechanisms

involving alteration of cellular functions in cancer cells

and modifications of the tumor microenvironment [1, 4,

5]. Enrichment of tumor cell membranes with DHA is

crucial because it is assumed to be the initial step of

these processes. On the basis of animal experiments,

clinical trials were carried out in humans, where DHA

was supplied to tumor tissues through a dietary supple-

mentation during chemotherapy. Studies in rodents have

shown that DHA-enriched diets administered for several

weeks significantly increased tumor tissue DHA content

in autochthonous mammary tumors [6, 7]. However,

beside this observation, little is known about incorpora-

tion of preformed DHA in tumor tissue. One pilot study

showed that the efficacy of chemotherapy was tightly

related to DHA level in plasma phospholipids (PL)

during dietary DHA supplementation [2]. In this study,

the efficacy of chemotherapy was greater in patients with

high plasma levels of DHA compared to patients with

low plasma levels of DHA [2]. From these observations,

it was hypothesized that blood supply of preformed DHA

to tumor tissues varied among patients and that DHA

supply to tumors was higher when DHA levels were

elevated in plasma PL. It was also hypothesized that

plasma could be an indirect indicator of DHA level in

tumor tissue. Since all of these hypotheses rely on cir-

cumstantial evidences, it appears that the conditions of

dietary DHA supplementation needed to obtain optimal

DHA accumulation in tumor tissue have to be defined to

properly design and interpret studies using dietary DHA

intervention aiming at sensitizing tumor tissue to anti-

cancer treatments.

To our knowledge, no study has evaluated the influence

of the duration of intake or the dose of DHA on tumor

tissue content of DHA, or the use of plasma as a surrogate

biomarker. Therefore, we used a model of autochthonous

mammary tumors induced by a carcinogen in female rats.

This model is relevant to address these issues because

carcinomas develop autochthonously in the mammary

gland, generating a tumor tissue with features mimicking

the complexity of common human breast tumors [8, 9].

Phospholipids and triacylglycerol (TAG) are the main

tumor lipid fractions in this model. Herein, we report on the

response of tumor PL and TAG fatty acid composition to

dietary DHA supplementation over time and to increasing

dose of DHA. We also investigated whether DHA level in

plasma PL can be a proxy for DHA content in tumors.

Materials and Methods

Animal Procedures

All the work with rats was carried out in accordance

with the European guidelines for the care and use of

laboratory animals and approved by the local Institu-

tional Animal Care Committee (060NH). Female Spra-

gue–Dawley rats received a single dose of NMU (n-

methyl-N-nitrosourea) by an inguinal subcutaneous

injection (25 mg/kg of body weight) at 48 days of age to

induce mammary carcinogenesis. Detection of the tumors

was performed by palpation twice a week. Tumors

developed in the mammary tissue approximately 8 weeks

after the induction of carcinogenesis. Diets had the same

carbohydrate, protein, mineral, vitamin and total fat

content but different fatty acid composition (Table 1).

Rats were maintained on a palm oil-based diet (diet 0)

until tumor area reached 0.8 cm2. Then, rats were fed

either diet 1 (20 g/day) providing 0.8 g DHA/day for

4 weeks (group 1, n = 4) or 9 weeks (group 2, n = 4) or

diet 2 (20 g/d) providing 1.5 g DHA/day for 4 weeks

(group 3, n = 4). In group 1, transcutaneous biopsies of

one tumor per rat and blood collection (0.4 ml) from the

tail were performed under general anaesthesia before

switching to a DHA-enriched diet (basal, diet 0) and at

week 1 during diet 1. At the end of the study, rats were

killed by cervical dislocation. Tumors were rapidly

excised, frozen and stored at -80 �C. Blood collected

during the study or at sacrifice by cardiac puncture was

drawn into EDTA tubes, separated into cells and plasma

by centrifugation, and plasma was stored at -80 �C.

Palm oil was obtained from the Société Industrielle des

Oléagineux (Bougival, France) and DHA was obtained

from DHASCO oil (Martek Bioscience, Columbia, MD).

The daily doses of DHA given to the rats were 4 g/kg

body weight for diet 1 and 8 g/kg body weight for diet

2. If conversions used for drugs apply to nutrients, these

amounts would correspond to approximately 700 mg/kg

and 1,300 mg/kg respectively in man [10]. These very

high dosages of DHA were aimed at experimentally

investigating the extent of changes that takes place in the

level of DHA in the tumor and plasma.

Fatty Acid Composition Analysis

The fatty acid composition of the experimental diets,

plasma and tumors was determined by gas chromatogra-

phy as previously described [2, 11]. Diet, plasma and

tumor tissue lipids were extracted using chloroform/

methanol (2:1, by vol; containing 50 mg/L BHT) [12]. PL

and TAG were separated by one-dimensional silicagel

thin layer chromatography. Fatty acids were
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transmethylated with 14% boron trifluoride in methanol at

100 �C for 90 and 30 min, respectively for PL and TAG.

FAME were extracted with hexane. Fatty acid methyl

esters were resolved on an AS 2000 gas chromatograph

(ThermoFinnigan, France) equipped with a cold on-col-

umn injector and a 60 meters BPX 70 capillary column,

with the aid of an automatic injector. The temperature

protocol was adapted from reference [13]. FAME were

identified by comparison with authentic standards (Supe-

lco, USA). The peak area was determined using Chrom-

Quest software and results are presented as a percentage

of the total peak area.

Statistics

GraphPad Prism (version 4, GraphPad Software, Inc., San

Diego, USA) was used for statistical analysis. The effects

of time on fatty acid composition were assessed by one-

way ANOVA completed with the Bonferroni test. The

effects of dose on fatty acid composition were assessed by

an unpaired t test. The Spearman test was used to analyze

the relationship between DHA concentration in plasma and

in tumor tissue. Significance was defined as P \ 0.05 (two-

sided).

Results

DHA Accumulation in Tumor PL

The fatty acid composition of tumor PL during dietary DHA

supplementation is presented in Table 2. DHA level in

tumor PL rose to equilibrate between 2 and 4 weeks. DHA

level increased by 2-fold after 4 weeks of intake. No further

increase was noted after 4 weeks. When the dose of DHA

was doubled, the amount of DHA in tumor PL increased by

1.3-fold. There was a time- and dose-dependent increase in

tumor PL EPA content and a time-dependent increase in

DPA n-3. No significant change was noted in the amount of

ALA. Tumor LA content increased in a time-dependent

manner with diet 1 and maintained while on diet 2. There

was a reciprocal decrease in tumor PL ARA over time that

was enhanced by a higher dose of DHA. Since oleic acid

was present in large amounts in the diets, an increase in

tumor PL oleic acid content was also noted.

DHA Accumulation in Tumor TAG

The fatty acid composition of tumor TAG during dietary

DHA supplementation is presented in Table 3. The DHA

Table 1 Composition of diets

Diet 0 Diet 1 Diet 2

Peanut oil (g/kg diet) 46.7 46.7 0

Rapeseed oil (g/kg diet) 23.3 23.3 0

Palm oil (g/kg diet) 80 0 0

DHASCO (g/kg diet) 0 80 150

Total SFA (g/kg diet) 62.77 ± 0.58 40.65 ± 0.18 54.61 ± 1.88

Palmitic acid 31.12 ± 1.84 11.16 ± 0.06 11.88 ± 0.39

Stearic acid 24.64 ± 0.17 1.75 ± 0.08 1.04 ± 0.08

Total monounsaturated fatty acids (g/kg diet) 59.77 ± 2.01 60.63 ± 0.67 36.29 ± 0.99

Oleic acid 57.20 ± 2.30 55.21 ± 0.30 30.60 ± 0.59

Total (n-6) fatty acids (g/kg diet) 19.41 ± 0.86 16.34 ± 1.06 1.79 ± 0.07

Linoleic acid 18.86 ± 1.15 15.77 ± 0.64 1.66 ± 0.06

Total (n-3) fatty acids (g/kg diet) 2.94 ± 0.03 30.10 ± 0.33 55.22 ± 1.16

ALA 2.71 ± 0.15 2.07 ± 0.20 0.06 ± 0.00

EPA ND 0.05 ± 0.01 0.13 ± 0.01

DHA 0.12 ± 0.04 27.66 ± 0.45 54.34 ± 1.05

LA:ALA ratio 6.96 7.62 27.67

Carbohydrates (578 g/kg): corn starch, 372 g/kg; cellulose, 20 g/kg; sugar, 186 g/kg

Proteins (221.6 g/kg): casein, 220 g/kg; methionine, 1.6 g/kg

Mineral mix (40 g/kg, per kg mix): calcium, 8.1 g; phosphorus, 17.1 g; sodium, 3.16 g; chloride, 3.16 g; potassium, 10.8 g; magnesium, 0.9 g;

iron, 390 mg; copper, 46 mg; manganese, 230 mg; zinc, 230 mg; cobalt, 1 mg; iodine, 2 mg; selenium, 1 mg; fluorine, 2 mg

Vitamin mix (10 g/kg, per kg mix): retinol, 5,000 UI; cholecalciferol, 2,500 UI; vitamin E (alpha-tocopherol), 50 UI; thiamine, 10 mg;

riboflavin, 10 mg; pyridoxine, 10 mg; cyanocobalamine, 0.0135 mg; ascorbic acid, 100 mg; menadione, 1 mg; folic acid, 2 mg; nicotinic acid,

45 mg; pantothenic acid, 30 mg; choline, 0.75 mg; inositol, 50 mg; biotin, 0.2 mg

Values are means ± SD, n = 3; ND not detected
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increase in tumor TAG was more progressive and did not

equilibrate during the time course of the study compared to

tumor PL. The level of 5.5% DHA was reached in 9 weeks

in the TAG fraction compared to 4 weeks in the PL frac-

tion. The proportion of DHA in tumor TAG increased 2.6

fold when the dose of DHA was doubled. EPA increased

after one week of dietary DHA supplementation to reach a

steady state. EPA further increased in response to a higher

dose of DHA. DPA n-3 increased in a time- and dose-

dependent manner. There was a time-dependent increase in

the amount of ALA and LA. Tumor TAG ARA content

decreased in a time- and dose-dependent manner. There

was also an increase in tumor TAG oleic acid and a

decrease in stearic acid.

Relationship Between DHA Concentration in Plasma

PL and in Tumor Tissue

DHA increase in plasma PL was rapid and reached a steady

state after one week of intake (Table 4). A higher dose of

DHA induced a 1.7 fold increase in DHA concentration in

plasma PL. The DHA concentration in plasma PL followed

a pattern close to that of tumor PL. Changes in EPA and

ARA followed a pattern similar to that of tumor PL. An

increase of ALA was noted at week 9 during diet 1. The

proportion of LA increased during diet 1 but decreased

during diet 2 when the amount of LA in the diet was

reduced. No significant change in the DPA n-3 level was

noticed.

Plasma PL DHA showed a correlation with tumor PL

DHA (r = 0.72; P \ 0.001; Fig. 1a) and tumor TAG DHA

(r = 0.64; P = 0.003; Fig. 1b).

Discussion

This study describes the evolution of mammary tumor

tissue fatty acids during dietary DHA supplementation

over time and with increasing doses of DHA in rats. We

found that DHA accumulation in tumor tissue increased in

Table 2 Tumor PL fatty acid composition in response to different durations and doses of DHA supplementation

Fatty acid Diet 0 Diet 1 Diet 2 ANOVA P t test P

Basal Week 1 Week 4 Week 9 Week 4 Time Dose

16:0 22.91 ± 1.04 24.68 ± 0.63 23.29 ± 1.65 22.66 ± 0.81 23.90 ± 1.09 0.189 0.350

18:0 16.07 ± 1.87 15.13 ± 1.92 14.50 ± 2.20 14.34 ± 1.42 14.03 ± 0.69 0.579 0.555

18:1n-9 11.80 ± 1.04 12.48 ± 0.95 13.19 ± 1.55 15.64 ± 1.01a,b,c 15.88 ± 1.99 0.001 0.003

18:2n-6 2.41 ± 0.59 3.12 ± 0.63 5.10 ± 1.32a 5.49 ± 0.91a,b 4.64 ± 0.93 0.001 0.386

20:4n-6 19.44 ± 0.64 15.44 ± 2.59 12.37 ± 2.69a 9.50 ± 2.29a,b 6.47 ± 2.45 \0.001 \0.001

18:3n-3 0.01 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.074 0.180

20:5n-3 0.04 ± 0.02 0.43 ± 0.13 1.26 ± 0.34a,b 1.56 ± 0.41a,b 3.39 ± 0.34 \0.001 \0.001

22:5n-3 0.29 ± 0.06 0.46 ± 0.11 0.75 ± 0.23a 0.80 ± 0.18a 0.93 ± 0.19 \0.001 0.079

22:6n-3 2.45 ± 0.29 3.47 ± 0.07 5.23 ± 1.23a,b 5.11 ± 0.52a 6.85 ± 1.04 \0.001 0.018

n-6/n-3 ratio 9.58 4.83 2.66 2.40 1.18

Values are mean ± SD, n = 4 a Different from basal, bdifferent from week 1, cdifferent from week 4, P \ 0.05

Table 3 Tumor TAG fatty acid composition in response to different durations and doses of DHA supplementation

Fatty acid Diet 0 Diet 1 Diet 2 ANOVA P t test P

Basal Week 1 Week 4 Week 9 Week 4 Time Dose

16:0 23.54 ± 0.79 26.70 ± 4.38 20.14 ± 1.88b 21.41 ± 0.91b 18.56 ± 2.53 \0.001 0.153

18:0 11.48 ± 1.65 12.42 ± 3.74 7.70 ± 0.94a,b 6.02 ± 1.76a,b 4.30 ± 1.82 \0.001 \0.001

18:1n-9 29.71 ± 8.74 23.18 ± 8.14 42.73 ± 5.90a,b 37.81 ± 4.18b 42.51 ± 3.93 \0.001 0.928

18:2n-6 5.82 ± 2.92 4.48 ± 2.16 10.02 ± 1.41a,b 12.18 ± 1.66a,b 9.05 ± 1.85 \0.001 0.243

20:4n-6 4.28 ± 1.96 5.32 ± 2.53 0.67 ± 0.38a,b 0.70 ± 0.37a,b 0.25 ± 0.17 \0.001 0.008

18:3n-3 0.27 ± 0.19 0.11 ± 0.05 0.56 ± 0.13a,b 0.55 ± 0.18b 0.45 ± 0.13 \0.001 0.098

20:5n-3 0.03 ± 0.02 0.18 ± 0.10a 0.18 ± 0.09a 0.19 ± 0.10a 0.32 ± 0.14 0.045 0.027

22:5n-3 0.24 ± 0.15 0.38 ± 0.12 0.23 ± 0.10 0.77 ± 0.32a,c 0.55 ± 0.22 0.001 0.005

22:6n-3 1.64 ± 1.01 3.26 ± 1.33 3.40 ± 1.09 5.50 ± 1.95a 8.99 ± 1.18 0.004 \0.001

n-6/n-3 ratio 6.65 3.42 2.54 1.81 0.93

Values are means ± SD, n = 4 a Different from basal, bdifferent from week 1, cdifferent from week 4, P \ 0.05
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a time- and dose-dependent manner in response to sup-

plementary dietary DHA and that DHA concentration in

plasma PL can serve as a proxy biomarker for tumor DHA.

Enrichment of cancer cell membranes and tumors with

DHA has been associated with enhanced efficacy of anti-

cancer treatments and is therefore assumed to be a critical

step leading to this effect. Although increased de novo

lipogenesis is a property of cancer cells [14], these cells

cannot synthesize LCPUFA de novo because mammalian

cells cannot introduce double bonds beyond the D9 posi-

tion. Diet is a simple and efficient way to supply DHA to

tumors as previously documented in this model [6, 7]. In

the present study, we showed that dietary DHA supple-

mentation induced a rapid accumulation of DHA in tumor

PL over time. DHA level equilibrated between 2 and

4 weeks of intake in the PL fraction while no steady state

was reached within the 9 weeks of intake in the TAG

fraction. This suggests that a dietary DHA supplementation

for 2–4 weeks would be necessary to significantly increase

tumor PL content of DHA. As a practical consequence for

future clinical trials, it would be necessary to initiate die-

tary DHA supplementation at least 2 weeks prior to che-

motherapy to ensure optimal DHA accumulation into

tumor tissue. When this is not possible, assessment of

chemotherapy efficacy should not be performed before one

month of dietary DHA supplementation has been achieved.

We provided 0.8 g DHA/day in diet 1 based on previous

studies indicating that this dose significantly increased

tumor DHA content and sensitized tumors to chemotherapy

and radiation therapy in the same model [6, 7]. Despite the

saturation of DHA level in tumor PL with this dose of

DHA, tumor tissue continued to incorporate DHA in

response to the considerable amount of DHA provided by

diet 2 (1.5 g/day). DHA accumulation in the TAG fraction

was greater than in the PL fraction in response to a higher

dose of DHA. These results suggest that tumors have a high

propensity to incorporate preformed DHA, even in large

amounts. A possible mechanism could be an up-regulation

in tumor lipid transporters to meet their high requirement

for structural lipids. Whether the rate of growth or prolif-

eration in the tumors could interfere with DHA accumu-

lation in tumor tissue should be examined.

Diet has been considered to be the main source of DHA

supplied to tissues including tumors either as preformed

DHA or as its precursor, the essential fatty acid a-linolenic

acid (18:3n-3, ALA). DHA synthesis from ALA requires

elongation, desaturation by D6 (EC 1.14.19.3) and D5

desaturases (EC 1.14.19.4), and b-oxidation [15]. The

activity of the desaturation/elongation pathway in the liver

is the most important in terms of supply of ALA metabo-

lites to other tissues. Tumor cells might also contribute to

this pathway since several cancer cell lines are capable of

processing exogenous essential fatty acids [16, 17]. During

diet 0, endogenous synthesis of DHA may be regarded as

the likely supply to tumor tissue, since no dietary source of

preformed DHA was available. However, this pathway

could not have markedly contributed to the increase in

DHA level during dietary DHA supplementation because

the amount of ALA and the ratio of LA:ALA were

approximately similar in diet 1 and diet 0, and diet 2

contained only traces of ALA. The formation of EPA

during dietary DHA supplementation, while diets were free

from EPA, could be a result of DHA retroconversion [18].

This process mainly takes place in the liver and requires

saturation of the D4 double bond by D4 enoyl CoA

reductase (EC 1.3.1.34) and rearrangement of the double

bond structure by D3, D2 enoyl CoA isomerase (EC

5.3.3.8) [19, 20]. The formation of DPA n-3 could be a

result of DHA retroconversion or a chain-elongation of the

retroconverted EPA. ARA decrease concomitant with

increase in LA during dietary DHA supplementation may

result from a competition with EPA and a lower conversion

Table 4 Plasma PL fatty acid composition in response to different durations and doses of DHA supplementation

Fatty acid Diet 0 Diet 1 Diet 2 ANOVA P t test P

Basal Week 1 Week 4 Week 9 Week 4 Time Dose

16:0 16.65 ± 1.28 21.34 ± 1.11a 23.11 ± 1.05a 26.12 ± 1.35a,b 27.79 ± 1.91 \0.001 0.015

18:0 42.30 ± 2.96 35.85 ± 1.92a 34.14 ± 0.85a 36.22 ± 1.75a 30.28 ± 2.17 0.003 0.049

18:1n-9 3.71 ± 0.24 4.67 ± 0.43 5.33 ± 0.46a 4.51 ± 0.61 5.99 ± 0.41 0.015 0.088

18:2n-6 5.85 ± 1.68 9.08 ± 1.26a 11.04 ± 0.38a 7.89 ± 0.71 4.74 ± 0.55 0.003 \0.001

20:4n-6 16.59 ± 2.86 6.30 ± 0.83a 3.33 ± 0.15a 2.15 ± 0.59a,b 1.23 ± 0.79 \0.001 0.009

18:3n-3 0.04 ± 0.02 0.04 ± 0.03 0.03 ± 0.03 0.24 ± 0.11a,b,c 0.03 ± 0.01 0.004 0.575

20:5n-3 0.10 ± 0.04 2.27 ± 0.95a 1.90 ± 0.41a 1.82 ± 0.40a 4.24 ± 1.17 \0.001 0.032

22:5n-3 0.13 ± 0.02 0.24 ± 0.09 0.25 ± 0.12 0.26 ± 0.03 0.27 ± 0.05 0.250 0.745

22:6n-3 3.70 ± 0.86 6.83 ± 1.67a 6.74 ± 2.27a 6.04 ± 1.21a 11.64 ± 1.47 0.011 0.007

n-6/n-3 ratio 5.20 1.50 1.63 1.19 0.40

Values are means ± SD, n = 4 a Different from basal, bdifferent from week 1, cdifferent from week 4, P \ 0.05
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from LA. DHA and EPA were shown to downregulate the

expression of D 5- and D 6-desaturases [21]. As a result of

ARA changes, there was a dramatic decrease in n-6/n-3

ratio in tumor lipid fractions. Thus, we were able to pro-

foundly modify the fatty acid composition of tumor tissue

with a DHA-enriched diet. It is likely that this would have

consequences on tumor metabolic pathways, particularly

the production of inflammatory eicosanoids.

Blood is the route of delivery of dietary lipids to tissues.

Plasma DHA in total lipids has been shown to correlate

with DHA accumulation in the brain, retina or liver in

experimental animals [22, 23]. We found that DHA

accumulation in tumor PL followed a pattern close to that

of plasma PL and that DHA in tumor PL and TAG cor-

related with the DHA level in plasma PL in this model.

Studies exploring this issue in cancer patients are difficult

to perform because of technical problems and ethical

concerns. One study reported that the DHA increase in

gastro-intestinal tumors was concomitant with its increase

in plasma PL after 5 days of dietary supplementation with

fish oil [24]. These results suggest that plasma, beside its

use as a biomarker of intake, could be a relevant surrogate

biomarker of tumor tissue DHA content.

In conclusion, this study establishes the evolution of

tumor tissue fatty acid composition in response to different

durations or doses of dietary DHA supplementation and

demonstrates that accumulation of preformed DHA into

tumor tissue is time- and dose-dependent. These results

could provide a basis for a rational design of dietary DHA

supplementation in cancer patients.
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Fig. 1 Positive correlation between tumor PL (a), or TAG (b), DHA

levels and DHA concentration in plasma PL. Spearman test results are

r = 0.72, 95% CI = 0.39–0.88, P = 0.0003, n = 20 (a) and r =
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(multi-deficient diet with 7% protein) may influence brain

growth spurt, feeding behavior, ontogeny of reflexes, skel-

etal muscle mechanical properties and locomotor activity in

adult rats [5–7].

Developmental plasticity is now observed when an

organism is exposed to very high caloric nutrition before

birth [4]. In fact, human studies have shown that high-fat

diet availability during gestation and lactation, as well as

gestational diabetes, may predispose offspring to increased

fat mass and incidence of metabolic syndrome as children

and adults [8]. In animals, maternal high fat or cholesterol

over-feeding during the perinatal period is associated with

long-lasting effects on the offspring such as: dyslipidemia,

hyperleptinemia, increased adiposity and blood pressure,

elevated blood glucose and triglycerides [9, 10]. Litter size

reduction (3 pups/litter) resulted in postnatal overfeeding

during the suckling period and elevated blood pressure in

adulthood [11]. Previous studies have related early adi-

posity to faster growth and hyperphagia (suppressed

orexigenic signals), as seen in 20-postnatal-day offspring

from mothers submitted to a high-fat diet during gestation

[12]. Out of this context, the main goal of the present study

is to evaluate the long-term effects of a palatable high-fat

diet during gestation and lactation on the food intake and

lipids profiles of offspring.

Materials and Methods

Animals and Diet

The experimental procedures were approved by the Ethical

Committee of the Center of Health Science, Federal Uni-

versity of Bahia (protocol no. 018/2008-13), and followed

the Guidelines for the Care and Use of Laboratory Animals

[13]. Ten pregnant Wistar rats (aged 90–100 days and

weighing 180 ± 11 g) were fed either a control diet (C,

n = 5) or a palatable hyperlipidic diet (HL, n = 5) during

gestation and lactation. The compositions of the diets are

shown in Table 1. The fatty acids were analyzed on a gas

chromatograph (Shimadzu GC-9A, Japan) with an FID

detector. The column was WAX (25 m 9 0.25 mm 9

0.2 lm), with a flow of 1.3 mL min-1 of helium [14].

During the suckling period, the offspring were kept in

groups of 8 pups/litter. At weaning (on the 22th day of

age), two male offspring from each mother were ran-

domly chosen and assigned to either control (Cp n = 10,

pups from control mothers) or palatable hyperlipidic

diet (HLp n = 10; pups from HL mothers). The offspring

were housed 3–4 per cage and received the animals’

standard laboratory chow (Nuvilab� CR1, Brasil)

ad libitum.

Measurement of Food Intake and Fasting Serum

Glycemia and Cholesterol Profile

On day 76, pups were housed individually for 14 days in a

metabolic cage. The first 4 days were designed for adap-

tation to the cage. Next, the animal’s daily food con-

sumption was determined by the difference between the

amount of food provided (50 g) at the onset of the light

cycle and the amount of food remaining 24 h later. Body

and food weights were recorded by a Marte Scale (AS-

1000), in increments of 0.01 g [15]. At 100 days old, and

after fasting (12 h), serum glucose, total cholesterol, high-

density-lipoprotein cholesterol (HDL-C) and triglyceride

(TG) levels were determined with commercially avail-

able kits (BioSystems, Spain—A 25 Clinical Chemistry

Table 1 Analysis of fatty acid percentage composition of the diets

Ingredients (g/100 g) Control diet Hyperlipidic diet

Carbohydrate 57 46

Protein 22 17

Lipids 4 23

Ashes 9 4

Humidity 8 10

Energy (kcal/g) 3.5 4.5

Individual fatty acids (g/100 g of total fatty acid)

C12:0 ND 13.81

C14:0 ND 5.81

C16:0 15.86 12.65

C18:0 3.31 6.08

C18:1n-9 cis 26.24 34.52

C18:1n-9 trans 1.18 0.41

C18:2n-6 cis 49.68 21.68

C18:3n-3 3.72 0.27

C20:0 ND 0.77

C20:1n-9 ND 0.80

C22:0 ND 1.58

C24:0 ND 1.01

Total fatty acids

Total SFA 19.17 41.71

Total MUFA cis 26.24 35.32

Total PUFA cis 53.4 21.95

Total TFA 1.18 0.41

PUFA:SFA 2.78 0.53

n-6:n-3 13.35 80.3

Control diet included commercial chow (Nuvilab� CR1, Brasil). The

palatable food included commercial chow (Nuvilab� CR1, Brasil),

peanut, milk chocolate bars, and biscuits in the proportion of 3:2:2:1.

The main source of fat in the control diet was soybean oil. The main

sources of fat in the HL were lard, animal fat, butter and safflower oil

SFA Saturated fatty acids, MUFA Monounsaturated fatty acids, PUFA
Polyunsaturated fatty acids, TFA Trans fatty acids, ND Not detected
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Analyse�). Low-density-lipoprotein cholesterol (LDL-C)

and very low-density-lipoprotein cholesterol (VLDL-C)

were obtained using Friedwald calculations [16].

Statistical Analyses

Results are presented as means ± standard errors of the

mean. Data for all analyses were performed using the

statistical program Graphpad Prism 5� (GraphPad Soft-

ware Inc., La Jolla, CA, USA). For statistical analysis of

body weight and food intake, a two-way repeated measures

ANOVA was used, with the mother’s diet (HL) and time

(weeks) as factors. Bonferroni’s post hoc test was used, and

Student’s t test was used to compare groups in terms of

blood biochemical parameters. Significance was set at

P \ 0.05.

Results and Discussion

Offspring’s body weight in the HLp group was higher than

that of the control group throughout the weeks of devel-

opment (Fig. 1a). The effects of a palatable high-fat diet

during the perinatal period and the consequences of off-

spring body weight have also been seen in previous studies

[8, 17]. The present study shows that life-time effects on

body weight are seen in rats in response to perinatal

(gestation and lactation) and that adult animals fed by

mothers that were fed a perinatal high-fat diet were per-

manently heavier than their controls.

The measurement of food intake during a period of

6 days was higher in the HLp group (Fig. 1b). High food

intake can be associated with a high adiposity, high lep-

tinemia and leptin resistance [18]. There is a correlation

between high leptin resistance and the relative food intake

per gram of body weight [18]. Although the concentrations

of leptin were not evaluated in the present study, previous

studies have found that a perinatal high-fat diet or gesta-

tional diabetes can lead to hyperinsulinism and a malpro-

gramming in central regulators of body weight and

metabolism [17].

Serum total cholesterol, LDL-C, HDL-C, TG, VLDL-C

and glycemia were higher in the HLp group than controls

group (Table 2). In addition, these animals were markedly

heavier and had significantly increased serum concentra-

tions of glucose, cholesterol, and triglycerides, suggesting

impairments in carbohydrate and lipid metabolism. Khan

et al. [19] reported an increase in plasma triglycerides and a

decrease in HDL-cholesterol concentrations in the female

offspring born to mothers fed a rich in lard (25.7% fat) diet

10 days before and throughout pregnancy and lactation,

although these changes were only apparent in one-year-old

offspring. Although previous studies have used different

protocols to induce developmental plasticity by a maternal

high-fat diet, our results are in accordance with previously

reported results in terms of blood lipid profiles [8, 10, 17,

Fig. 1 Body weight of pups from mothers submitted to either a

control or a hyperlipidic diet during gestation and lactation (a). Body

weight was evaluated weekly until the 90th day of life. Food intake by

pups at 80 days old from mothers submitted to either a control or a

hyperlipidic diet during gestation and lactation (b). Food intake was

evaluated daily until the 85th day of life. Control (Cp, n = 10) and

hyperlipidic pups (HLp, n = 10). The values are presented as

means ? SEM. *P \ 0.05 using two-way ANOVA and Bonferroni’s

post hoc test

Table 2 Fasting serum glycemia and cholesterol profile of pups at

90 days old from mothers submitted to either a control or a hyperli-

pidic diet during gestation and lactation

Cp HLp

Total cholesterol (mg/dL) 35.1 ± 1.0 56.4 ± 3.3*

LDL-C (mg/dL) 9.6 ± 1.1 19.14 ± 2.2*

HDL-C (mg/dL) 16.6 ± 0.7 25.5 ± 1.3*

Triglycerides (mg/dL) 44.2 ± 4.1 58.8 ± 5.5*

VLDL-C (mg/dL) 8.84 ± 0.8 11.76 ± 1.1*

Glycemia (mg/dL) 171.6 ± 11.1 217 ± 10.6*

Control (Cp, n = 10) and hyperlipidic pups (HLp, n = 10) were

evaluated after 24 h of fasting

LDL-C Low-density-lipoprotein cholesterol, HDL-C High-density-

lipoprotein cholesterol, VLDL-C Very low-density-lipoprotein

cholesterol

* P \ 0.05 by using Student’s t test
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20–22]. The alterations could be associated with the con-

centration of saturated fatty acids (41.71%) in the mother’s

diet, even though the post-weaning diet was balanced for

both groups in terms of carbohydrates, lipids and protein.

The novelty of the present study is that a perinatal high-fat

diet induces altered plasma cholesterol and triglyceride

levels in the offspring and can predispose the offspring to

developing obesity in a manner that is independent of

postnatal diet.

Perinatal nutrition-induced hypercholesterolemia has

been previously described in animal models, and the off-

spring’s susceptibility to programmed obesity risk has been

shown to be dependent on the timing and severity of diet

manipulation [3]. Most models have used malnutrition as a

stimulus for developmental plasticity, and relatively few

studies have seen the effects of a high-fat diet during

gestation and lactation. In this regard, we have presented

data that confirm our hypothesis by demonstrating that a

palatable high-fat diet during perinatal period increases

food intake and induces hypercholesterolemia. In conclu-

sion, our observations extend the evidence that both ges-

tation and lactation are critical periods for the development

of metabolic disease in later life.
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lipid-bound state may influence LCAT activity via enzyme

binding with the lipid interface, substrate and enzyme

activation [5]. Both LCAT-activating and lipid-binding

regions in apoA-I has been suggested to exist. The low

lipid affinity of 144–186 region has been suggested to be

important in LCAT activation [6]. Despite the numerous

studies of LCAT reaction with HDL, the quantitative

characteristics of the reaction are absent. The study of

Verger et al. [7] on phospholipase A catalysis at interface,

the identification of the catalytic triad of LCAT as Ser-Asp-

His [8] with Ser181 as nucleophile residue in catalysis [9]

and consideration of the influence of an added nucleophile

at acyl-enzyme deacylation [10] are the seminal keys in the

present effort to describe the LCAT reaction at the lipid-

water interface of discoidal HDL as a tool for a mecha-

nism-based analysis of enzyme activation by apolipopro-

teins and the contribution of the HDL structure.

Materials and Methods

Proposed Model of the LCAT Reaction

Two events underlie the kinetic mechanism of cholesteryl

ester formation by LCAT with the discoidal HDL particle:

(1) the existence of two consecutive equilibria, i.e. enzyme

binding to the particle (penetration) and the LCAT reaction

with phosphatidylcholine and cholesterol; (2) this reaction

at the water-lipid interface proceeds through three steps

that involve the formation of an acyl-enzyme intermediate

and cholesterol as a nucleophilic agent can compete with

water at the deacylation of acyl-enzyme. Indeed, the kinetic

analysis of the interfacial catalysis of pancreatic phospho-

lipase A2 in phospholipid molecular layers has been done

[7]. LCAT, in a reaction analogous to that of classical

serine-dependent esterases, initially cleaves the sn-2 ester

bond of phosphatidylcholine with the formation of lyso-

phosphatidylcholine (lysoPtdCho) and an intermediate

oxyester. The serine oxyester donates its fatty acyl group to

cholesterol, forming a cholesteryl ester and regenerating

the nonacylated enzyme [11]. The kinetic scheme 1 com-

bines these events:

(1)

Kinetic Treatment of the Proposed Model

The balance between different enzyme forms exists

(Eq. 2):

½Et� ¼ ½E� þ ½E��ðI=VÞ þ ½E�S�ðI=VÞ þ ½E�A�ðI=VÞ ð2Þ

Equations 3–7 satisfy steady state conditions

d½E��=dt ¼ kp½E� þ k�1½E�S� þ ðk3 þ k4½Chol�Þ½E�A�
� ðkd þ k1½S�Þ½E�� ¼ 0 ð3Þ

d½E�S�=dt ¼ k1½E��½S� � ðk�1 þ k2Þ½E�S� ¼ 0 ð4Þ
d½E�A�=dt ¼ k2½E�S� � ðk3 þ k4½Chol�Þ½E�A� ¼ 0 ð5Þ
d½CE�=dt ¼ vi ¼ vo=ðI=VÞ ¼ k4½Chol�½E�A� ð6Þ
½S� ¼ ½So�=ðI=VÞ ð7Þ

where [Et] is the total enzyme concentration (mol/volume);

[E] is the free enzyme concentration (mol/volume); [E*] is

the penetrated enzyme concentration (mol/surface); [E*S] is

the penetrated enzyme/substrate complex (mol/surface);

[E*A] is the penetrated acyl-enzyme (mol/surface);

[S] is the substrate (phosphatidylcholine) concentration

(mol/surface); [So] is the total substrate concentration in

bulk units (mol/volume); [CE] is the product (cholesteryl

ester) concentration (mol/surface). I is the total interfacial

area (surface) and V the total volume (volume); kp is the

penetration rate constant (volume/surface)(time-1); kd is

the desorption rate constant (time-1); k1 (mol/surface)-1

(time-1); k-1 (time-1); k2 (time-1); k3 (time-1); k4 is the

second order rate constant (mol/surface)-1(time-1); vi is the

interface expression of the velocity (mol/surface�time) and

vo is the bulk expression of the rate (mol/volume�time).

Finally (I/V) is the factor for conversion from surface units

to bulk units.

Equations 2–7 can be combined to obtain the bulk/

interface expression of the velocity vo/vi at steady state in terms

of the initial surface concentration of substrate [S] (Eq. 8):

vo

½Et�
¼ vi

½Et�
� I

V

¼
k2�k4�½Chol�

k2þk3þk4�½Chol� � I
V � ½S�

k3þk4�½Chol�
k2þk3þk4�½Chol� � K�m � K�d þ I

V

� �
þ I

V � ½S�
ð8Þ

K�m and K�d are the interfacial Michaelis–Menten and

dissociation constants given by Eqs. 9 and 10, respectively:

K�m ¼
k�1 þ k2

k1

ð9Þ

K�d ¼
kd

kp

¼ Kd � areaLCAT � 10�14 � NA ð10Þ

Kd is the dissociation constant of LCAT/disc complex in

bulk units (mol/cm3), areaLCAT is the accessible area of
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LCAT interface recognition region (nm2), NA Avogadro’

number. Kd should be measured independently.

The interfacial substrate and cholesterol concentrations

(mol cm-2) are determined by Eqs. 11 and 12, respectively:

½S� ¼ nPC � 1014

ðareaPC � nPC þ areaChol � nCholÞ � NA

ð11Þ

½Chol� ¼ nChol � 1014

ðareaPC � nPC þ areaChol � nCholÞ � NA

ð12Þ

where nPC and nChol are the number of PC and Chol mol-

ecules per disc and areaPC and areaChol are the phosphati-

dylcholine and cholesterol surface areas (nm2).

Thus the hydrolysis/solvolysis of acyl-LCAT interme-

diate on the surface of discoidal HDL by water and cho-

lesterol predicts a dependence of the cholesteryl ester

formation rate on three variables: the surface substrate

concentration [S], the surface cholesterol concentration

[Chol] and the proportion of interface I/V. The apparent

catalytic rate constant kapp
cat and Michaelis constant Kapp

m

are defined by Eqs. 13 and 14, respectively:

kapp
cat ¼

k2 � k4 � ½Chol�
k2 þ k3 þ k4 � ½Chol� ð13Þ

Kapp
m ¼ k3 þ k4 � ½Chol�

k2 þ k3 þ k4 � ½Chol� � K�m K�d þ
I

V

� �

ð14Þ

The individual parameters are derived from double

reciprocal plots (Eqs. 15 and 16):

1

kapp
cat

¼ k2 þ k3

k2 � k4

� 1

½Chol� þ
1

k2

ð15Þ

Kapp
m

kapp
cat

¼ K�m K�d þ
I

V

� �

� k3

k2 � k4

� 1

½Chol� þ
1

k2

� K�m K�d þ
I

V

� �

ð16Þ

Results and Discussion

The raw data of Sparks et al. [12] on apparent kinetic

parameters and particle composition for four reconstituted

discoidal HDL preparations D4–D26 with two molecules

apoA-I per disc were analyzed. The input parameters used

in the subsequent calculations are listed in Table 1. It is

evident that the interfacial lipid area and the POPC con-

centration are nearly constant while cholesterol varied at a

6-fold level. The increase in Chol content did not change

significantly hydrodynamic diameter of the disks [12]. The

kapp
cat values were normalized to an equal POPC concen-

tration of 2.69 9 10-10 mol cm-2. The areaLCAT value

calculated with the RVP-net web server [13] for the region

between 50 and 74 residues in LCAT sequence, suggested

to be involved in interfacial recognition [14], was 6.6 nm2.

The values for molecular surface area areaPC and areaChol

were chosen as 0.58 and 0.38 nm2, respectively [15]. These

values were obtained for Langmuir-type film at high sur-

face pressures (30–40 mN/m) that mimic a disc bilayer.

Even at largest, Chol content in lipid phase of the particle

did not exceed 12.5 mol% and Chol-induced POPC area

condensation (\5%) was discarded. The bulk Kd value as

3 9 10-10 mol/cm3, obtained by others [16] for complex

analogous to D18, was fixed at the assumption of constant

I/V and [S] values for all four complexes. The linear

transformation of the input data corresponded well the

kinetic mechanism with acyl-enzyme intermediate pre-

dicted by Eqs. 15 and 16 (Fig. 1). This treatment allowed

the calculation to be made of the complete set of kinetic

constants for LCAT-catalyzed cholesteryl ester formation

in discoidal HDL (Table 2). The k2 value is close to

phospholipase A2 LCAT activity with the turnover rate as

40 times/min [17]. The ratio of rate constants of acyl-

LCAT hydrolysis/solvolysis by water and cholesterol is

0.66 at 12.5 mol% cholesterol (26 molecules per particle).

Cholesterol seems to be an efficient nucleophilic agent at

its physiological concentration in discoidal HDL. Also, the

amount of cholesterol in native HDL3 particles varies

between 15 and 41 molecules per particle [18], quite

comparable to the current values. It should be emphasized

that data at high cholesterol content do not indicate a sat-

uration phenomenon, thus giving no evidence for a binding

of cholesterol to the enzyme. This would argue against any

gross change in the LCAT interfacial recognition region.

Table 1 Compositional and kinetic properties of four discoidal reconstituted HDL

Complex I (nm2) POPC 9 1010

(mol cm-2)

Chol 9 1011

(mol cm-2)
kapp

cat (s-1) Kapp
m 9108

(mol POPC cm-3)

D4 105 2.82 0.63 0.23 2.2

D8 112 2.79 1.19 0.44 2.5

D18 113 2.69 2.66 0.69 2.5

D26 115 2.62 3.74 0.74 2.5

Numbers in complex name correspond the number of Chol molecules/particle [12]. The raw data for complex composition and for apparent

kinetic constants [12] were transformed as input values in Eqs. 15 and 16. The kapp
cat values were normalized to an equal POPC concentration of

2.69 9 10-10 mol cm-2. POPC and cholesterol surface concentrations were calculated from their molecular areas
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Early investigations with LCAT also showed that the cat-

alytic activity of the enzyme was sensitive to the amount

of cholesterol in the surface of vesicular and discoidal

particles [19–21]. In addition, LCAT activity increased at

the modest increase of Chol but became independent when

Chol level exceeded 20 molecules per particle [22], still

comparable with the highest Chol concentration in the

present study. Prominent heterogeneity of the complexes in

the study of Jonas and McHugh [22] may contribute to the

different LCAT kinetics. So, deacylation of acyl-enzyme

intermediate by water and cholesterol is not rate-limiting

(Table 2) and LCAT activation by apoA-I must involve

either activation of the enzyme and/or of the phospholipid

molecule. The increased accessibility of the sn-2 ester bond

of phosphatidylcholine for presentation to the catalytic site

of the enzyme may underlie substrate activation by apoA-I

[21]. The precise influence of apoA-I domains on

phospholipid conformation remains to be established. The

calculation of K�m value requires the knowledge of K�d value

determined in turn from the independent measurement of

bulk Kd value. K�m value agreed well with the analogous

parameter for phospholipase A2 activity toward mixed

phosphatidylcholine-detergent micelles when some sim-

plifying assumptions on the dissociation constant, not

directly measured, had to be made [23]. However, a dif-

ference in K�m by two orders of magnitude has been

obtained in another study [24] for the same phospholipase

A2-micelle system that weakens the significance of indi-

rectly determined Kd value. The widely used k
app
cat

�
Kapp

m

ratio (Eq. 13 divided by Eq. 14) as a measure of LCAT

catalytic efficiency is actually a complex function of three

rate constants, interfacial Chol concentration and interfa-

cial Michaelis and dissociation constants. All these vari-

ables should be introduced into examination of LCAT

activity with discoidal HDL. The present analysis may be

applied for complexes of apoA-I mutants and other apoli-

poproteins. This approach will be combined with the

consideration of cholesterol radial distribution [25] and

apolipoprotein conformational stability [26] in emerging

analysis of the contribution of HDL composition and

structure into RCT efficiency directed by LCAT at the

cholesteryl ester generation step.
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number of double bonds, with n-3, n-6 and

n-9 indicating the position of the first double

bond counting from the methyl end

Introduction

Previous reports have shown that, in the rat testis and

spermatozoa, sphingomyelin (CerPCho) and ceramide

(Cer) contain a high proportion of very long chain (VLC)

polyunsaturated fatty acids (PUFA), this including non-

hydroxy (n-) and 2-hydroxy (2-OH) VLCPUFA [1, 2]. The

association of these unusual lipids with cells of the sper-

matogenic lineage was indicated by in vivo studies show-

ing that they appear in the testis only after the onset of

spermatogenesis and that they gradually disappear from the

testis of healthy adult rats in situations that lead to germ

cell deprivation with permanence of Sertoli cells [3, 4].

The amount of both types of fatty acids increases in both

lipids from the onset of spermatogenesis to adulthood in

both sphingolipids, but species with only n-VLCPUFA rise

during the first few weeks, the species with 2-OH VLC-

PUFA being the last to be accrued [2]. Conversely, species

with n-VLCPUFA disappear from the adult rat testis before

those with 2-OH VLCPUFA in situations that are known to

be damaging to the immature and rapidly dividing germ

cell precursors, like doxorubicin treatment [2] and X-ray

irradiation [4]. These in vivo changes found an explanation

when the acquisition of each type of VLCPUFA was shown

to be associated with germ cell differentiation [5]. Thus,

virtually only sphingomyelins and ceramides with

n-VLCPUFA may be found in the larger and less differ-

entiated pachytene spermatocytes, whereas species with

2-OH VLCPUFA prevail in the smaller but more mature

and numerous round spermatids.

After leaving the testis, spermatozoa are known to

undergo a series of structural and functional modifications

during their passage through the highly convoluted epidid-

ymal duct [6, 7]. Progressive motility, a quality obviously

associated with the tail, is one of the last properties to be

acquired. Epididymal maturation entails changes in many

sperm constituents, including proteins and lipids. In several

mammalian species, the content of glycerophospholipids

(Gpl) per cell decreases as spermatozoa acquire their definite

shape and size during their transit from the caput to the

caudal segments, this process being associated with a rela-

tive increase in choline glycerophospholipids (ChoGpl) [8–

11]. In the rat, this concurs with a reduction in the proportion

of the major 22:5n-6 in Gpl, and a concomitant increase in

that of 22:4n-9, markedly affecting the ChoGpl, but most

especially the plamenylcholines (PlsCho) [12].

In contrast to the significant quantitative and qualitative

differences observed for the major Gpl, sphingomyelins

and ceramides accompany the gametes with little change in

their fatty acid profiles from epididymal caput to caudal

regions [2]. Moreover, these lipids show similar features in

their fatty acids between testicular round spermatids and

spermatozoa from epididymal cauda [5]. Both develop-

mental stages contain sphingomyelins with similar pro-

portions of n- and 2-OH VLCPUFA and, intriguingly, high

levels of Cer that exclusively contain 2-OH VLCPUFA [5].

A previous study focusing on the species of CerPCho

and Cer with nonhydroxy VLCPUFA showed that, as long

as care is taken to avoid ‘‘spontaneous’’ hydrolysis of

CerPCho during isolation of rat spermatozoa from the

epididymal cauda, these gametes contain virtually no Cer

[13]. Thus, using divalent cation-free media, most of the

n-VLCPUFA-rich species of CerPCho that can be recov-

ered from spermatozoa were found to be located to the

head, not only in rat but in bull spermatozoa [13]. It was

then intriguing that whole rat spermatozoa contained rel-

atively high levels of Cer with 2-OH VLCPUFA [14], even

if isolated in divalent cation-free media [5].

The aim of the present study was to investigate how the

sphingomyelins and ceramides that contain both types of

VLCPUFA are distributed between head and tail in rat

spermatozoa. A comparison with other lipid classes with

which these lipids coexist in each of these two regions,

focusing on their fatty acids, was also included. Our results

show that not only the major Gpl classes and subclasses

tend to be unevenly distributed between these two regions,

but that sperm sphingomyelins and ceramides are com-

pletely segregated.

Materials and Methods

Spermatozoa and Their Parts

Adult (3–4 month-old) Wistar rats, maintained an manip-

ulated in accordance with the Guide for the Care and Use

of Laboratory Animals, Institute for Laboratory Animal

Research (ILAR), National Academy of Sciences

(Bethesda, MD, 1996) were used to obtain the spermatozoa

used in this study. Caudal epididymi were excised, freed of

their fat pad and blood vessels, and transferred to small

dishes containing PBS. After making a few incisions with a

scalpel blade, the epididymi were gently incubated under a

95% O2—5% CO2 for 15 min at 34 �C to allow release and

diffusion of spermatozoa into the medium. The gametes

were obtained from such media by centrifugation at

2009g, re-suspended in PBS, and subjected to the frac-

tionation procedures. The divalent metal-ion chelator

EDTA was incorporated at a concentration of 2.5 mM in
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all media used for sperm isolation, from the initial PBS to

the sucrose-containing solutions [13]. The study protocol

was approved by the Committee on the Care and Use of

Research Animals at the University of the South.

To separate the sperm heads from the tails, the gametes

were gently suspended in PBS containing 1 mM phenyl-

methyl-sulfonyl fluoride (PMSF) and the samples were

sonicated at 30-s intervals using a Model 250 Branson

Sonifier. It was necessary to pool samples of spermatozoa

isolated from several rats to obtain sufficient material for

lipid analysis. After sonication, the mixture of separated

heads and tails was pelleted at 6009g at 4 �C, re-sus-

pended in 65% sucrose, loaded onto a step gradient made

up of 65, 70 and 75% (w/v) sucrose in PBS-PMSF, and

separated in an ultracentrifuge at 4 �C as previously

described [13, 15]. The purity of the fractions was verified

by light microscopy (Fig. 1).

Lipid Separation and Analysis

Sperm heads and tails were collected from the gradients,

gently washed with PBS and pelleted by centrifugation.

Lipid extracts were prepared and partitioned using chlo-

roform–methanol mixtures [16]. After evaporating the

organic solvents under N2, the samples were dissolved in

chloroform–methanol (2:1 v/v) and aliquots were taken for

total lipid phosphorus and phospholipid composition

analyses.

For preparative isolation of lipid classes for further

analysis, most of the lipid extracts were spotted on TLC

plates (500 lm, silica gel G) under N2, along with com-

mercial standards (Sigma Chemical Co, MO, USA). The

polar lipids remained at the origin of the plates, and the

neutral lipids were resolved in two steps. Chloroform/

methanol/aqueous ammonia (90:10:2 by vol) was run up to

the middle of the plates to resolve the ceramides and then

hexane/ether (80:20, by vol) up to the top of the plates to

separate free cholesterol from other (minor) neutral lipids.

After TLC, the zones containing the lipids of interest were

located under UV light after spraying with 20,70-dichloro-

fluorescein in methanol and scraped into tubes for elution.

This was done by 3 successive extractions of the silica

support with chloroform/methanol/water (5:5:1 by vol.),

centrifuging, collecting the solvents, and partitioning with

four volumes of water to recover the lipids.

The total polar lipid fraction was subjected to further

separations and analyses. Choline and ethanolamine glyc-

erophospholipids (ChoGpl, EtnGpl) were resolved into

classes by two-dimensional TLC [17]. They were separated

into their major subclasses by taking advantage of the

lability to acid of the 1-alk-10-enyl bond present at sn-1 in

the corresponding plasmalogens and the stability to alkali

of the 1-O-alkyl bond present in the corresponding glyc-

eryl-ether derivatives [5]. Briefly, the eluted, dried ChoGpl

or EtnGpl were gently agitated for 1 min with a small

amount of acid acetonitrile (0.5 N HCl). This produced a

Fig. 1 Panels on the left: Phase photomicrographs of intact sperma-

tozoa (SPZ), heads plus tails (H ? T), as observed after sperm

sonication cycle and before isolation of the two parts, and separate

head and tail fractions, obtained after gradient centrifugation. a Total

lipid phosphorus distribution between head and tail fractions,

expressed as percentage of the lipid phosphorus present in the initial

H ? T fraction. b Cholesterol/phospholipid (Chol/PL) ratio in whole

sperm and its two main fractions

Lipids (2011) 46:1081–1090 1083

123



fatty aldehyde and the corresponding lyso-Gpl, easily

separable by TLC (chloroform/methanol/water, 65:25:4, by

vol.) from the unchanged lipid (mainly 1,2-diacyl-Gpl plus

a small proportion of 1-alkyl-2-acyl-Gpl). After elution,

both lipids were subjected to further analysis (phosphorus,

fatty acids). An aliquot of the larger band thus obtained

was exposed to mild alkali (0.1 N NaOH in methanol) to

remove all ester-bound fatty acids, this allowing recovery

of the corresponding alkali-stable lysophospholipid,

whose phosphorus is representative of the corresponding

1-O-alkyl, 2-acyl ChoGpl or EtnGpl subclass.

Sphingomyelin was recovered after TLC using chloro-

form/methanol/acetic acid/0.15 mM NaCl (50:25:8:2.5 by

vol). After elution and drying of this CerPCho (and also of

Cer), a similar mild alkali treatment was performed in

order to ensure removal from the samples of any potential

lipid contaminant containing ester-bound fatty acids [13]

and the two lipids were recovered again by TLC.

The fatty acids of all lipid classes were quantified by

gas-chromatography (GC). After adding appropriate inter-

nal standards, the fatty acids were converted to methyl

esters (FAME) by transesterification with 0.5 N H2SO4 in

anhydrous methanol under N2 [18], kept overnight at 45 �C

in Teflon�-lined, screw-capped tubes. Before GC, FAME

were routinely purified by TLC on prewashed (metha-

nol:ethyl ether, 75:25, by vol) silica Gel G plates, using

hexane:ether (95:5, by vol for normal FAME and a com-

bination of 80:20 followed by 95:5 by vol of the same

solvents) for the cleanup of CerPCho- and Cer-derived

FAME and 2-OH-FAME [2]. After elution and drying, the

former were analyzed directly by GC and the latter after

conversion into O-TMS derivatives.

The nonhydroxy VLCPUFA and the 2-hydroxy VLC-

PUFA of CerPCho were thoroughly identified by Poulos

and colleagues in 1987 and 1992, respectively, using

widely accepted lipid methodological procedures including

mass spectrometry [19, 20]. More recently, the 2-hydroxy

VLCPUFA were also unambiguously characterized in a

novel series of glycosphingolipids from mouse testis by

Sandhoff and colleagues [21]. Mass spectra of rat germ cell

Cer- and CerPCho-derived methyl esters of 28:4n-6 and

30:5n-6 [22] as well as of (intact and hydrogenated) TMS

derivatives of 2-OH 28:4 and 2-OH 30:5 [4] appeared in

previous articles from our laboratory.

A Varian 3700 Gas Chromatograph equipped with two

(2 m 9 2 m) glass columns packed with 10% SP 2330 on

Chromosorb WAW 100/120 (Supelco, Inc.) was used for

fatty acid analysis. The column oven temperature was

programmed from 150 to 230 �C at a rate of 5 �C/min for

nonhydroxy fatty acids and from 190 to 230 �C in the case

of 2-OH fatty acids, the upper temperature being kept for at

least 30 min to allow for elution of the longest VLCPUFA

(32 carbon in the case of rat testicular lipids). Injector and

detector temperatures were set at 220 and 230 �C,

respectively, and N2 (30 ml/min) was the carrier gas. The

fatty acids were detected with two flame ionization

detectors, operated in the dual-differential mode, connected

to a Varian Star Chromatography Workstation (version

4.51).

Statistical analyses- All data are expressed as mean

values ± SD, from a number of at least 4 different

experiments. Statistical differences between 2 groups

were evaluated by unpaired Student’s t tests. Statistical

analyses were performed using GraphPad Prism 5.0

(GraphPad Software, San Diego, California). All differ-

ences tested were statistically significant when assessed at

P \ 0.05.

Results

Spermatozoal Head and Tail Lipids

In comparison with other mammalian species including the

mouse, rat spermatozoa are characterized by a long, volu-

minous tail and a really minute, hook-shaped head (Fig. 1).

Of the total lipid phosphorus that was present in the starting

homogenate (i.e., the mixture that contained the heads and

tails before their separation), the tails contributed on

average an 87.5% and the heads a mere 12.5% of the total

lipid phosphorus of spermatozoa (Fig. 1a) (tail/head

ratio = 7). By the same token, the tails contributed on

average a 72% and the heads a 28.5% of the total choles-

terol recovered (approximate tail/head ratio = 2.5). In the

head, the total cholesterol/total phospholipid ratio (mol/

mol) was significantly higher (0.35) than in the tail (0.15),

with an intermediate value (0.28) for the whole sperm

(Fig. 1b). These data indicate that the concentration of

cholesterol with respect to that of phospholipids was more

than twice as large in the head as in the tail.

The figures that follow were set to show the quantitative

distribution of lipids and their fatty acids between heads

and tails. Tables with compositional (%) data may be found

in the supplementary material. In the head, choline glyc-

erophospholipids (ChoGpl) constituted the major

phospholipid class, followed in a far second place by Et-

nGpl (60 and 15% of the head phospholipids, respectively)

(see supplementary Table 1). In the tail, the proportions of

these two lipids were closer but still the ChoGpl predom-

inated (43 and 32%, respectively). The quantitative distri-

bution of phospholipid classes (Fig. 2) showed that all

major Gpl appeared in both parts, most predominating in

the tail, as expected from the observed head–tail size dis-

parity. The observation that cardiolipin (Ptd2Gro) was

negligible in the head but was the third most abundant

phospholipid in the tail fraction (Fig. 2) agrees with the
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fact that the tail contains the middle piece, rich in mito-

chondria, the inner membrane of which is known to contain

cardiolipin.

The different composition of the lipid material present in

the two sperm regions was also reflected in the proportions

of the three subclasses of ChoGpl and EtnGpl (Fig. 2).

Thus, the percentage ratio between phosphatidylcholine

(PtdCho), plasmenylcholine (PlsCho), and plasmanylcho-

line (PakCho) was on average 51:41:8 for whole sperm

and quite close (50:39:11) for the tail fraction. The corre-

sponding phosphatidylethanolamine (PtdEtn), plasmeny-

lethanolamine (PlsEtn):plasmenylethanolamine (PakEtn):

plasmanylethanolamine (PakEtn) ratios were 64: 27: 9 in

whole sperm and 68:19:13 in tails. The proportion of the

Pak subclass was somewhat larger in the tail than in whole

sperm for both lipid classes because it was virtually unde-

tectable in the head (Fig. 2). The proportion PtdCho:PlsCho

and PtdEt:PlsEt in the head were 58:42 and 48:51, respec-

tively. Thus, the head was much richer in plasmalogens than

the tail.

In agreement with previous results [13], CerPCho

abounded in the head (15% of the phospholipid) but

scarcely reached a 2% of total lipid phosphorus in the tail

fraction. The amount of CerPCho was therefore similar in

tails and heads (Fig. 2), because it comprised a large

proportion of the total phospholipid of the (small) head

and a small proportion of total phospholipid of the (large)

tail.

Distribution of Major Glycerophospholipids

Polyunsaturated fatty acids of the n-6 series with 18–22

carbon atoms collectively constituted the main fatty acids

of sperm Gpl (more than half, see Table 2, supplemental

material). Although both, heads and tails, were charac-

terized by containing high proportion of 22 carbon

PUFA, 22:4n-9 was the main PUFA in the total Gpl of

the head fraction, followed by 22:5n-6, while the oppo-

site occurred in the Gpl of the tail, where 22:5n-6 pre-

dominated over 22:4n-9. The percentage of species with

saturated fatty acids was slightly higher in the total Gpl

of heads than of tails, mainly due to 16:0 and 18:0,

probably accompanying the mentioned polyenes in Gpl

molecules. These characteristics were mostly determined

by the fatty acids of the main subclasses of ChoGpl and

EtnGpl (Fig. 3).

Although the same fatty acids appeared in PtdCho and

PlsCho, their distribution markedly differed between the

equivalent lipid of sperm head or tail (Fig. 3). Thus,

sperm head PlsCho was markedly richer in 22:4n-9, and

showed a much higher 22:4n-9/22:5n-6 ratio, than the

PlsCho of the tail. Sperm head PdtCho also contained

relatively more 22:4n-9 (and 18:0), and less 22:5n-6 (and

16:0) than the same lipid located in the tail. In quantita-

tive terms, 20% of the total 22:4n-9, in comparison with

10% of the total 22:5n-6 of ChoGpl was in the head

(Fig. 3).

Fig. 2 Distribution of major phospholipids between rat sperm heads

and tails. Lipids were quantified on the basis of phosphorus (P) content

and expressed on the basis of a given number of cells, taking into

account the initial gamete count per sample and the proportion (%) of

the total P contributed by each fraction. Note the scale differences.

Abbreviations: ChoGpl choline glycerophospholipids, EtnGpl

ethanolamine glycerophospholipids, Ptd, Pls, and Pak the three

subclasses (1,2-diacyl-, 1-alk-10enyl, 2-acyl- and 1-O-alkyl, 2-acyl-

subclasses, respectively) of ChoGlp or EtnGpl, Ptd2Gro diphosphat-

idylglycerol, PtdIns phosphatidylinositol, PtdSer phosphatidylserine,

CerPCho sphingomyelin
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The fatty acids of EtnGpl subclasses showed fewer

contrasting differences than those of ChoGpl between

sperm heads and tails, as long as PlsEtn had 22:5n-6 as its

major fatty acid in both fractions. In the tail PtdEtn, 22:5n-6

and 20:4n-6 occurred in similarly large proportions, while

22:4n-9 was a minor fatty acid in relative or absolute terms

(Fig. 3).

Distribution of Sphingomyelins and Ceramides

As estimated from its fatty acids, the content per cell of

CerPCho was very similar in the head and in the tail

(Fig. 4), confirming the distribution of this lipid estimated

on the basis of the amount of lipid phosphorus (Fig. 2).

However, the fatty acids revealed that the sphingomyelins

of the tail contained predominantly saturated fatty acids,

while those of the head contained almost exclusively

VLCPUFA (Fig. 4). Most of the former were 16:0 and 18:0

(see supplementary Table 3). As for the latter, in addition

to the n-VLCPUFA previously reported [13], the 2-OH

VLCPUFA were even more abundant (26 and 37% of the

total fatty acids, respectively). Both types of VLCPUFA

were virtually absent from the CerPCho of the tail and,

conversely, little saturates were measurable in the same

lipid from the head (Fig. 4).

As previously shown for the ceramides of rat sper-

matozoa [13], when these gametes were isolated in the

presence of EDTA, the total content per cell of Cer was

very low in the heads of spermatozoa, as long as the

species with n-VLCPUFA are concerned (Fig. 4). How-

ever, this did not apply to the Cer present in the tails,

which was almost 8 times as high as in the heads, even

when both fractions were isolated from the same source

and in similar media. Most of this difference was found

to be due to the species of Cer that contained 2-OH

VLCPUFA as their almost exclusive components

(Fig. 4).

As a group, 2-OH VLCPUFA represented more than

80% (see supplementary Table 4) of the fatty acids of the

sperm tail-associated Cer in the rat. Considering their large

size (Fig. 1), the finding of virtually all of the Cer with

2-OH VLCPUFA located to the tails clarifies why this

unique lipid is constitutively so abundant in intact rat

spermatozoa (Fig. 4).

The amounts of individual VLCPUFA of Cer and

CerPCho involved in this uneven distribution, equivalent

on a molar basis to the abundance of the corresponding

molecular species, are shown in Fig. 5. The main and

virtually only n-VLCPUFA of head CerPCho was 28:4n-6.

The main 2-OH VLCPUFA of head CerPCho, and also of

Fig. 3 Amounts of representative fatty acids of the two main

subclasses of rat sperm head and tail ChoGpl and EtnGpl. The

abbreviations Ptd and Pls indicate phosphatidyl- and plasmenyl-

subclasses within each of these lipid classes. Other abbreviations are

the same as in Figs. 1 and 2. Note the predominance of 22:5n-6 in tail

PtdCho in contrast to that of 22:4n-9 among the PUFA of head PlsCho
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tail Cer, were 2-OH 30:5n-6, 2-OH 28:4n-6, and 2-OH

32:5n-6, in that order (Fig. 5).

Discussion

Because the rat sperm head size is several times smaller

than the tail, the fact that the absolute amount of most

lipids was larger in the tail than in the head responds to this

characteristic. Most lipids of rat spermatozoa showed

quantitative and qualitative variations in their proportions

and in their fatty acid composition between both regions. A

main finding of the present study was that the head con-

tributed virtually all of the VLCPUFA-containing sphin-

gomyelins, while the tail contributed virtually all of the

VLCPUFA-containing ceramides, which can be isolated

from rat spermatozoa. This observation could be done

thanks to the inclusion in the study of the 2-OH VLCPUFA

as components of these lipids, and to the strategy of

inhibiting the ‘‘spontaneous’’ hydrolysis of membrane lip-

ids, including CerPCho into Cer, by the addition of a

divalent cation chelator.

Cholesterol has widespread effects on the behavior of

lipid molecules in cell membranes, its best known property

being its ability to interact with CerPCho. The relative

higher abundance of cholesterol with respect to phospho-

lipids observed here in rat head spermatozoa coincides with

the fact that the VLCPUFA-containing species of CerPCho

were almost exclusively located to the head, and may in

part be a manifestation of this lipid–lipid interaction.

However, cholesterol is distributed all over the plasma

membrane of spermatozoa, even in the Cer-rich tail, where

it interacts also with other lipid classes.

One of the best known functions of sperm sterols,

mostly cholesterol, in spermatozoa is to participate in the

complex process known as sperm capacitation. Its release

to incubation media that contain a suitable cholesterol

acceptor (e.g., albumin) during this process is one of the

widely accepted prerequisites for sperm capacitation to

proceed [23–25]. Zanetti et al. [14] recently showed that

during incubation of rat spermatozoa in conditions that lead

to their capacitation, the release of cholesterol concurs with

a massive hydrolysis of sperm Gpl, with release of plenty

of free fatty acids to an albumin-containing medium.

A relatively higher sterol/phospholipid ratio in the head

than in the tail has also been observed in gametes from

other mammalian species such as the ram and the boar

[26], although the opposite seems to be the case in monkey

sperm [27]. In addition to obviously wide species-related

differences, the diversity of procedures, manipulations and

media used in the isolation of the gametes may explain

many lipid discrepancies.

The fact that cardiolipin was negligible in the head but

abounded in the tail is interpreted to reflect the fact that

these lipids normally compose the inner membranes of

mitochondria, organelles that remain in the mid-piece that

separates together with the tails during the present tail-head

separation. It is certainly possible that the CerPCho that

contains virtually only saturated and monoenoic fatty acids

in the tail (Fig. 4) could also belong to this intracellular

Fig. 4 Amount of sphingomyelins and ceramides, represented by

their fatty acids, in rat sperm head and tail fractions. The fatty acids

from the two lipids from each fraction were quantified by gas

chromatography and are here expressed on the basis of a given

number of cells. Left panels amounts of total fatty acids; right panels
amounts of main fatty acids, grouped into saturated (S), monoenoic

(M), nonhydroxy VLCPUFA (n-V) and 2-hydroxy VLCPUFA (2-OH

V). Note the high total CerPCho/total Cer ratio in the head in

comparison to the tail. Note also the predominance of VLCPUFA

(n-V plus 2-OH V) in the CerPCho of the head, in contrast to the

virtual absence of these fatty acids in the same lipid of tails. The latter

contain Cer with almost exclusively 2-OH VLCPUFA
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structure of the rat tail. The sphingomyelin from a mito-

chondrial fraction isolated from rat testis showed to be the

rich in these two types of fatty acids and poor in VLCPUFA

[22]. By the same token, the nuclear and the acrosomal

membranes may be expected to contribute their own lipids to

the total lipid of the sperm head fraction, in addition to those

of the overlying plasma membrane. These intracellular

membranes are not easy to isolate and analyze separately in

the case of rat sperm head, given its size and fragility of the

acrosome. In the case of bovine spermatozoa, sphingomy-

elin was 10, 13 and 17% of the phospholipids, respectively,

in intact spermatozoa, total plasma membrane (i.e., that

overlying tails and heads), and the outer acrosomal mem-

brane [28], whereas cardiolipin, originally present in sper-

matozoa, was absent from both of these membranes.

The high proportion of 22:5n-6 and 22:4n-9 in Cho-

Gpl and the predominance of just 22:5n-6 in EtnGpl,

particularly in plasmalogens, is a characteristic of rat

spermatozoa. In bovine, ovine, or human spermatozoa,

the diacyl- and the abundant alkenyl- subclasses of both

lipids, i.e., the four subclasses, are all alike in that they

contain 22:6n-3 as their single and predominant PUFA

[9, 10, 29, 30]. In this study, the dissimilar fatty acid

profiles of ChoGpl and EtnGpl subclasses in rat sper-

matozoa allowed the observation that they behaved as

independent lipids as far as head–tail distribution is

concerned (Fig. 3). Notably, the sperm head contained

more 22:4n-9-rich PlsCho than did the tail in composi-

tional terms, and the tail contributed more of this Gpl

subclass to the total lipid of the gametes in quantitative

terms.

In rat sperm, lipid remodeling during epididymal mat-

uration from caput to cauda results in a decrease in sperm

head size and total lipid phosphorus, with a concomitant

increase in the proportion of plasmenylcholines that con-

tain 22:4n-9 [12]. This specific subclass is absent from the

testis, where the PlsCho and PlsEtn of spermatogenic cells

increase their proportion of 22:5n-6 with differentiation,

but contain no 22:4n-9 [5]. Thus, an important part of the

plasmalogens of rat spermatozoa is acquired by these

gametes during their passage through the epididymis. The

present data allows the inference to be made that this

‘‘phospholipid maturation’’ affects the heads as well as the

tails of spermatozoa.

The androgen-dependent epithelial cells of the epidid-

ymis contain plenty of peroxisomes and express the

enzymes that are required for plasmalogen biosynthesis

[31]. Moreover, the synthesis of 22 carbon PUFA that have

their first double bond at position 4 (namely, 22:5n-6,

22:6n-3, and also 22:4n-9), requires anabolic enzymes

(desaturases, elongases) that are located in the endoplasmic

reticulum as well as beta-oxidation enzymes that are

located in peroxisomes [32]. In the rat, stearoyl-CoA

desaturase 1 (SCD1), stearoyl-CoA desaturase 2 (SCD2),

delta5-desaturase, and delta6-desaturase are all actively

expressed in the testis and the epididymis [33].

Recently, group III phospholipase A2 (sPLA2-III), a

member of the secreted phospholipase A2 (sPLA2) family,

was shown to be expressed in the mouse proximal epi-

didymal epithelium [34]. Targeted disruption of the gene

encoding this protein leads to defects in sperm maturation

and fertility. Taken together with the mentioned

Fig. 5 Amounts of main

individual nonhydroxy (hatched
bars) and 2-hydroxy (black
bars) VLCPUFA that constitute

the CerPCho and Cer of rat

spermatozoa and in their head

and tail fractions. These (n-6)

fatty acids are the main

components of the fatty acids

that are grouped as n-V and

2-OH V in Fig. 4
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biosynthetic activities, this finding suggests that the epi-

didymis may play a role in sperm lipid remodeling by

hydrolyzing part of the sperm original Gpl and by deliv-

ering PlsCho newly synthesized in situ to the sperm plasma

membrane.

After incubation in conditions that lead to sperm

capacitation, a significant hydrolysis of ChoGpl occurs that

is accompanied by the release of plenty of 22:4n-9 and

22:5n-6 to the media [14], suggesting that plasmalogens

participate in this important process. The biological sig-

nificance that the regionalization of major plasmalogens

may have in sperm physiology certainly demands further

studies.

The presence of the unique species of Cer that contain

2-OH VLCPUFA in rat sperm tails is consistent with the

fact that the proportion of these fatty acids with respect to

the rest, and particularly the n-/2-OH VLCPUFA ratio,

increase notably in the Cer of whole rat testis from the

beginning of spermatogenesis to adulthood [2] and in

adults during differentiation from pachytene spermatocytes

to spermatids and from these to spermatozoa [5]. Germ cell

maturation and differentiation involves the progressive

increase in the number and concomitant reduction in size

and change in shape from round to elongated forms. In the

last phases of spermiation, the size and shape of the head is

modified to a larger extent than the tail, which agrees with

the fact that the fatty acid composition of Cer is so similar

between round spermatids and whole mature spermatozoa

[5], and between the latter and isolated sperm tails (present

results).

The sharp regionalization observed for these unique

species of Cer suggest that they are made in the testis to

fulfill a specific function in fertilization that normally

involves the sperm tail. One of these functions could be

related to sperm motility, as suggested by the fact that mice

that lack acid sphingomyelinase have a reduced fertility

because their spermatozoa are immotile and have structural

defects in their tails [35, 36]. Such a defect was ascribed to

an abnormal excess of CerPCho and cholesterol accumu-

lating in the mid-piece, in the tail, or both. The present

results reinforce such concept by showing that a certain

amount of Cer is required as a normal component of the

tail.

The abundance in the sperm head of VLCPUFA-con-

taining sphingomyelins may fulfill a role in sperm physi-

ology that is associated with this region, as it is for instance

the acrosomal reaction. It was recently shown [14] that

incubation of rat spermatozoa in conditions that evoke this

calcium-dependent reaction results in the massive hydro-

lysis of both (n- and 2-OH VLCPUFA-containing) species

of CerPCho, and the concomitant increase in the produc-

tion of the corresponding species of Cer. The present

results, locating these sphingomyelins to the head, are

consistent with the acrosomal reaction being a function that

exclusively occurs in this sperm area.

The previous finding that the membrane-rich particles

known as ‘‘residual bodies’’ of spermiogenesis contain

virtually only sphingomyelins with 2-OH-VLCPUFA [5] is

consistent with the present results. These structures are

formed in the last stages of sperm differentiation in the area

of the heads of the condensing spermatids, and are shed

from this area as the newly formed spermatozoa are

released to seminiferous tubule lumina. The previous

observations that epididymal rat spermatozoa [2, 5] con-

stitutively have much more VLCPUFA-containing Cer

than CerPCho are also explained by the present findings,

since the former are mostly lipids of the large tail, while the

latter mostly collect in the small head.
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atherosclerosis and diabetes develop over time, and risk

factors may be detectable early in life [2–6]. Prevention

may therefore be possible by targeting factors leading to

CVD early in life.

A lipid profile, with high plasma levels of LDL-cho-

lesterol, triacylglycerols (TAG) and apolipoprotein B100

(Apo-B) and a low concentration of HDL-cholesterol and

apolipoprotein A1 (Apo-A), increase the risk of athero-

sclerosis and CVD [7, 8]. Also, plasma LDL particles are

comprised of different sub-fractions, differing in chemical

composition, size and density, and studies have suggested

that particularly the fraction of small dense LDL particles

(sdLDL) is associated with CVD [9, 10]. sdLDL is strongly

correlated with plasma TAG, and generally the strong

correlation between the different lipid fractions makes it

difficult to identify the contribution of the separate frac-

tions to the risk of CVD [7, 8, 11].

Fish consumption and supplementation with n-3 poly-

unsaturated fatty acids (PUFA) in adulthood have been

associated with slightly increased levels of HDL choles-

terol, lower TAG concentration, and both a lower relative

abundance and particle number of sdLDL [12, 13]. Also,

fish oil supplementation during infancy has been found to

be associated with a decrease in plasma TAG concen-

tration and an increase in the concentration of plasma

LDL and total cholesterol [14, 15]. It is, however, not

known whether these effects of n-3 PUFA found early in

life can track and program the future lipid profile of the

child [16].

Breast feeding has also been shown to increase choles-

terol concentration in infancy [17]. These short-term

effects of breast feeding are, translated into a long-term

decrease in total cholesterol in adulthood [17]. This effect

is thought to be caused by the relatively high cholesterol

concentration of breast milk, leading to a decrease in the

endogenous production of cholesterol. However, breast

milk also contains high concentrations of n-3 PUFA, which

could potentially influence lipid metabolism. To our

knowledge, only one study has looked into the long-term

effect of fish oil supplementation during early life on the

lipid profile in adulthood [18]. In this study, no association

between increased dietary intake of n-3 PUFA during the

first 5 years of life and lipid profile at the age of 8 years,

was found.

We investigated the hypothesis that supplementation

with long chain marine n-3 PUFA during fetal life has an

impact on the plasma lipid profile in adolescence. This

was done by studying offspring from a randomized con-

trolled trial conducted in 1990, where pregnant women

were randomized to fish oil, olive oil or no oil [19]. No

association between fish oil supplementation during

pregnancy and blood lipid profile in the offspring was

found.

Methods

The aim of the original study was to investigate the effect

of fish oil supplementation on gestational length. The

recruitment and randomization of the original study pop-

ulation has previously been described in detail [19].

Briefly, 533 women in gestational week 30 who attended

the Midwife Centre in Aarhus, Denmark, were randomized

to four 1 g fish oil capsules (FO) (Pikasol: 32% eicosa-

pentaenoic acid and 23% docosahexaenoic acid, corre-

sponding to approximately 2.7 g marine n-3 PUFA) per

day (n = 266), four similar capsules with olive oil (OO)

(n = 136) or no capsules (NO) (n = 131) in 1990. The

women receiving oil were blinded for study interventions,

and the capsules and boxes looked identical. The 533

enrolled and randomized women represented 61% of eli-

gible women.

The offspring from the abovementioned randomized

controlled trial constituted the study population in the

present study. At the time of the study, the offspring were

aged between 18 and 19 years. A total of 517 (97%)

mother and child pairs were alive and living in Denmark.

All the mothers were contacted by mail and they invited

their children to complete a self-administered web-based

questionnaire concerning anthropometric measures, health

and lifestyle. The offspring were also asked whether they

wanted to receive an invitation for a physical examination.

Those accepting and those who did not respond were all

invited to the physical examination. A total of 382 filled

out the questionnaire and 243 participated in the clinical

examination (Fig. 1).

At the physical examination, a fasting venous blood

sample was drawn, centrifuged and frozen at -80 �C.

Serum TAG and cholesterol fractions (Total, LDL,

HDL) were measured according to standard methods on a

Modular P from Roche Diagnostics, Basel, Switzerland.

Apo-B was measured using antibody from DAKO, Glost-

rup, Denmark, on an Advia 1650 from Bayer Diagnostics,

NY, USA. Interserial variation was 5.5%. Apo-A was

measured using antibody from DAKO, Glostrup, Denmark,

on an Advia 1650 from Bayer Diagnostics, NY, USA.

Interserial variation was 5%.

For the sdLDL analysis, blood, anticoagulated with

K3-EDTA 1.6 mg/ml, was centrifuged and plasma stored until

analysis. Plasma, adjusted to 1.067 g/L with 60% iodixanol

from Optiprep, Axis-Schield PoC As, Oslo, Norway, was

prestained with Coomassie blue, under-layered beneath 9%

iodixanol and subjected to ultracentrifugation (2� h,

65.000 rpm 16 �C (341.000 g) in a near vertical rotor

(Beckmann NVT65). A digital photograph of LDL sub-

class profiles was analyzed using Total Lab 1D gel-scan

software (Pharmacis, UK). LDL subclass phenotypes A, B

and I (Intermediate) were characterized according to the
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density and to the area under the curve of B (%AUC B)

(sd-LDL) as follows: A: AUC B \40%, I: AUC B 40-50%,

B: AUC B [50%. The method has been described in detail

previously [20].

Covariates

Information on the mother was collected from the inter-

view and questionnaire during pregnancy. The pregnant

women filled out a simple food frequency questionnaire in

order to assess their baseline fish consumption, and three

categories were defined according to fish consumption.

Characteristics of the children were collected from the

questionnaire at 18–19 years of age. For this reason, we

only had information regarding covariates for the non-

participating children who filled out the questionnaire.

Information on sex, gestational age and birth weight were

collected from medical records.

This study was conducted according to the guidelines

laid down in the declaration of Helsinki and all procedures

involving human subjects were approved by the local

ethics committee (case no.: M-ÅA 20060182) and the

Assessed for eligibility
(n=868)

Excluded* (n= 335 )
(not meeting inclusion criteria,
refused to participate or other
reasons)

Included in analyses
(n= 72 )

Lost to follow-up
n= 2 due to death or
residence outside Denmark
of child or mother
n=18 refuse any
participation
n=23 filled out questionnaire
but refused clinical
examination
n=4 not able to participate
in clinical examination
n= 17 no response

Allocated to 'olive oil'
(n= 136 )

Loss to follow-up:
n=2 not identified in
registries
n=4 due to death or
residence outside Denmark
of child or mother
n=34 refused any
participation
n=64 filled out
questionnaire but refused
clinical examination
n=6 not able to participate
in clinical examination
n=48 no response

Allocated to 'fish oil
(n= 266)

Included in analyses
(n= 108 )

Allocation

Analysis

Follow-Up

Enrollment

Randomization

Allocated to 'no oil'
(n= 131)

Loss to follow-up
n=1 due to not being
identified in registries
n= 7 due to death or
residence outside Denmark
of child or mother
n=18 refuse any
participation
n=23 filled out
questionnaire but refused
clinical examination
n=2 not able to participate
in clinical examination
n= 17 no response

Included in analyses
(n= 63 )

Fig. 1 Flow chart. Nineteen years follow-up of offspring from a randomized controlled trial with fish oil supplementation in pregnancy.

Reprinted with permission from Lancet [19] has previously been published [28] and is reprinted with permission from Am J Clin Nutr
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Danish Data Protection Agency (journal no.: 2006-41-

6257). Written informed consent was obtained from all

subjects.

Statistics

The OO group was used as the reference in the study for

the following reasons: (1) the original study showed that

blinding worked well in the OO group, indicating that this

group was unlikely to have increased their fish consump-

tion during the trial period. (2) It seems reasonable to

assume that OO in the supplemented amounts was inert.

The results from the NO group are, however, also pre-

sented in the tables.

The distribution of biochemical variables was generally

skewed, and therefore log transformation was applied to

normalize the distribution. Geometric means and inter-

quartile ranges are presented.

Chi-square tests and Student’s t-tests were used to

compare categorical and normally distributed continuous

covariates, respectively, between participants and non-

participants as well as between the FO and OO groups with

two-sided p-values \0.05 considered statistically signifi-

cant. For covariates that were not normally distributed or

did not have the same variance in the two groups, Wilco-

xon rank sum test was used to test for differences between

groups.

Differential programming effects may be found in boys

and girls, and therefore the analyses used to estimate the

association between fish oil and later lipid profile were

initially stratified by sex, using ANOVA. Since the asso-

ciations were similar in males and females, multiple linear

regression modeling adjusting for sex was used to estimate

the association. Also, since supplementation with fish oil

would be expected to have the largest effect among preg-

nant women with a low baseline fish intake, the multiple

linear regression analyses were also done by only including

participants of mothers with a low baseline fish intake

(n = 46). All associations are reported as percentage dif-

ference, since they were all analyzed on the log-scale.

In addition to analyzing the effect on the relative abun-

dance of sdLDL (% of total number of LDL particles) using

multiple linear regression, also the effect on the prevalence

of LDL subclass B (prevalence of sdLDL [50%) was

estimated by logistic regression, adjusting for sex.

Results

Participants

Characteristics of those participating in the clinical exam-

ination and the non-participants are given in Table 1. The

participants differed from the non-participants with regard

to the mother’s age during pregnancy, sex and birth weight.

Also, the participation rates differed between randomiza-

tion groups, being lower in the FO group (41%) compared

with the OO group (53%). A number of women in the FO

group experienced side effects such as gastric reflux during

supplementation. When invited to the follow-up, a few

mothers reported that they did not think it was relevant for

their child to participate since they did not comply with the

original study protocol, due to side effects. The women

were contacted in writing and the importance of partici-

pating was explained, irrespective of compliance. How-

ever, among those participating in the clinical examination

from the FO group, 1.9% of the mothers took less than 75%

of the daily dosage as opposed to 8.6% among non-par-

ticipants. In the OO group, 2.8% of those participating in

the follow-up and 3.2% of non-participants took less than

75% of the daily dosage. There was no information on

compliance for 14.6 and 20.9% of the women receiving FO

and OO, respectively.

A description of the participants in the three randomi-

zation groups is given in Table 2. The three groups were

similar with respect to most covariates. The only difference

reaching statistical significance was the smoking status in

the offspring, with smoking being more prevalent among

participants from the OO group compared to the other two

groups.

The participants in the study were generally healthy.

The median (interquartile range) was 4.0 (3.6; 4.7) mmol/l

for total cholesterol, 1.3 (1.1; 1.6) mmol/l for HDL cho-

lesterol, 2.3 (1.8; 2.7) mmol/L for LDL cholesterol and 0.9

(0.6; 1.2) mmol/L for TAG. In light of the recommended

lipid levels in healthy subjects from international guide-

lines a total of 14% had a total cholesterol concentration

above 5 mmol/L, 9% an HDL cholesterol concentration

less than 1 mmol/L, 18% a LDL cholesterol concentration

above 3 mmol/L and only 3% had a TAG concentration above

2 mmol/L.

Fish oil supplementation during pregnancy was not

associated with cholesterol concentrations (total choles-

terol, LDL, and HDL), TAG concentration or Apo-A1 and

Apo-B in the offspring (Table 3). Also, no association was

found with relative abundance of sdLDL. However, when

restricting the analyses to participants of mothers with a

low baseline fish intake, there was a tendency towards a

healthier lipid and lipoprotein profile in participants from

the FO group compared with the OO group (Table 4).

Particularly, TAG, Apo-B and LDL cholesterol tended to

be lower in the FO group, but none of the differences were

statistically significant.

The distribution of LDL subclass phenotypes A, B and I

(Intermediate) in the three randomization groups, stratified

by sex, is shown in Fig. 2. There was a tendency towards a
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lower prevalence of phenotype B and larger prevalence of

phenotype I in the FO and NO groups compared to the OO

group. However, the difference did not reach statistical

significance. Sex was significantly associated with LDL

phenotype, with phenotype B being more prevalent among

males.

Discussion

We found no association between fish oil supplementation

during pregnancy and lipid and lipoprotein profile in the

19-year-old offspring. The LDL phenotype in the FO

group tended to be healthier in comparison to the

Table 1 Characteristics of

participants and non-

participants from the follow-up

of a randomized controlled trial

with fish oil supplementation

during pregnancy

The table has previously been

published [28] and is reprinted

with the permission from Am J
Clin Nutr

OO olive oil, NO no oil, FO fish

oil
a Information collected from a

self-administered questionnaire

to the pregnant women in week

16 of gestation
b Presented as number of

participants; % in parentheses
c Chi-square test
d Presented as mean ± SD
e Student’s t test
f Presented as median, inter-

quartile range in parentheses
g Wilcoxon rank sum test
h Information collected from a

self-administered web-based

questionnaire to the offspring at

the age of 18–19. Sex and birth

weight collected from medical

records
i Defined as regular exercise of

at least 20 min duration,

resulting in breathlessness

n Participants Non-participants p

Mothera

Parityb 517 0.82c

0 145 (60) 168 (63)

1 76 (31) 79 (29)

[1 22 (9) 27 (10)

Age at giving birthd 517 30 ± 4 29 ± 4 0.03e

Smokingb (yes) 516 67 (28) 93 (34) 0.11c

Mother’s pre-pregnancy BMIf (kg/m2) 479 21 (20; 23) 21 (20; 23) 0.16g

Fish intakeb 517 0.76c

Low 46 (19) 59 (22)

Medium 141 (58) 155 (57)

High 56 (23) 60 (22)

Offspringh (19 years)

Femaleb 517 136 (56) 100 (37) \0.001c

Smokersb 370 0.68cc

Current 39 (17) 25 (19)

Ex-smoker 13 (6) 6 (4)

Occasional smoker 49 (21) 22 (16)

Never smoker 134 (57) 82 (61)

Fish hot mealb 366 0.09c

Never 33 (14) 16 (12)

1–2 per month 108 (46) 49 (37)

3–4 per month 71 (31) 46 (35)

[5 per month 21 (9) 22 (17)

Fish cold mealb 360 0.71c

Never 45 (19) 30 (24)

1–2 per month 95 (41) 45 (36)

3–4 per month 44 (19) 25 (20)

[5 per month 50 (21) 26 (21)

Exerciseb,i 363 136 (59) 80 (60) 0.95c

Parental overweight (yes)

Motherb 366 39 (17) 28 (20) 0.51c

Fatherb 356 44 (19) 31 (24) 0.28c

Mother or fatherb 355 71 (32) 45 (35) 0.56c

Self-reported BMId (kg/m2) 382 22 ± 3 22 ± 3 0.85e

Birth weightd (g) 517 3595 ± 486 3485 ± 511 0.01e

Gestational agef (days) 517 284 (278; 290) 283 (277; 289) 0.20g

Randomization codeb 517 0.04c

OO 72 (30) 62 (23)

NO 63 (26) 60 (22)

FO 108 (44) 152 (56)
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phenotype of the OO group, but the difference was not

statistically significant. Finally, there were indications of a

healthier lipid profile among offspring of mothers with a

low baseline fish intake in the FO group, but with only 46

participants in this group, the confidence intervals were

wide and no statistically significant association could be

demonstrated.

Loss to follow-up was present overall but significantly

higher in the FO group compared to the OO group. This

could potentially have led to bias, assuming that a lower

participation rate was associated with an unhealthy lipid

profile. Participation per se would not be expected to be

directly associated with the lipid profile, since most of the

participants probably were unaware of their lipid levels, but

an unhealthy lipid profile is often associated with a high

BMI, and participation could be negatively associated with

BMI. However, according to the questionnaire data

(Table 1), participation was not associated with BMI.

Hence, it is unlikely that the results were biased for BMI.

The larger loss to follow-up in the FO group may partly

be caused by differences in compliance. Compliance was

higher among participants in the FO group compared to the

non-participants. By primarily including participants with

high compliance in the analyses, this would strengthen a

possible association between FO supplementation and later

lipid profile. Hence, this cannot explain the finding of no

association in the present study. However, those complying

with the study protocol might be different from those not

complying, and hence this could introduce some residual

confounding.

Participation was associated with exposure and may also

be associated with e.g. lifestyle factors which could

Table 2 Characteristics of

mothers and offspring in the

olive oil, no oil and fish oil

groups from the follow-up of a

randomized controlled trial with

fish oil supplementation during

pregnancy

The table has previously been

published [28] and is reprinted

with permission from Am J Clin
Nutr

OO olive oil, FO fish oil, NO no

oil
a Information collected from a

self-administered questionnaire

to the pregnant women in week

16 of gestation
b Presented as number of

participants, % in parentheses
c Chi-square test
d Presented as mean ± SD
e Student’s t test fish oil versus

olive oil
f Presented as median, inter-

quartile range in parentheses
g Wilcoxon rank sum test
h Information collected from a

self-administered web-based

questionnaire to the offspring at

the age of 18–19. Sex and birth

weight collected from medical

records
i Defined as regular exercise of

at least 20 min duration,

resulting in breathlessness

OO (n = 72) FO (108) NO (n = 63) p

Mothera

Parityb 0.83c

0 42 (58) 65 (60) 38 (60)

1 24 (33) 32 (30) 20 (32)

[1 6 (8) 11 (10) 5 (8)

Age at birthd 30 ± 4 30 ± 5 30 ± 4 0.90b

Smokersb (yes) 18 (25) 28 (26) 21 (33) 0.89c

Pre-pregnancy BMIf (kg/m2) 21 (19; 23) 21 (20; 22) 22 (20; 23) 0.58d

Offspringh

Femaleb 35 (49) 62 (57) 39 (62) 0.25c

Smokersb 0.002c

Current 19 (27) 13 (13) 7 (12)

Ex-smoker 6 (9) 1 (1) 6 (10)

Occasional smoker 10 (14) 27 (26) 12 (20)

Never smoker 35 (50) 63 (61) 36 (59)

Fish hot mealb 0.80c

Never 10 (14) 18 (17) 5 (9)

1–2 a month 29 (41) 47 (45) 32 (56)

3–5 a month 23 (32) 30 (29) 18 (32)

[5 a month 9 (13) 10 (10) 2 (4)

Fish cold mealb 0.09c

Never 19 (28) 15 (14) 11 (19)

1–2 a month 27 (40) 42 (39) 26 (44)

3–5 a month 8 (12) 22 (21) 14 (24)

[5 a month 5 (21) 16 (26) 4 (14)

Exerciseb,i (yes) 39 (55) 63 (64) 34 (58) 0.98c

Parental overweight

Motherb 14 (21) 12 (12) 13 (22) 0.13c

Fatherb 11 (16) 21 (20) 12 (21) 0.52c

Mother or fatherb 22 (32) 29 (29) 20 (34) 0.64c

Birth weightd (g) 3543 ± 489 3642 ± 489 3574 ± 476 0.19e

Gestational agef (days) 283 (277; 289) 284 (280; 291) 285 (277; 291) 0.09g
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influence lipid profile. Hence, such factors might confound

the association between FO supplementation and the lipid

profile. In the main analysis we only adjusted for sex.

Additional adjustment for offspring smoking and parental

overweight did not change estimates.

To our knowledge, no other study has investigated the

effect of supplementing with n-3 PUFA during pregnancy

on later lipid profile. However, fish oil supplementation

during pregnancy has been shown not to affect the lipid

profile of the umbilical cord blood speaking against fetal

life as the right time window for fish oil supplementation

[21]. In another study where term infants were randomized

to an intervention aimed at increasing dietary intake of n-3

PUFA and decreasing intake of n-6 PUFA from the time of

weaning until the age of 5 years, no association between

intervention and lipid profile was found when the children

were followed-up at the age of 8 years [18]. The children

were, however, very young at follow-up and effects may

not be visible until considerably later in life.

Several studies indicate that the lipid profile in adult-

hood can be influenced, ‘‘programmed’’, by early nutrition.

Hence, Barker et al. showed that a low abdominal cir-

cumference at birth was associated with higher concen-

trations of total cholesterol, LDL cholesterol and Apo-B in

adulthood [22]. The authors argued that this could be a

consequence of impaired liver growth during late gestation

due to malnutrition. Accordingly, a study from the Dutch

Hunger Winter showed that persons, who were exposed to

hunger during early gestation, displayed significantly

higher LDL to HDL ratios, and a tendency towards lower

plasma concentrations of HDL and Apo-A1 and higher

concentrations of LDL and Apo-B compared to persons

born before or after the Dutch Hunger Winter [23]. These

results, however, contradict results from the Leningrad

Siege, where no association between hunger during fetal

life or infancy and any of the lipid parameters in adulthood

was found [24].

A large body of research on programming of future

lipid profile has focused on the effects of breast feeding.

The short-term effect of breast feeding in infants is an

increase in total cholesterol [17]. However, this effect may

be reversed in adulthood, where breastfeeding has been

found to be associated with a lower total cholesterol

concentration [17]. Hence, a high total cholesterol con-

centration early in life may be protective later in life.

Table 3 Concentration of lipid parameters in the three randomization groups and difference in concentrations relative to the olive oil group

OO (n = 72) NO (n = 63) FO (n = 108)

Geometric meana Geometric meana Differenceb (%) Geometric meana Differenceb

(%)

HDL C (mmol/L) 1.3 (1.1; 1.6) 1.3 (1.1; 1.5) -2 (-8; 5) 1.4 (1.1; 1.6) 3 (-3; 10)

LDL C (mmol/L) 2.3 (2.0; 2.8) 2.2 (1.8; 2.7) -6 (-15; 5) 2.3 (1.8; 2.8) -3 (-11; 7)

Total C (mmol/L) 4.1 (3.6; 4.8) 4.0 (3.6; 4.5) -4 (-10; 3) 4.1 (3.5; 4.7) -1 (-6; 5)

TAG (mmol/L) 0.9 (0.6; 1.1) 0.9 (0.6; 1.3) 3 (-12; 20) 0.9 (0.7; 1.2) -4 (-16; 10)

Apo-A1 (g/L) 1.4 (1.2; 1.5) 1.4 (1.2; 1.6) -2 (-7; 3) 1.4 (1.2; 1.7) 2 (-2; 7)

Apo-B (g/L) 0.8 (0.7; 0.9) 0.7 (0.6; 0.9) -5 (-13; 4) 0.8 (0.6; 0.9) -1 (-9; 7)

sdLDLc (%) 36.8 (30.2; 48.5) 33.8 (27.8; 43.5) -6 (-16; 6) 37.4 (29.2; 43.9) 3 (-7; 15)

No statistically significant difference was found for any of the lipid or lipoprotein fractions

OO olive oil, NO no oil, FO fish oil, HDL C high-density lipoprotein cholesterol, LDL C low-density lipoprotein cholesterol, Total C total

cholesterol, TAG triglycerides, Apo apolipoprotein, sdLDL small dense low-density lipoprotein
a Geometric mean, interquartile range in parentheses
b Difference (in %) relative to olive oil, adjusted for sex, 95% confidence interval in parentheses
c n = 106 in FO group

Fig. 2 Distribution of LDL subclass phenotypes A, B and I (Interme-

diate) in the three randomization groups, stratified by sex. Phenotypes A,

B and I were characterized as follows: A: sdLDL \40% of LDL, I:

sdLDL 40-50% of LDL particles, B: sdLDL [50% of LDL particles.

There was no statistically significant difference in the prevalence of

phenotype B between groups
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Also, a study where pre-term infants were randomized to

banked breast milk or formulae showed that those

receiving banked breast milk had a lower LDL to HDL

ratio in adolescence [25]. The mechanism behind the

effects of breast-feeding or breast milk on later lipid

profile is unknown but may be associated with a lower

total energy intake [26] or the higher cholesterol con-

centration of breast milk compared to infant formulae. The

higher cholesterol concentration during early life could

potentially suppress endogenous cholesterol production

and hence lead to a lower cholesterol concentration later

in life [27]. However, breast milk is also high in n-3

PUFA. The short-term effect of supplementing infants

with fish oil on serum cholesterol is similar to that of

breast feeding [14, 17]. If the effect of breast feeding on

later lipid profile is operating through increased choles-

terol levels in infancy by inducing decreased endogenous

cholesterol production, this could also be the case for fish

oil supplementation. Most of the women in the present

study had a medium to high baseline fish consumption

during pregnancy, and it is possible that this attenuated the

effect of fish oil supplementation. Thus, among the off-

spring of mothers with a low baseline fish intake, there

were indications of a beneficial association between fish

oil supplementation and later lipid profile. However, as

mentioned previously this sub-group analysis contain very

few numbers, making it difficult to draw any conclusions.

Hence, further studies are needed to confirm this poten-

tially important observation.

Finally, it should be had in mind that very few indi-

viduals in early adulthood have an unhealthy lipid profile.

Potential benefits of early supplementation with n-3 PUFA

on later lipid profile might therefore not be detectable until

considerably later in life, and it will be important to follow-

up the offspring at later ages.

Conclusion

We found no association between fish oil supplementation

during third trimester of pregnancy and offspring plasma

lipid and lipoprotein profile in adolescence.
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Table 4 Concentration of lipid parameters in the three randomization groups and difference in concentrations relative to the olive oil group

OO (n = 13) NO (n = 9) FO (n = 24)

Geometric meana Geometric meana Differenceb (%) Geometric meana Differenceb

(%)

HDL C (mmol/L) 1.4 (1.2; 1.6) 1.2 (1.1; 1.2) -11 (-26; 7) 1.4 (1.3; 1.7) 6 (-8; 22)

LDL C (mmol/L) 2.6 (2.3; 3.1) 2.5 (1.9; 3.0) -3 (-24; 24) 2.2 (1.7; 2.6) -13 (-29; 5)

Total C (mmol/L) 4.5 (4.2; 5.2) 4.2 (3.7; 4.5) -6 (-20; 10) 4.1 (3.5; 4.7) -8 (-19; 4)

TAG (mmol/L) 1.1 (0.8; 1.3) 0.8 (0.7; 0.9) -21 (-47; 17) 0.8 (0.6; 1.25) -22 (-43; 6)

Apo-A1 (g/L) 1.5 (1.3; 1.6) 1.3 (1.1; 1.3) -11 (-22; 1) 1.5 (1.3; 1.7) 3 (-7; 14)

Apo-B (g/L) 0.8 (0.7; 1.0) 0.8 (0.6; 0.9) -3 (-23; 21) 0.7 (0.6; 0.88) -11 (-26; 6)

sdLDL (%) 35.1 (29.7; 40.2) 32.4 (26.7; 36.4) -9 (-31; 20) 38.4 (31.4; 42.8) 8 (-13; 34)

Analyses restricted to offspring of mothers with low baseline fish intake during pregnancy

No statistically significant difference was found for any of the lipid or lipoprotein fractions

OO olive oil, NO no oil, FO fish oil, HDL C high-density lipoprotein cholesterol, LDL C low-density lipoprotein cholesterol, Total C total

cholesterol, TAG triglycerides, Apo apolipoprotein, sdLDL small dense low-density lipoprotein
a Geometric mean, interquartile range in parentheses
b Difference (in %) relative to olive oil, adjusted for sex, 95% confidence interval in parentheses
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development of infants [1]. For this reason, both DHA and

ARA are commonly supplemented in infant formulae. For

example, fish oil, which is rich in DHA and eicosapenta-

enoic acid (EPA, 20:5n-3), is conventionally used as a

source of n-3 LC-PUFA in infant formulae in Japan, while

DHA-rich microalgal oil (DMO), which is free of EPA, is

used to supplement formulae in more than 60 countries

worldwide, including the United Kingdom, Mexico, China,

United States, and Canada.

A randomized clinical trial has suggested that EPA may

be unsuitable for infants because it might reduce ARA

levels and delay development [2]. However, maternal milk

contains some levels of n-3 LC-PUFA other than DHA,

such as 20:3n-3, EPA, and docosapentaenoic acid n-3

(DPAn-3) [3]. Although this suggests that excessive levels

of EPA are harmless, the effects of ingestion of trace

amounts n-3 LC-PUFA are unknown. Therefore, it is

necessary to compare the effects of ingested fish oil and

DMO on the fatty acid composition in tissues.

Since available tissue is limited in human studies, ani-

mal studies using rodents are useful for elucidating overall

LC-PUFA status in target tissues. For example, Moriguchi

et al. [4] showed that recovery from the DHA deficiency in

the brain and retina caused by n-3 PUFA deficient feeding

over two generations takes 8 weeks after initiation of the

repletion diet. Animal studies usually employ severe n-3

PUFA deficient conditions, such as long-term n-3 PUFA-

deficient diet [4, 5] or artificial rearing conditions with n-3

PUFA-deficient milk [6]. In this study, our interest is the

effect of n-3 LC-PUFA on a mildly n-3 PUFA deficient

nutritional status because severe n-3 PUFA deficiency is

rare in humans, except in such a case as total parenteral

nutrition with an inappropriate oil source [7].

In a previous report, we determined the fatty acid

composition of serum and liver phospholipids and tri-

glycerides in rat pups from mildly n-3 PUFA-deficient

dams who were fed fish oil (FO) or DMO, and found that

DMO nearly restored liver EPA levels to those of pups fed

a control diet, whereas FO had little effect [8]. However,

due to the rapid metabolic turnover in the serum and liver,

it is necessary to investigate phospholipid levels in other

tissues in order to deduce the overall impact of fish oil and

DMO on the LC-PUFA status of human infants.

Here, the fatty acid composition of phospholipids was

investigated in five rat tissues, namely the brain, heart,

Table 2 Fatty acid composition (%, [w/w]) of the oils fed to rat pups

as diet supplements

Fatty acid FO DMO

14:0 2.9 11.7

16:0 20.2 10.2

18:0 5.0 0.7

20:0 0.2 0.1

22:0 0.2 0.2

24:0 0.1 0.1

SFA 28.6 23.0

14:1(n-5) 0.1 0.1

16:1(n-7) 3.8 1.5

18:1(n-9) 18.9 23.3

18:1(n-7) 2.4 nd

20:1(n-9) 2 nd

22:1(n-9) 0.3 nd

24:1(n-9) 0.7 nd

MUFA 28.2 24.9

18:2(n-6) 1.2 1.4

20:2(n-6) 0.3 nd

20:3(n-6) 0.1 nd

20:4(n-6) 1.9 nd

22:4(n-6) 0.2 nd

22:5(n-6) 1.0 nd

n-6 PUFA 4.7 1.4

18:3(n-3) 0.5 0.2

20:5(n-3) 7.3 0.1

22:5(n-3) 1.4 0.3

22:6(n-3) 29.3 50.0

n-3 PUFA 38.5 50.6

Total PUFA 43.2 52.0

n-6/n-3 0.12 0.03

Fatty acid composition expressed as composition of fatty acid methyl

esters

FO Fish oil, DMO DHA-rich microalgal oil, nd not detected (less than

0.1%)

Table 1 Fatty acid composition (%, [w/w]) of the experimental diets

Fatty acid Control n-3 PUFA

deficient

16:0 10.3 9.4

18:0 3.8 3.3

20:0 0.3 0.9

22:0 0.4 1.9

24:0 nd 0.8

SFA 14.8 16.1

16:1n-7 0.1 0.1

18:1n-9 24.3 27.5

20:1n-9 0.1 0.6

MUFA 24.5 28.1

18:2n-6 52.7 55.7

18:3n-3 7.9 0.2

Total PUFA 60.6 55.9

n-6/n-3 6.7 278

Fatty acid composition expressed as composition of fatty acid methyl

esters

nd not detected (less than 0.1%)
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kidney, spleen and thymus. We elucidated the effect of

pre-weaning supplementation of FO or DMO on tissue

fatty acid composition compared to the oil supplement-

free condition. FO or DMO was fed to mildly n-3-PUFA-

deficient rats pre-weaning and the fatty acid composition

of the tissues was determined and compared to the con-

trol, namely, pups reared by n-3 PUFA-sufficient dams.

The results of this study suggest an important way to

improve n-3 PUFA deficiency through supplementation of

fish oil and DMO before weaning. This finding is an

important consideration in determining how best to

accomplish n-3 LC-PUFA supplementation through infant

formulae.

Materials and Methods

Animals, Diets, and Supplementation

All animal procedures were performed according to the

Regulations for Animal Experiments and Related Activi-

ties at Tohoku University (June 27, 2007, Regulation No.

122). Pregnant Sprague-Dawley rats (day 4 of gestation)

were purchased from Japan SLC, Inc. (Hamamatsu, Japan).

Two diets were prepared: the AIN-93G diet [9] as a

control diet and the n-3 PUFA-deficient diet. The AIN-93G

diet composition was the following: 397.5 g/kg cornstarch,

200 g/kg casein, 132 g/kg a-cornstarch, 100 g/kg sucrose,

70 g/kg soybean oil, 50 g/kg cellulose, 35 g/kg mineral

mix (AIN-93G), 10 g/kg vitamin mix (AIN-93), 3 g/kg

L-cystine and 2.5 g/kg choline bitartrate. The n-3 PUFA-

deficient diet was based on the AIN93G diet composition

and its oil source from soybean oil was replaced by an n-3-

deficient oil which consisted of a mixture of peanut and

safflower oils (Table 1). Alpha linolenic acid (ALA, 18:3n-

3), was the sole n-3 PUFA source in both diets and was

present at a concentration of 0.2% in n-3-deficient oil and

7.9% in soy bean oil for AIN-93G diet. The n-6/n-3 ratio of

the n-3 PUFA-deficient oil was 278 and approximately

40-fold higher than that of the soybean oil.

Fatty acid supplements were used as sources of n-3 LC-

PUFA (Table 2): FO (Nippon Suisan Kaisha, Ltd., Tokyo,

Japan) and DMO (Martek Co., Columbia, MD, USA). The

DHA content of FO and DMO was 29.3 and 50.0%,

respectively, while EPA was 7.3 and 0.1%, respectively.

The oils were emulsified in 1% sodium carboxymethyl

cellulose (CELLOGEN F; Dai-ichi Kogyo Seiyaku Co.,

Kyoto, Japan) solution by sonication to a final concentra-

tion of 20% (w/w). The emulsions were freshly prepared

daily.

Experimental Procedure

The experimental schedule is shown in Fig. 1. On the day

of delivery, the pregnant rats were divided into two diet

groups (Table 1): the control diet group (n = 2) and the

n-3 PUFA-deficient diet group (n = 6). Dams were fed the

experimental diets through the gestation and lactation

Pregnancy period

FO feeding

DMO feeding

day
5 28

Vehicle feeding

FO (n=6)

Vehicle (n=6)

DMO (n=6)

4

pup

Birth

Weaning
& supplement-free period

n-3 Deficient diet

Grouping
day

n-3 Deficient 

diet dam

(n=6)
p4 0 21p0

Vehicle feeding

Birth

Control  (n=6)

Control
diet dam
(n=2)

pup

Control diet

5
day

dayp4 0 21p0

Weaning
& supplement-free period

Lactationalperiod

21

21 28

Fig. 1 Schedule of the animal

experiment. P0 and P4 indicate

days of pregnancy. DMO DHA-

rich microalgal oil, FO fish oil.

Vehicle was 1% sodium

carboxymethyl cellulose

solution
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periods. At 4 days of age, pups were weighed and culled to

ten individuals from each dam for supplementation

experiments. Male pups born to dams fed the n-3 PUFA-

deficient diet group were assigned to each of the supple-

mentation treatment groups, and were orally administered

fatty acid supplements at 5 ll/g of body weight to pups

from 5 to 21 days of age (weaning date): n-3 PUFA-defi-

cient ? FO (n = 6), n-3 PUFA-deficient ? DMO (n = 6),

and n-3 PUFA-deficient ? vehicle (n = 6). Male pups

(n = 6) of dams fed the control diet were also administered

the vehicle. The oil or vehicle administration continued for

17 days and ended on the weaning day. After weaning,

pups were fed the same diet as their dams for a 1-week

without oil or vehicle administration.

After 1-week supplement-free period (28 days of age)

pups were sacrificed by decapitation after 12-h food

deprivation. Brain, heart, kidney, spleen, and thymus tis-

sues were removed and weighed, and were then immedi-

ately frozen and stored at -20 �C until analyzed. For

stomach content analysis, pups from another pregnant

Sprague-Dawley rat (n = 10) fed the control diet (n = 5)

or n-3 deficient diet (n = 5) were bred under the same

conditions and sacrificed at 5 days of age.

Fatty Acid Analysis

Total lipids were extracted from stomach contents and

tissues using the Bligh-Dyer method [10]. The fatty acid

methyl esters (FAME) of lipids from the stomach samples

were prepared by treatment with diazomethane followed by

sodium methoxide (NaOCH3) [11]. Phospholipids from

other tissues were purified by thin layer chromatography

(TLC) [12] before preparing FAME using NaOCH3.

FAME were analyzed by gas-liquid chromatography

(GLC) (GC-380; GL Sciences Inc., Tokyo, Japan) using a

CP-Sil 88 WCOT fused silica column (100 m 9 0.25 mm

i.d., 0.2-m film thickness; Varian, Middelburg, Nether-

lands) and identified by comparison against commercial

external standards. Fatty acid composition was expressed

as composition of fatty acid methyl esters.

Statistical Analysis

All data are expressed as the means ± standard deviation

(SD). Differences in the stomach content FAME levels of

pups from n-3 PUFA-deficient and control groups were

detected by the unpaired t test. Dunnett’s T3 multiple

comparison test was used to determine whether the values

of n-3 PUFA deficient ? FO, n-3 PUFA deficient ?

DMO, n-3 PUFA deficient ? vehicle, and control groups

differed from each other. IBM SPSS Statistic ver. 19 (IBM

Corp. Armonk, NY, USA) was used for all statistical

calculations.

Results

Stomach Content

Table 3 shows the fatty acid composition of the stomach

contents collected from 5-day-old rat pups. The fatty acid

composition of the stomach content reflects that of the

dam’s milk. Pups reared by dams on the n-3 PUFA-defi-

cient diet had significantly decreased levels of ALA, EPA,

docosapentaenoic acid (DPAn-3, 22:5n-3) and DHA levels

and significantly increased levels of docosapentaenoic acid

(DPAn-6, 22:5n-6) compared to 5-day-old pups reared by

Table 3 Fatty acid composition (%, [w/w]) of stomach contents of

5-day-old rat pups reared by control dams and mildly n-3 PUFA-

deficient dams

Fatty acid Control n-3 PUFA deficient

14:0 7.43 ± 1.71 8.36 ± 1.14

16:0 24.97 ± 1.28 25.35 ± 1.06

18:0 4.00 ± 0.23 3.71 ± 0.27

20:0 0.10 ± 0.02* 0.12 ± 0.01

22:0 0.06 ± 0.00*** 0.09 ± 0.01

24:0 0.08 ± 0.01** 0.12 ± 0.01

SAF 36.64 ± 2.77 37.75 ± 1.85

16:1(n-7) 2.25 ± 0.32 2.00 ± 0.39

18:1(n-7) 1.99 ± 0.20* 1.63 ± 0.22

18:1(n-9) 25.3 ± 1.81 25.49 ± 0.94

20:1(n-9) 0.45 ± 0.06* 0.61 ± 0.09

22:1(n-9) 0.05 ± 0.01 0.06 ± 0.00

24:1(n-9) 0.05 ± 0.02 0.06 ± 0.00

MUFA 30.10 ± 2.00 29.86 ± 1.09

18:2(n-6) 24.28 ± 1.07 24.99 ± 1.00

18:3(n-6) 0.74 ± 0.22 0.72 ± 0.09

20:2(n-6) 0.94 ± 0.11 1.12 ± 0.27

20:3(n-6) 1.08 ± 0.13 1.31 ± 0.20

20:4(n-6) 2.33 ± 0.42 2.55 ± 0.26

22:4(n-6) 0.62 ± 0.12 0.81 ± 0.20

22:5(n-6) 0.06 ± 0.01*** 0.26 ± 0.05

n-6PUFA 30.06 ± 1.47 31.76 ± 1.71

18:3(n-3) 1.79 ± 0.17*** 0.20 ± 0.03

20:5(n-3) 0.45 ± 0.08*** 0.06 ± 0.01

22:3(n-3) 0.01 ± 0.00 0.01 ± 0.00

22:5(n-3) 0.40 ± 0.04*** 0.09 ± 0.02

22:6(n-3) 0.56 ± 0.07*** 0.27 ± 0.04

n-3PUFA 3.21 ± 0.16*** 0.63 ± 0.09

Total PUFA 33.26 ± 1.55 32.39 ± 1.78

n-6/n-3 9.38 ± 0.50*** 51.23 ± 6.22

Fatty acid composition expressed as composition of fatty acid methyl

esters

Significant differences between groups as determined by the unpaired

t test. (*P \ 0.05, **P \ 0.01, ***P \ 0.005), n = 5
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dams on the control diet. The level of ARA was not sig-

nificantly different between the groups.

Brain

DHA content of brain phospholipids in 28-day-old pups

was 14.56% in the control diet group, but that in the n-3

PUFA-deficient ? vehicle group (9.72%) was significantly

lower (0.67-fold lower) than in any other group. For pups

in the n-3 PUFA-deficient group, supplementation with

DMO gave a significantly greater increase in DHA than

FO, and neither was significantly different than the control.

DPAn-3 and EPA did not differ significantly among the

four groups. ARA was approximately 11% in the control

and in the n-3 PUFA-deficient groups with vehicle and FO

supplementation, but ARA was slightly decreased (0.9-fold

lower than control) in the n-3 PUFA-deficient ? DMO

group (P \ 0.05). DPAn-6 showed a 3.8-fold increase from

1.66% in the control group to 6.53% in the n-3 PUFA-

deficient ? vehicle group (P \ 0.05). DPAn-6 with FO

supplementation was significantly decreased compared to

the vehicle, but still 1.6-fold higher than that of the control

(P \ 0.05) (Table 4). DMO supplementation significantly

decreased the DPAn-6 content to the control level.

Heart

The DHA content of heart phospholipids was 0.32-fold

lower in the n-3 PUFA-deficient diet group (2.80%) than in

the control diet group (8.55%)—a significant difference. In

the n-3 PUFA-deficient diet groups, FO supplementation

restored heart DHA to the control level, while DMO sup-

plementation produced levels that were 1.6-fold greater

than the control, a significant difference. DPAn-3 was

3.50% in the control and significantly lower in the other

groups (Table 5). EPA was not significantly different

among the four groups. ARA in the n-3 PUFA-defi-

cient ? DMO group was the lowest in the n-3 PUFA-

deficient diet group (24.38%; P \ 0.05). DPAn-6 was

2.25% in the control group and 7.91% in n-3 PUFA-defi-

cient ? vehicle group, a 3.5-fold increase (P \ 0.05). The

DPAn-6 content in the n-3 PUFA-deficient ? FO group

was significantly lower than in the n-3 PUFA-deficient ?

vehicle group, but still twice that in the control (P \ 0.05).

Table 4 Fatty acid composition

(%, [w/w]) in brain of rat pups

reared by mildly n-3 PUFA-

deficient dams with n-3

LC-PUFA-rich oil dietary

supplementation

Fatty acid composition

expressed as composition of

fatty acid methyl esters

DMO DHA-rich microalgal oil,

FO fish oil

Different lower case letters

indicate statistically significant

differences, as determined by

Dunnett’s T3 multiple

comparison test (*P \ 0.05)

Fatty acid Control n-3 PUFA

deficient ? vehicle

n-3 PUFA

deficient ? FO

n-3 PUFA

deficient ? DMO

14:0 0.38 ± 0.25 0.26 ± 0.16 0.44 ± 0.29 0.37 ± 0.15

16:0 24.58 ± 0.63 24.97 ± 2.06 24.10 ± 1.04 24.75 ± 1.04

18:0 19.06 ± 0.48 18.94 ± 0.48 19.11 ± 0.39 19.26 ± 0.56

20:0 0.48 ± 0.12 0.54 ± 0.10 0.53 ± 0.15 0.62 ± 0.09

22:0 0.23 ± 0.09 0.27 ± 0.16 0.36 ± 0.21 0.26 ± 0.23

24:0 0.18 ± 0.06 0.17 ± 0.09 0.19 ± 0.03 0.21 ± 0.04

SFA 44.91 ± 0.54 45.14 ± 1.95 44.74 ± 1.27 45.47 ± 1.18

16:1(n-7) 0.29 ± 0.02 0.27 ± 0.05 0.28 ± 0.02 0.27 ± 0.03

18:1(n-7) 3.14 ± 0.51 3.31 ± 0.59 3.53 ± 0.27 3.19 ± 0.75

18:1(n-9) 15.92 ± 0.41 15.77 ± 1.36 16.36 ± 0.82 16.48 ± 0.66

20:1(n-9) 1.03 ± 0.25 1.01 ± 0.27 1.10 ± 0.27 1.20 ± 0.17

22:1(n-9) 0.15 ± 0.05 0.12 ± 0.10 0.15 ± 0.09 0.16 ± 0.08

MUFA 20.53 ± 0.38 20.48 ± 2.19 21.43 ± 1.39 21.30 ± 1.34

18:2(n-6) 1.34 ± 0.17 1.18 ± 0.09 1.22 ± 0.10 1.32 ± 0.11

20:2(n-6) 0.38 ± 0.06 0.39 ± 0.10 0.39 ± 0.08 0.51 ± 0.09

20:3(n-6) 0.62 ± 0.08 0.53 ± 0.09 0.60 ± 0.06 0.65 ± 0.07

20:4(n-6) 11.32 ± 0.27a 11.40 ± 0.61a 10.95 ± 0.46a 9.95 ± 0.30b

22:4(n-6) 3.94 ± 0.21ab 4.36 ± 0.26c 3.87 ± 0.14a 3.45 ± 0.09b

22:5(n-6) 1.66 ± 0.35a 6.35 ± 0.64b 2.70 ± 0.26c 1.87 ± 0.44a

n-6 PUFA 19.27 ± 0.24a 24.22 ± 0.98b 19.74 ± 0.35a 17.75 ± 0.50c

20:5(n-3) 0.15 ± 0.09 0.10 ± 0.08 0.10 ± 0.09 0.23 ± 0.22

22:5(n-3) 0.57 ± 0.29 0.33 ± 0.17 0.35 ± 0.17 0.56 ± 0.11

22:6(n-3) 14.56 ± 0.74ab 9.72 ± 0.76c 13.65 ± 0.63a 14.69 ± 0.38b

n-3 PUFA 15.29 ± 0.70ab 10.15 ± 0.65b 14.10 ± 0.59c 15.48 ± 0.29a

Total PUFA 34.56 ± 0.74a 34.37 ± 0.94ab 33.84 ± 0.90ab 33.23 ± 0.42b

n-6/n-3 1.26 ± 0.06a 2.40 ± 0.21b 1.40 ± 0.04c 1.15 ± 0.05d

Lipids (2011) 46:1101–1110 1105

123



DMO supplementation significantly decreased the DPAn-6

content to the control.

Kidney, Spleen, and Thymus

DHA content in the control diet for the kidney (Table 6),

spleen (Table 7), thymus (Table 8) phospholipids (2.97,

2.21, 0.81%, respectively) was lower than those for the

brain and heart. DHA content in the n-3 PUFA-defi-

cient ? vehicle group was 1.09, 0.61, 0.28%, respectively,

which is 0.3–0.4-fold lower than in the control group

(P \ 0.05). FO supplementation restored the kidney and

thymus DHA levels to the control levels, but the spleen

DHA level recovered no further than 0.7-fold that of the

positive control (P \ 0.05). DHA of kidney, spleen, thy-

mus was 1.6, 1.6, 1.9-fold higher respectively for the n-3

PUFA-deficient ? DMO group than in the control

(P \ 0.05). Although FO or DMO supplementation sig-

nificantly restored kidney and spleen DPAn-3 levels

compared to the vehicle, was lower than that of the control

group (P \ 0.05). EPA was very low in the n-3 PUFA-

deficient ? vehicle group in kidney and spleen and was not

detected in the thymus. FO or DMO supplementation

restored the EPA level in these tissues, and, in particular,

the kidney EPA level in the n-3 PUFA deficient ? DMO

group was not significantly different from the control.

Kidney ARA was slightly higher in the n-3 PUFA-deficient

diet with vehicle and with FO supplementation than in

DMO supplementation group (P \ 0.05). ARA of spleen

and thymus did not significantly differ among the groups.

DPAn-6 in the kidney, spleen and thymus was 0.20, 0.44

and 1.43%, respectively, in the control and 2.41, 2.15 and

2.66% in the n-3 PUFA-deficient ? vehicle group, repre-

senting a 12-, 4.9-, and 1.9-fold increase, respectively

(P \ 0.05). The DPAn-6 content of these tissues in the n-3

PUFA-deficient ? FO group was significantly lower than

in the n-3 PUFA-deficient ? vehicle, but still 4.4-, 3.1- and

1.3-fold that of the positive control. DMO supplementation

Table 5 Fatty acid composition

(%, [w/w]) in heart tissue of rat

pups reared by mildly n-3

PUFA-deficient dams with n-3

LC-PUFA-rich oil dietary

supplementation

Fatty acid composition

expressed as composition of

fatty acid methyl esters

nd not detected (less than

0.01%)

DMO DHA-rich microalgal oil,

FO fish oil

Different lower case letters

indicate statistically significant

differences, as determined by

Dunnett’s T3 multiple

comparison test (*P \ 0.05)

Fatty acid Control n-3 PUFA

deficient ? vehicle

n-3 PUFA

deficient ? FO

n-3 PUFA

deficient ? DMO

14:0 0.18 ± 0.18 0.26 ± 0.39 0.11 ± 0.15 0.12 ± 0.10

16:0 14.31 ± 2.52 13.24 ± 1.32 13.02 ± 0.75 13.27 ± 0.94

18:0 23.48 ± 0.72 23.34 ± 0.44 23.18 ± 0.99 23.4 ± 0.91

20:0 0.17 ± 0.17 0.37 ± 0.39 0.19 ± 0.03 0.21 ± 0.04

22:0 0.10 ± 0.14 0.06 ± 0.06 0.07 ± 0.08 0.07 ± 0.10

24:0 0.03 ± 0.08 nd 0.01 ± 0.03 0.03 ± 0.04

SFA 38.26 ± 2.55 37.26 ± 1.77 36.58 ± 0.85 37.11 ± 1.57

14:1(n-5) nd 0.01 ± 0.03 nd nd

16:1(n-7) 0.07 ± 0.06 0.11 ± 0.01 0.09 ± 0.05 0.11 ± 0.02

18:1(n-7) 2.86 ± 0.27 2.56 ± 0.15 2.60 ± 0.10 2.62 ± 0.23

18:1(n-9) 2.78 ± 0.24 3.08 ± 0.33 3.14 ± 0.21 3.05 ± 0.36

20:1(n-9) 0.05 ± 0.06 0.16 ± 0.02 0.13 ± 0.07 0.16 ± 0.01

22:1(n-9) nd nd nd nd

MUFA 5.76 ± 0.39 5.92 ± 0.33 5.97 ± 0.35 5.93 ± 0.56

18:2(n-6) 10.93 ± 1.54 12.02 ± 1.89 12.06 ± 1.87 12.23 ± 1.34

20:2(n-6) 0.52 ± 0.07 0.60 ± 0.04 0.59 ± 0.05 0.60 ± 0.06

20:3(n-6) 0.54 ± 0.07 0.53 ± 0.05 0.58 ± 0.04 0.57 ± 0.05

20:4(n-6) 25.41 ± 1.99ab 26.95 ± 1.37a 27.02 ± 1.06a 24.38 ± 0.29b

22:4(n-6) 4.01 ± 1.92abc 5.14 ± 0.35a 3.90 ± 0.25b 2.49 ± 0.14c

22:5(n-6) 2.25 ± 0.12a 7.91 ± 0.78b 4.47 ± 0.30c 1.89 ± 0.35a

n-6 PUFA 43.66 ± 1.53a 53.15 ± 1.94b 48.61 ± 1.24c 42.16 ± 1.56a

18:3(n-3) 0.05 ± 0.06 nd nd nd

20:5(n-3) 0.22 ± 0.08 0.12 ± 0.10 0.07 ± 0.11 0.16 ± 0.15

22:5(n-3) 3.50 ± 0.41a 0.76 ± 0.18 b 1.06 ± 0.10 c 0.67 ± 0.11 b

22:6(n-3) 8.55 ± 1.13a 2.80 ± 0.56b 7.71 ± 0.93a 13.98 ± 1.12c

n-3 PUFA 12.31 ± 1.48a 3.68 ± 0.73b 8.84 ± 1.03c 14.80 ± 1.18a

Total PUFA 55.97 ± 2.24 56.82 ± 1.74 57.45 ± 0.79 56.96 ± 1.45

n-6/n-3 3.59 ± 0.45a 15.06 ± 3.78b 5.59 ± 0.88c 2.87 ± 0.28d
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significantly decreased the DPAn-6 content compared to

the control level.

Discussion

We examined the effect of two common n-3 LC-PUFA

supplement sources during the infant period in a rat model.

DMO is designed to have the highest breast milk DHA

content, i.e. 1.4% of total fatty acids, as reported in a meta-

analysis of ‘‘DHA and ARA concentrations in breast milk

from mothers of term infants’’ conducted by Brenna et al.

[13], as a safe and effective supplemental level. It is dif-

ficult to estimate the actual daily fatty acid intake of fat in

rat pups that are reared on mother’s milk. Based on studies

on pups reared on milk replacer [14, 15], 5-day-old pups

need 290 mg milk substitute/g body weight with a 12.3%

fat content in order to maintain similar body weight to

counterparts reared on mother’s milk [15]. Based on the

calculation that pups at this age ingested 35.7 mg fat/g

body weight, the supplementation used in the experiment in

this study was set at 1 mg fat/g body weight, corresponding

to a 2.8% daily fat intake. The percentage of DHA as a

percentage of the total fatty acid intake was calculated to

be 1.4% DHA. The supplementation of FO was followed

by DMO supplementation and the calculated percentage

was 0.82% DHA, 0.04% DPAn-3 and 0.20% EPA of the

total fatty acid intake. A supplement-free period at 7 days

was set because fatty acids from the oil supplementation

are thought to be pooled in the liver and plasma first, it

would take more than 4 days to distribute to other tissues

[16].

FO supplementation to rat pups of dams fed on a n-3

PUFA-deficient diet nearly restored DHA levels in tissue

phospholipids to those of the control group pups; however,

tissue phospholipid EPA and DPAn-3 levels did not

recover. In addition, the DPAn-6 level, which serves as a

reliable index of n-3 PUFA deficiency, did not decrease to

the control group level. Taken together, these results

indicate that the dosage of FO supplementation to pups

in this study was insufficient to completely restore the

LC-PUFA status. The low recovery of tissue phospholipid

Table 6 Fatty acid composition

(%, [w/w]) in kidney of rat pups

reared by mildly n-3 PUFA-

deficient dams a with n-3

LC-PUFA-rich oil dietary

supplementation

Fatty acid composition

expressed as composition of

fatty acid methyl esters

nd not detected (less than

0.01%)

DMO DHA-rich microalgal oil,

FO fish oil

Different lower case letters

indicate statistically significant

differences, as determined by

Dunnett’s T3 multiple

comparison test (*P \ 0.05)

Fatty acid Control n-3 PUFA

deficient ? vehicle

n-3 PUFA

deficient ? FO

n-3 PUFA

deficient ? DMO

14:0 0.53 ± 0.16 0.53 ± 0.2 0.38 ± 0.36 0.60 ± 0.27

16:0 21.60 ± 0.96 21.29 ± 1.25 21.19 ± 1.07 22.06 ± 0.68

18:0 15.98 ± 0.32ab 16.29 ± 0.59ab 16.36 ± 0.46a 15.42 ± 0.43b

20:0 0.23 ± 0.09 0.27 ± 0.15 0.24 ± 0.03 0.21 ± 0.05

22:0 0.11 ± 0.12 0.06 ± 0.09 0.08 ± 0.20 nd

24:0 nd nd nd 0.02 ± 0.04

SFA 38.45 ± 0.99 38.44 ± 1.08 38.25 ± 1.75 38.31 ± 0.77

16:1(n-7) 0.54 ± 0.10 0.53 ± 0.10 0.52 ± 0.13 0.49 ± 0.11

18:1(n-7) 2.10 ± 0.33 1.95 ± 0.38 1.92 ± 0.15 1.71 ± 0.12

18:1(n-9) 8.37 ± 1.24 8.4 ± 0.35 8.25 ± 0.42 8.28 ± 0.21

20:1(n-9) 0.16 ± 0.02 0.18 ± 0.02 0.17 ± 0.09 0.19 ± 0.03

22:1(n-9) nd nd nd nd

MUFA 11.18 ± 1.5 11.05 ± 0.68 10.87 ± 0.51 10.67 ± 0.16

18:2(n-6) 13.1 ± 0.56a 11.72 ± 0.41b 11.93 ± 0.78ab 12.99 ± 0.38a

20:2(n-6) 0.79 ± 0.34 1.04 ± 0.13 1.05 ± 0.17 1.06 ± 0.16

20:3(n-6) 0.98 ± 0.07 1.05 ± 0.12 1.15 ± 0.12 1.14 ± 0.08

20:4(n-6) 29.62 ± 1.34ab 31.37 ± 0.84a 31.13 ± 0.89a 29.22 ± 0.35b

22:4(n-6) 1.13 ± 0.08ac 1.62 ± 0.12b 1.34 ± 0.14a 1.05 ± 0.10c

22:5(n-6) 0.20 ± 0.05a 2.41 ± 0.09b 0.88 ± 0.47a 0.23 ± 0.02a

n-6PUFA 45.81 ± 1.19a 49.19 ± 0.62b 47.49 ± 1.42ab 45.69 ± 0.54a

18:3(n-3) 0.26 ± 0.01 nd nd nd

20:5(n-3) 0.33 ± 0.12a 0.04 ± 0.11b 0.14 ± 0.12ab 0.27 ± 0.06a

22:5(n-3) 1.00 ± 0.09a 0.18 ± 0.10b 0.38 ± 0.04c 0.30 ± 0.07bc

22:6(n-3) 2.97 ± 0.22a 1.09 ± 0.17b 2.87 ± 0.23a 4.76 ± 0.22c

n-3PUFA 4.56 ± 0.31a 1.32 ± 0.33b 3.39 ± 0.36c 5.33 ± 0.23a

Total PUFA 50.37 ± 1.45 50.51 ± 0.75 50.88 ± 1.38 51.01 ± 0.74

n-6/n-3 10.07 ± 0.49a 38.91 ± 7.88b 14.16 ± 1.69c 8.59 ± 0.29d
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EPA and DPAn-3 compared to DHA also suggests that

these fatty acids might be preferentially metabolized to

DHA in rats.

In the case of DMO supplementation, the brain

phospholipid DHA level also recovered to that of the

control pups, although the other four tissue phospholipid

DHA levels exceeded those of the control group. This

finding suggests that the dose of DMO used in this

experiment slightly exceeded suitable levels and that brain

phospholipid DHA content might be regulated by homeo-

stasis. Tissue phospholipid DPAn-6 was lower compared to

the vehicle-feeding group level. Taken together, these

results indicate that DMO is more effective than FO for

restoring n-3 LC-PUFA status, because DMO contains

approximately a 1.3-fold greater total n-3 PUFA than fish

oil (Table 2).

Our study showed that both FO and DMO supplemen-

tation during the nursing period restored the brain DHA

level in pups reared by dams fed a n-3 PUFA-deficient diet,

although the brain DHA generally has very slow metabolic

turnover. For example, Moriguchi et al. [4] studied the

DHA supplementation effect on the tissue fatty acid com-

position of n-3 PUFA-deficient weaned rats and reported

that a full recovery of the DHA level in the brain was not

obtained until 8 weeks after initiation of the repletion diet.

The following difference in our study might explain this

apparently conflicting finding. The one reason n-3 PUFA-

deficiency in this study is mild is that the decrease in brain

DHA is only one-third of the control level. In addition,

infant-stage mammals have an immature brain-blood bar-

rier [17]. Therefore, our experimental design might make it

conducive to recovering from the n-3 PUFA deficient

condition.

It has been proposed that dietary EPA from fish oil

hinders infant development by competing with ARA [2].

However, in the present experiment, FO supplementation

did not reduce phospholipid ARA content in nearly any of

the examined tissues, a result which may be explained by

three possible factors. First, the dosage of FO was appro-

priate and not excessive to allow recovery of DHA levels in

Table 7 Fatty acid composition

(%, [w/w]) in the spleen of rat

pups reared by mildly n-3

PUFA-deficient dams with n-3

LC-PUFA-rich oil dietary

supplementation

Fatty acid composition

expressed as composition of

fatty acid methyl esters

nd not detected (less than

0.01%)

DMO DHA-rich microalgal oil,

FO fish oil

Different lower case letters

indicate statistically significant

differences, as determined by

Dunnett’s T3 multiple

comparison test (*P \ 0.05)

Fatty acid Control n-3 PUFA

deficient ? vehicle

n-3 PUFA

deficient ? FO

n-3 PUFA

deficient ? DMO

14:0 0.63 ± 0.18 0.38 ± 0.31 0.55 ± 0.2 0.58 ± 0.22

16:0 28.28 ± 0.98 27.18 ± 2.13 27.71 ± 0.8 28.33 ± 0.86

18:0 15.00 ± 0.35 14.94 ± 1.38 14.85 ± 1.14 14.53 ± 1.12

20:0 0.05 ± 0.08 0.17 ± 0.15 0.16 ± 0.1 0.18 ± 0.05

22:0 nd 0.10 ± 0.13 0.02 ± 0.04 0.02 ± 0.05

24:0 0.01 ± 0.04 0.03 ± 0.06 nd 0.04 ± 0.07

SFA 43.98 ± 0.9 42.8 ± 2.95 43.29 ± 1.28 43.69 ± 1.00

16:1(n-7) 0.46 ± 0.05 0.36 ± 0.19 0.44 ± 0.07 0.45 ± 0.07

18:1(n-7) 2.08 ± 0.12 2.13 ± 0.44 1.98 ± 0.24 1.88 ± 0.12

18:1(n-9) 6.70 ± 0.33 8.89 ± 4.04 7.23 ± 0.32 7.18 ± 0.38

20:1(n-9) 0.37 ± 0.07 0.41 ± 0.23 0.44 ± 0.03 0.43 ± 0.03

22:1(n-9) 0.01 ± 0.03 0.04 ± 0.09 0.02 ± 0.05 0.04 ± 0.06

MUFA 9.63 ± 0.33 11.83 ± 4.71 10.12 ± 0.49 9.99 ± 0.40

18:2(n-6) 9.18 ± 0.38a 8.03 ± 0.4b 8.48 ± 0.22bc 8.89 ± 0.39ac

20:2(n-6) 1.18 ± 0.14 1.25 ± 0.09 1.38 ± 0.07 1.35 ± 0.08

20:3(n-6) 1.04 ± 0.08 0.97 ± 0.12 1.05 ± 0.08 1.06 ± 0.08

20:4(n-6) 25.93 ± 0.40 26.78 ± 1.73 26.82 ± 0.73 25.83 ± 0.35

22:4(n-6) 3.56 ± 0.17a 5.18 ± 0.31b 4.73 ± 0.06b 3.86 ± 0.19a

22:5(n-6) 0.44 ± 0.16a 2.15 ± 0.63b 1.37 ± 0.62ab 0.65 ± 0.4a

n-6 PUFA 41.32 ± 0.76a 44.35 ± 2.05ab 43.84 ± 0.93b 41.64 ± 0.62a

18:3(n-3) 0.02 ± 0.04 0.02 ± 0.06 nd nd

20:5(n-3) 0.34 ± 0.17a 0.07 ± 0.10b 0.18 ± 0.18ab 0.15 ± 0.16ab

22:5(n-3) 2.50 ± 0.40a 0.33 ± 0.18b 0.88 ± 0.17c 0.91 ± 0.47bc

22:6(n-3) 2.21 ± 0.11a 0.61 ± 0.12b 1.7 ± 0.22c 3.63 ± 0.12d

n-3 PUFA 5.07 ± 0.42a 1.03 ± 0.23b 2.76 ± 0.26c 4.69 ± 0.40a

Total PUFA 46.39 ± 0.92 45.38 ± 2.08 46.59 ± 1.10 46.33 ± 0.64

n-6/n-3 8.19 ± 0.63a 46.06 ± 15.80b 16.01 ± 1.42c 8.94 ± 0.78a
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brain phospholipid; second, rat pups could ingest maternal

milk that included appropriate levels of ARA; and third,

the FO used in this experiment was tuna oil, which has four

times more DHA than EPA. Our results are also supported

by human studies that have indicated FO with an appro-

priate level and ratio of DHA and EPA does not affect

plasma and erythrocyte ARA status in infants [18, 19].

Contrary to our expectations, DMO supplementation

decreased the ARA level in brain phospholipids—0.9%

compared to the control level. Although it is unclear

whether this slight reduction in brain phospholipid ARA is

biologically significant, acute changes in such an important

fatty acid would cause metabolic changes in order to

maintain fatty acid homeostasis. For example, Kim et al.

[20] reported that dietary n-6 PUFA deprivation down-

regulates arachidonate metabolizing enzymes in the rat

brain such as cytosolic phospholipase A2 and cyclooxy-

genase-2 decreases ARA consumption. In their experi-

mental conditions, brain ARA content was reduced by 28%

[21].

In this study, two sources of n-3 LC-PUFA (FO and

DMO) were supplemented to mildly n-3-deficient rat pups

to elucidate effects of supplementation on tissue LC-PUFA

content. Both FO and DMO improved the DHA level of

tissues, particularly the brain. DMO was more effective at

increasing tissue DHA status because it is richer in n-3

PUFA than FO. FO had slightly lower PUFA levels than

required to completely restore LC-PUFA status to normal

levels in this experiment, and EPA did not accumulate in

tissues under the conditions tested here. These results

demonstrate the effectiveness of ingesting either FO or

DMO in the pre-weaning period for improving mild n-3

PUFA deficiency.
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DPAn-3 Docosapentaenoic acid (22:5n-3)

EPA Eicosapentaenoic acid (20:5n-3)

LNA Linoleic acid (18:2n-6)

LC-PUFA Long chain polyunsaturated fatty acids

(PUFA with 20 or more atoms of carbon)

MUFA Monounsaturated fatty acids (one double

bond)

n-3 LC-PUFA Long chain polyunsaturated fatty acids

(PUFA with 20 or more atoms of carbon)

with the first double bond at the 3rd

carbon atom from the methyl end of the

molecule

n-6 LC-PUFA Long chain polyunsaturated fatty acids

(PUFA with 20 or more atoms of carbon)

with the first double bond at the 6th

carbon atom from the methyl end of the

molecule

PUFA Polyunsaturated fatty acids (two or more

double bonds)

SFA Saturated fatty acids

Introduction

Fish oil utilization by the aquafeed industry is increasingly

recognized by the scientific sector and industry stake-

holders as an environmentally unsustainable and econom-

ically unviable practice. Thus, a significant global research

effort is currently focusing on finding possible remedial

strategies; and the use of alternative oils (vegetable oils and

animal fats) to replace fish oil in aquafeed formulations is

envisaged to be the most practical and easily implemented

option [1].

It has been well documented that when fish oil is

substituted with alternative oils of terrestrial origin, the

resultant fatty acid composition of fish fillet is significantly

affected [2, 3]. Specifically, the major detrimental effect of

replacing fish oil is the reduction of the overall nutritional

qualities of cultured products due to the reduction of health

promoting omega-3 long chain polyunsaturated fatty acids

(n-3 LC-PUFA; and particularly eicosapentaenoic acid—

EPA, 20:5n-3, docosapentaenoic acid—DPAn-3, 22:5n-3

and docosahexaenoic acid—DHA, 22:6n-3) in fish fillet

[4]. Therefore, the fatty acid metabolism, and potential

fatty acid bioconversion capabilities, of cultured fish is a

topic of increasing scientific interest, and major strides

have now been achieved in its understanding [5, 6].

On a yearly basis, global salmonid aquaculture is

responsible for the exploitation of over 56% fish oil sup-

plies [7]. The high demand for fish oil by the salmonid

industry is driven mainly by the market demand/

expectation for n-3 LC-PUFA rich products [4, 7], rather

than a physiological need of these species. In fact, salmo-

nids such as the Atlantic salmon (Salmo salar) and the

rainbow trout (Oncorhynchus mykiss), are likely better

equipped, from a fatty acid metabolism point of view, to

cope successfully with fish oil replacement in their diets in

comparison to other fish species [8–12]. Rainbow trout in

particular, have been shown to be capable of bioconverting

large quantities of dietary a-linolenic acid (ALA, 18:3n-3),

which can be found in several different vegetable oils, into

n-3 LC-PUFA [13]. However, the final n-3 LC-PUFA

content of the fillets of trout fed fish oil deprived diets

(560 mg per 100 g of fillet) was still significantly lower

than that of fish fed with a fish oil-based diet (1,860 mg per

100 g of fillet). Thus, it is important to gain a better

understanding of n-3 LC-PUFA biosynthesis in fish,

towards more efficiently formulated feeds for maximizing

the n-3 LC-PUFA content of fish fillet, when fish oil is not

included in dietary formulations.

The enzymes involved in the bioconversion of both n-3

and n-6 C18 PUFA to LC-PUFA are the D-6 desaturase (EC

1.14.19.3), the D-5 desaturase (EC 1.14.19.-) and two

elongases (EC 6.2.1.3; Elovl-5 and Elovl-2) [6]. Therefore,

it is evident that the proportion of substrate availability (n-3

and n-6 C18 PUFA) will ultimately have an effect on the

final production of n-3 or n-6 LC-PUFA. As such, it is

commonly accepted that the dietary a-linolenic acid (ALA,

18:3n-3)/linoleic acid (LNA, 18:2n-6) ratio plays a major

role on fatty acid metabolism. Surprisingly, whilst fish oil

deprived diets either rich in 18:3n-3 (i.e. linseed/flaxseed

oil, camelina oil, etc.) or 18:2n-6 (i.e soybean oil, sun-

flower oil, etc.) have been studied in fish in detail [14–16],

studies focusing on a sliding 18:3n-3/18:2n-6 ratio are

relatively scarce and limited to a few species, including:

Coho salmon (Oncorhynchus kisutch) [17]; Milkfish

(Chanos chanos) [18]; silver perch (Bidyanus bidyanus)

[19]; Eurasian perch (Perca fluviatilis) [20]; yellow catfish

(Pelteobagrus fulvidraco) [21]; and Murray cod (Maccul-

lochella peelii peelii) [22, 23]. An early study on rainbow

trout also assessed the effect of various 18:3n-3/18:2n-6

ratios in juvenile fish from 0.4 to 4 g of body weight [24].

In this study it was shown that both 18:3n-3 and 18:2n-6

are essential fatty acids for rainbow trout and that trout

grew better when receiving a diet richer in 18:3n-3 than

18:2n-6. The authors also suggested that the bioconversion

of 18:2n-6 into n-6 LC-PUFA was partially inhibited by

dietary 18:3n-3, whilst the bioconversion of 18:3n-3 was

also inhibited by dietary 18:2n-6, but to a lesser degree.

Importantly, whilst these results are very interesting, it

should be noted that in this study, one-month old fish were

used, and that prior to the experimentation fish were fed a

fat free diet containing fatty acids in a purified free ethyl

ester form.
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The objective of the present study was to evaluate the

effects of different 18:3n-3/18:2n-6 ratios in practical

(commercial-like) fish oil deprived diets in rainbow trout

over the whole production cycle, with particular attention

on the effects on the fatty acid metabolism and the final

fatty acid composition of fish fillet.

Materials and Methods

Animals and Husbandry

Juvenile rainbow trout (Oncorhynchus mykiss) were

obtained from Fisheries Victoria—Department of Primary

Industries (Snobs Creek, Victoria, Australia) and trans-

ported to Deakin University’s Aquaculture Research

Facility at the Warrnambool campus. Prior to the com-

mencement of the feeding trial, fish were acclimated to the

new environmental conditions in a recirculating aquaculture

system (RAS) and maintained on a commercial diet (Skr-

etting, Cambridge, Tasmania, Australia) at 2% of their body

weight daily for 5 weeks. The RAS system consisted of 18

(1,000 L) rearing tanks, equipped with inline biological and

physical filtration (drum filter with a 60-lm screen; Hyd-

rotech, Vellinge, Sweden), ultra violet (UV) disinfection,

oxygen enrichment and temperature and light control. The

system was maintained on a 12:12 h light:dark cycle. Fish

were held under optimal conditions, the pH (mean

8.26 ± 0.04), dissolved oxygen (mean 9.14 ± 0.30 mg/L)

and water temperature (mean 15.0 ± 0.80 �C) were moni-

tored daily. The levels of metabolic waste products,

ammonia and nitrite were monitored weekly and recorded

values below 0.20 and 0.25 mg L-1, respectively.

Experimental Diets and Study Design

Six iso-proteic and iso-lipidic experimental diets were

formulated and manufactured, as previously reported in

detail [25], to contain 46% of protein and 18% of lipid and

varying only in the dietary lipid source. Fish oil was used

as a reference/control diet (CD). Sunflower oil (rich in LA,

18:2n-6) and linseed oil (rich in ALA, 18:3n-3) were

blended in variable proportions to obtain five diets with

varying ratios of 18:3n-3/18:2n-6, maintaining a constant

level of total C18 PUFA (58% of total fatty acids). The diets

were named ALA72%, ALA54%, ALA36%, ALA18% and

ALA2% (indicating the % contribution of 18:3n-3 to total

C18 PUFA content of the diet). The 18:3n-3/18:2n-6 ratios

of five experimental diets were 2.63, 1.19, 0.56, 0.23, and

0.02, respectively.

At the commencement of the experiment, 360 fish with

an initial body weight of 29.8 ± 0.21 g were individually

weighed and randomly distributed into 18 tanks (20 fish per

tank) and randomly assigned to each of the six experi-

mental treatments in triplicate groups.

Fish in each treatment were fed with one of the six

experimental diets by hand to apparent satiation twice daily

at 0900 h and 1600 h for a 126 day grow out period. Feed

consumption was recorded weekly and mortalities were

recorded throughout the experimental period.

At the commencement of the experiment, an initial

sample of 15 fish was taken and euthanized in excess

anaesthetic (AQUI-S, Lower Hutt, New Zealand) for sub-

sequent analysis. Feces were collected during the last week

before the termination of the experiment, as previously

described in detail [26]. At completion of experimental

phase, all fish were individually weighed and eight fish

from each tank (24 fish per treatment) were randomly

taken, euthanized and stored at -20 �C for future analysis.

All procedures used in this study were approved by the

Deakin University Animal Welfare Committee.

Chemical Analysis

Out of the eight fish collected from each replicate tank,

four fish per tank were dissected for biometric data and the

four left hand fillets were finely chopped, pooled and

homogenized before subsequent analysis. The remaining

four fish per tank were finely chopped, pooled and

homogenized for subsequent chemical analysis. The

chemical composition of experimental diets and biological

samples was analyzed in triplicate on the pooled samples

for each replicate (tank) and conducted according to stan-

dard methods. Briefly, moisture was determined by drying

samples in an oven at 80 �C to constant weight. Protein

content (N 9 6.25) was determined using an automated

Kjeltech 2300 (Foss Tecator, Geneva, Switzerland). Ash

content was determined by incinerating samples (approxi-

mately 0.5 g) in a muffle furnace (Wit, C & L Tetlow,

Melbourne, Australia) at 550 �C for 18 h. Lipid was

determined by chloroform:methanol (2:1) extraction as

previously described [27]. Nitrogen free extract (NFE) was

calculated by difference and dietary energy content was

calculated on the basis of 23.6, 39.5 and 17.2 kJ g-1 of

protein, fat and carbohydrate, respectively.

Following the lipid extraction, fatty acids were esterified

into methyl esters using an acid catalyzed methylation

method, and analyzed by gas chromatography according to

the methods previously used in the laboratory [27]. Briefly,

0.5 ml of C23:0 (1.5 lg/ml) was added to each sample as

an internal standard (Sigma-Aldrich, Inc., St. Louis, MO,

USA). Fatty acid methyl esters were isolated and identified

using a Shimadzu GC 17A (Shimadzu, Chiyoda-ku, Tokyo,

Japan) equipped with an Omegawax 250 capillary column

(30 m 9 0.25 mm internal diameter, 0.25-lm film thick-

ness; Supelco, Bellefonte, PA, USA), a flame ionisation
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detector (FID), a Shimadzu AOC-20i auto injector, and a

split injection system (split ratio 50:1). The temperature

program was 150–180 �C at 3 �C min-1, then from 180 to

250 �C at 2.5 �C min-1 and held at 250 �C for 10 min.

The injector and detector temperatures were set at 270 and

280 �C, respectively. The carrier gas was helium at

1.0 ml min-1, at a constant flow. Each of the fatty

acids was identified relative to known external standards

(37-Component FAME Mix, PUFA No. I-Marine Source,

PUFA No. II-Animal Source and PUFA No. III–Menhaden

Oil, all from Supleco, Bellefonte, PA, USA). The resulting

peaks were then corrected by the theoretical relative FID

response factors and quantified relative to the internal

standard.

Digestibility and Fatty Acid Metabolism

Chromic oxide in the diets and feces was estimated

according to the method of Furukawa and Tsukahara [28].

Estimates of apparent digestibility coefficients (ADC) for

dry matter, lipid, total and individual fatty acid were cal-

culated using standard formulas [26].

The in vivo assessment of fish fatty acid metabolism of

rainbow trout in this study was performed using the whole-

body fatty acid balance method, as described previously in

detail [29, 30]. Briefly, this method involves a first step in

which the net appearance/disappearance of each individual

fatty acid is deduced by means of a mass balance deter-

mined by the difference between total fatty acid gain

(=final fatty acid content-initial fatty acid content) and the

net fatty acid intake (=total fatty acid intake-fatty acid

excretion in feces). After the transformation of data from

mg to lmol of appeared/disappeared fatty acid per gram of

body weight per day, the subsequent second step involves

a series of backwards computations along all the known

fatty acid bioconversion pathways (n-3 PUFA, n-6 PUFA

and SFA ? MUFA) so that the fate of each individual

fatty acid towards bioconversion, oxidation or deposition,

can be determined. Eventually, data relative to apparent in

vivo enzyme activity can be reported in absolute terms

(lmol g fish-1 day-1) or as percentage of substrate

availability.

Statistical Analysis

All data were reported as means ± standard error of mean

(n = 3, N = 18). Comparisons amongst treatments were

analyzed by one-way analysis of variance (ANOVA) at a

significance level of 0.05 following confirmation of nor-

mality and homogeneity of variance different statistical

tests. Where significant differences were detected by

ANOVA, data were subjected to a Student–Newman–

Keuls post hoc test for identifying homogeneous subsets.

Data were analyzed further by linear regression, where

appropriate. The statistical analyses were computed using

SPSS v17.0 (SPSS Inc., Chicago, IL, USA).

Results

Diet Compositions

The lipid (*185 mg/g) and protein (*465 mg/g) content

of the six diets were similar across all treatments, and diets

can be considered as iso-proteic, iso-lipidic and iso-ener-

getic (Table 1). The fatty acid composition of the experi-

mental diets reflected the objectives of the formulations

(Table 2). CD contained the highest amount of n-3 LC-

PUFA, mainly 20:5n-3 (7.6%) and 22:6n-3 (8.9%). The

five fish oil deprived experimental diets contained very

similar levels of saturated fatty acids (SFA; *13.5%),

monounsaturated fatty acids (MUFA; *23%) and poly-

unsaturated fatty acids (PUFA; *63%). Specifically, total

C18 PUFA accounted for *58%, and the main difference

amongst the five diets was the sliding proportion of 18:3n-

3/18:2n-6 contributing to total C18 PUFA. The resulting

18:3n-3/18:2n-6 ratios were 2.63, 1.19, 0.56, 0.23, and 0.02

for ALA72%, ALA54%, ALA36%, ALA18% and

ALA2%, respectively. Amongst these five diets, 20:5n-3

ranged from 2.4 to 2.7% and 22:6n-3 ranged from 2.0 to

2.3% of total fatty acids. These fatty acids were clearly

derived from the residual lipid content of the fish meal

included in the formulation (Table 2).

Growth Performance, Feed Utilization and Proximate

Composition

All experimental diets were readily accepted by fish and no

mortality was recorded during the entire feeding trial.

No significant differences were found in feed intake,

final mean weight or grow rate during the experimental

period. Throughout the 126 day experimental period, fish

increased their weight by over 1,700% in all treatments.

Final mean weights of fish fed the six dietary treatments

ranged from 562.2 ± 6.21 to 613.0 ± 7.47 g. FCR was 1.2

in fish fed CD diet and ranged from 1.0 to 1.1 for fish in the

other treatments (Table 3). Specific growth rate (SGR) was

similar in all experimental groups, varying between 2.3 and

2.4% day-1. No significant differences in condition factor

(K-value), fat deposition rate (FDR), dress-out percentage

(DP), hepatosomatic index (HSI), visceral fat index (VFI)

or fillet yield (FY) were found amongst fish fed the dif-

ferent experimental diets (Table 3).

The proximate composition of trout fillets and whole

bodies at the commencement and termination of the

experiment are reported in Table 4. Small, but statistically
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significant (P \ 0.05) differences were recorded in ash

content of whole bodies and in the moisture, protein and

lipid content of fish fillets. The lipid content of fillets of fish

fed ALA54% was significantly lower than fish fed

ALA72% or CD.

Fillet Fatty Acid Composition

The fatty acid composition of trout fillets at the end of the

feeding trial is reported in Table 5. Several statistically

significant (P \ 0.05) differences were recorded and in

general the fillet fatty acid make-up was somewhat mir-

roring that of the corresponding diet. Fillets of fish fed CD

contained the highest amount of n-3 LC-PUFA (187.7 ±

0.7 mg g lipid-1), mainly 20:5n-3 (33.9 ± 0.3 mg g

lipid-1) and 22:6n-3 (123.1 ± 0.4 mg g lipid-1). The fillets

of fish fed the five fish oil deprived experimental diets (from

ALA72% to ALA2%) recorded no statistically significant

differences in their content of SFA and MUFA, whilst the

total PUFA concentration of fish receiving ALA2%

(493.2 ± 7.8 mg g lipid-1) was significantly (P \ 0.05)

lower than fish fed ALA72% and ALA54% (536.2 ± 3.7

and 524.9 ± 11.1 mg g lipid-1, respectively). The 18:3n-3

and 18:2n-6 content (and their ratio) in the fillets of fish fed

the five fish oil deprived diets were directly proportional to

that of their diets with 18:3n-3 varying from 269.2 ± 2.9 to

5.9 ± 0.6 mg g lipid-1 and 18:2n-6 varying from

125.2 ± 0.5 to 381.1 ± 8.2 mg g lipid-1 in fillets of fish fed

ALA72% to ALA2%, respectively.

Despite the five fish oil deprived diets containing almost

identical contents of n-3 LC-PUFA, the actual n-3 LC-PUFA

of fillets of fish was significantly different with the highest

value (110.9 ± 1.7 mg g lipid-1) recorded in ALA72% and

the lowest value (50.5 ± 1.2 mg g lipid-1) recorded in

ALA2%. The same trend was recorded for individual n-3

LC-PUFA, such as 20:5n-3, 22:5n-3 and 22:6n-3.

Table 1 Formulation and proximate compositions of experimental diets (mg/g as fed)

Dietary treatmentsa

CD ALA72% ALA54% ALA36% ALA18% ALA2%

Fish mealb 338.3 338.3 338.3 338.3 338.3 338.3

Defatted soybean mealb 338.3 338.3 338.3 338.3 338.3 338.3

Wheat glutenc 56.4 56.4 56.4 56.4 56.4 56.4

Wheat flourd 110.5 110.5 110.5 110.5 110.5 110.5

Vit ? minb 3.0 3.0 3.0 3.0 3.0 3.0

Cholinee 5.0 5.0 5.0 5.0 5.0 5.0

Cr2O3
f 2.0 2.0 2.0 2.0 2.0 2.0

Fish oilg 146.6 – – – – –

Sunflower oilh – – 36.6 73.3 109.9 146.6

Linseed oilh – 146.6 109.9 73.3 36.6 –

Proximate composition

Moisture 62.1 67.0 70.1 56.3 67.7 61.0

Protein 464.5 463.5 463.0 466.3 465.7 467.6

Lipid 189.6 185.2 185.9 184.6 186.0 180.4

Ash 84.0 81.3 83.1 83.2 83.6 88.2

NFEi 199.7 203.0 197.9 209.6 197.0 202.8

Energy kJ/gj 21.89 21.75 21.67 21.90 21.73 21.65

a Diet abbreviations: CD Control diet 100% fish oil, ALA72% diet contains 72% of total C18 PUFA in the form of ALA, ALA54% diet contains

54% of total C18 PUFA in the form of ALA, ALA36% diet contains 36% of total C18 PUFA in the form of ALA, ALA18% diet contains 18% of

total C18 PUFA in the form of ALA, ALA2% diet contains 2% of total C18 PUFA in the form of ALA
b Ridley Agriproducts, Narangba, Queensland, Australia
c Manildra, Auburn, New South Wales, Australia
d Black and Gold, NSW, Australia
e Choline bitartrate, Sigma-Aldrich, Inc. St. Louis, MO, USA
f Chromium oxide, Sigma-Aldrich, Inc. St. Louis, MO, USA
g Sceneys veterinary grade, Sceney Chemical PTY., LTD. Sunshine, VIC., Australia
h Sceneys refined, Sceney Chemical PTY., LTD. Sunshine, VIC., Australia
i Nitrogen free extract
j Calculated on the basis of 23.6, 39.5 and 17.2 kJ g-1 of protein, fat and carbohydrate, respectively
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Table 2 Fatty acid composition of experimental diets

Dietary treatmentsa

CD ALA72% ALA54% ALA36% ALA18% ALA2%

14:0 44.6 (4.7) 8.2 (0.8) 8.4 (0.9) 9.2 (0.9) 9.3 (0.9) 9.5 (1.0)

16:0 140.2 (14.8) 75.0 (7.8) 77.0 (8.0) 82.4 (8.4) 84.4 (8.6) 85.8 (9.0)

18:0 30.4 (3.2) 36.1 (3.7) 35.4 (3.7) 34.4 (3.5) 33.6 (3.4) 32.0 (3.3)

20:0 2.7 (0.3) 2.2 (0.2) 2.2 (0.2) 2.4 (0.2) 2.5 (0.3) 2.9 (0.3)

22:0 1.7 (0.2) 1.9 (0.2) 2.7 (0.3) 3.5 (0.4) 4.1 (0.4) 4.7 (0.5)

24:0 2.5 (0.3) 2.5 (0.3) 3.2 (0.3) 3.1 (0.3) 4.1 (0.4) 3.3 (0.3)

14:1n-5 0.6 (0.1) – – – – –

16:1n-7 60.8 (6.4) 11.1 (1.2) 11.5 (1.2) 12.3 (1.3) 12.3 (1.2) 12.6 (1.3)

18:1n-7 33.9 (3.6) 13.7 (1.4) 14.1 (1.5) 15.2 (1.5) 15.1 (1.5) 14.9 (1.6)

18:1n-9 220.0(23.2) 173.9 (18.0) 182.5 (18.9) 192.2 (19.6) 201.5 (20.5) 201.0 (21.0)

20:1n-9 34.2 (3.6) 2.6 (0.3) 2.5 (0.3) 2.6 (0.3) 2.6 (0.3) 2.7 (0.3)

22:1n-9 6.6 (0.7) 0.7 (0.1) 0.6 (0.1) 0.8 (0.1) 1.0 (0.1) 1.6 (0.2)

24:1n-9 1.2 (0.1) 2.5 (0.3) 1.9 (0.2) 1.4 (0.1) 0.8 (0.1) –

20:1n-11 4.2 (0.4) 0.8 (0.1) 0.6 (0.1) 0.6 (0.1) 0.7 (0.1) 0.6 (0.1)

22:1n-11 29.6 (3.1) 0.9 (0.1) 0.9 (0.1) 0.4 (0.0) 0.5 (0.0) 0.7 (0.1)

18:2n-6 91.3 (9.6) 158.5 (16.4) 257.0 (26.6) 358.7 (36.5) 452.1 (45.9) 517.5 (54.1)

20:2n-6 4.8 (0.5) 0.7 (0.1) 0.3 (0.0) 0.8 (0.1) 0.4 (0.0) 0.4 (0.0)

22:2n-6 0.4 (0.0) 0.8 (0.1) 0.7 (0.1) 0.3 (0.0) 0.1 (0.0) –

18:3n-6 1.3 (0.1) 0.1 (0.0) 0.3 (0.0) 0.6 (0.1) 0.8 (0.1) 0.9 (0.1)

20:3n-6b – – – – – –

20:4n-6 6.7 (0.7) 2.5 (0.3) 2.3 (0.2) 2.5 (0.3) 1.9 (0.2) 2.7 (0.3)

22:4n-6 1.8 (0.2) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0)

18:3n-3 24.2 (2.6) 416.8 (43.1) 306.9 (31.8) 201.7 (20.5) 102.6 (10.4) 8.4 (0.9)

20:3n-3 2.0 (0.2) 0.3 (0.0) 0.1 (0.0) – – –

18:4n-3 11.3 (1.2) 3.7 (0.4) 3.2 (0.3) 3.2 (0.3) 3.0 (0.3) 2.6 (0.3)

20:4n-3 9.7 (1.0) 1.1 (0.1) 1.1 (0.1) 1.1 (0.1) 1.1 (0.1) 1.2 (0.1)

20:5n-3 71.8 (7.6) 23.3 (2.4) 24.3 (2.5) 26.8 (2.7) 24.8 (2.5) 23.6 (2.5)

22:5n-3 26.5 (2.8) 4.8 (0.5) 5.1 (0.5) 5.6 (0.6) 6.0 (0.6) 5.7 (0.6)

22:6n-3 84.6 (8.9) 22.2 (2.3) 21.1 (2.2) 19.9 (2.0) 19.3 (2.0) 19.9 (2.1)

SFA 222.1 (23.4) 125.8 (13.0) 128.8 (13.3) 135.0 (13.8) 138.0 (14.0) 138.3 (14.5)

MUFA 391.1 (41.2) 206.2 (21.3) 214.7 (22.2) 225.5 (23.0) 234.4 (23.8) 234.3 (24.5)

PUFA 336.4 (35.4) 635.2 (65.7) 622.9 (64.5) 621.6 (63.3) 612.4 (62.2) 583.3 (61.0)

C18 n-6 PUFAc 92.7 (9.8) 158.6 (16.4) 257.4 (26.6) 359.3 (36.6) 452.9 (46.0) 518.4 (54.2)

C18 n-3 PUFAd 35.6 (3.7) 420.5 (43.5) 310.1 (32.1) 204.9 (20.9) 105.5 (10.7) 11.0 (1.2)

n-6 LC-PUFAe 13.6 (1.4) 4.4 (0.5) 3.7 (0.4) 4.0 (0.4) 2.8 (0.3) 3.5 (0.4)

n-3 LC-PUFAf 194.5 (20.5) 51.7 (5.3) 51.7 (5.4) 53.4 (5.4) 51.2 (5.2) 50.4 (5.3)

18:3n-3/18:2n-6g 0.27 2.63 1.19 0.56 0.23 0.02

mg per g lipid and w/w % of total fatty acids in parentheses and italics

SFA saturated fatty acids, MUFA Monounsaturated fatty acids (1 double bond), PUFA Polyunsaturated fatty acids (two or more double bonds)
a See Table 1 for diet abbreviations
b 20:3n-6 was not detected in any quantifiable amount in the experimental diets, but in consideration it was present in fish tissues, it was reported in the

present table for consistency
c PUFA with 18 atoms of carbon and the first double bond at the 6th carbon atom from the methyl end of the molecule
d PUFA with 18 atoms of carbon and the first double bond at the 3rd carbon atom from the methyl end of the molecule
e Long chain polyunsaturated fatty acids (PUFA with 20 or more atoms of carbon) with the first double bond at the 6th carbon atom from the methyl end

of the molecule
f Long chain polyunsaturated fatty acids (PUFA with 20 or more atoms of carbon) with the first double bond at the 3rd carbon atom from the methyl end

of the molecule
g Ratio of a-linolenic acid (ALA; 18:3n-3) to linoleic acid (LNA; 18:2n-6)
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The trout whole bodies were also analyzed for their fatty

acid composition (as these values are necessary for the

implementation of the whole-body fatty acid balance

method), but these data are not reported for simplicity.

However, the overall fatty acid composition of trout whole

bodies and the specific differences amongst fish fed the

Table 3 Growth, feed utilization and biometry data of rainbow trout fed the experimental diets for 126 days

Dietary treatmentsa

CD ALA72% ALA54% ALA36% ALA18% ALA2%

Initial weight (g) 29.8 ± 0.2 30.3 ± 0.6 30.1 ± 0.4 30.0 ± 0.4 30.2 ± 0.1 30.1 ± 0.3

Final weight (g) 562.2 ± 6.2 586.6 ± 16.2 611.2 ± 24.8 613.0 ± 7.5 563.0 ± 41.2 596.8 ± 31.4

Gain (g/fish) 532.4 ± 6.1 556.3 ± 16.8 581.1 ± 25.2 583.0 ± 7.8 532.8 ± 41.1 566.7 ± 31.2

Gain (%)b 1,786 ± 18 1,841 ± 92 1,932 ± 109 1,944 ± 50 1,763 ± 130 1,882 ± 96

Feed intake (g/fish) 627.6 ± 2.9 617.8 ± 9.3 599.6 ± 22.4 608.8 ± 6.8 593.6 ± 12.0 603.9 ± 11.4

SGR (% day-1)c 2.3 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.3 ± 0.0 2.4 ± 0.0

FDR (% day-1)d 3.5 ± 0.0 3.5 ± 0.0 3.5 ± 0.0 3.6 ± 0.0 3.4 ± 0.0 3.5 ± 0.0

FCRe 1.2 ± 0.0 1.1 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.1 ± 0.1 1.1 ± 0.0

DP (%)f 85.2 ± 0.7 84.5 ± 0.8 84.7 ± 0.6 85.0 ± 1.2 84.7 ± 0.6 86.3 ± 0.5

FY (%)g 55.8 ± 1.1 55.6 ± 1.4 54.0 ± 1.2 54.6 ± 1.4 53.4 ± 0.8 55.9 ± 1.0

HSI (%)h 1.1 ± 0.0 1.2 ± 0.1 1.2 ± 0.1 1.1 ± 0.0 1.1 ± 0.0 1.1 ± 0.0

VFI (%)i 7.0 ± 0.8 6.5 ± 0.7 7.4 ± 0.9 8.0 ± 1.0 7.5 ± 0.8 6.1 ± 0.7

K-valuej 1.9 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 1.9 ± 0.2 1.9 ± 0.1 2.0 ± 0.1

Data represent means ± SEM. Values in the same row with different superscripts are significantly different (P \ 0.05; ANOVA and Student–

Newman–Keuls post hoc test, n = 3; N = 18)
a See Table 1 for diet abbreviations
b Weight gain% = (final weight - initial weight) 9 (initial weight)-1 9 100
c Specific Growth Rate = [Ln(final weight) - Ln(initial weight)] 9 (number of days)-1 9 100
d Fat deposition rate = [Ln(final lipid) - Ln(initial lipid)] 9 (number of days)-19100
e Feed conversion ratio = (dry feed fed) 9 (wet weight gain)-1

f Dress-out percentage = (CW 9 BW-1) 9 100; where CW is carcass gutted weight (g) and BW is body weight (g)
g Fillet yield percentage = (FW 9 BW-1) 9 100; where FW is fillet weight (g)
h Hepatosomatic index percent = (LW 9 BW-1) 9 100; where LW is liver weight (g)
i Visceral fat index = (Visceral fat weight) 9 (total fish weight)-1 9 100
j (Fulton’s condition factor) = (BW 9 L-3) 9 100; where L is the length (mm)

Table 4 Proximate composition (mg g-1 on wet basis) of fillets and whole body of rainbow trout fed the experimental diets for 126 days

Parameters Initial Dietary treatmentsa

CD ALA72% ALA54% ALA36% ALA18% ALA2%

Fillet

Moisture 787.5 657.6 ± 2.7a 656.9 ± 4.4a 673.4 ± 3.5b 667.4 ± 3.8ab 672.4 ± 4.6b 664.9 ± 3.3ab

Protein 178.4 197.5 ± 2.6b 187.9 ± 2.0a 198.8 ± 2.5b 190.7 ± 1.4ab 195.6 ± 2.3ab 194.5 ± 2.4ab

Lipid 20.0 134.5 ± 3.7bc 144.3 ± 3.6c 118.2 ± 2.1a 131.9 ± 5.2abc 123.6 ± 4.5ab 130.9 ± 3.8abc

Ash 10.8 10.5 ± 1.4 10.9 ± 1.6 9.5 ± 0.7 9.9 ± 0.6 8.3 ± 0.5 9.7 ± 1.2

Whole body

Moisture 764.7 595.9 ± 2.3 599.7 ± 2.5 595.8 ± 1.5 604.8 ± 6.3 601.1 ± 3.1 604.2 ± 2.1

Protein 68.9 177.3 ± 6.5 170.1 ± 2.7 173.5 ± 2.6 164.4 ± 3.8 169.3 ± 3.2 169.0 ± 1.9

Lipid 51.4 210.3 ± 4.7 211.2 ± 3.6 214.9 ± 2.3 221.1 ± 3.0 211.9 ± 2.6 211.8 ± 3.2

Ash 23.1 16.5 ± 1.5b 19.0 ± 1.4b 15.8 ± 1.4b 9.7 ± 1.6a 17.7 ± 0.9b 14.9 ± 1.2b

Data represent means ± SEM. Values in the same row with different superscripts are significantly different (P \ 0.05; ANOVA and Student–

Newman–Keuls post hoc test, n = 3; N = 18); Initial values not included in statistical computations
a See Table 1 for diet abbreviations
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different diets were similar and highly consistent with that

of the fillets.

The 20:5n-3, 22:5n-3, 22:6n-3 and total n-3 LC-PUFA

content of fillets of rainbow trout fed the experimental diets

for 126 days, expressed as mg per 100 g of fillet, are

depicted in Fig. 1. As expected, the highest content of these

fatty acids was recorded in the fillets of fish fed CD. A

clear trend towards an increased content of these fatty acids

with the increasing dietary supply of 18:3n-3 was present.

For example, the 20:5n-3 and 22:6n-3 content of fish fed

Table 5 Fillet fatty acid composition (mg g lipid-1) of rainbow trout fed the experimental diets for 126 days

Dietary treatmentsa,b

CD ALA72% ALA54% ALA36% ALA18% ALA2%

14:0 34.7 ± 0.7b 9.8 ± 0.1a 10.1 ± 0.2a 10.2 ± 0.4a 9.8 ± 0.4a 9.7 ± 0.2a

16:0 157.6 ± 3.2b 114.2 ± 1.2a 112.2 ± 1.5a 115.5 ± 1.0a 113.2 ± 4.2a 115.6 ± 1.3a

18:0 40.4 ± 0.6a 47.5 ± 0.7c 46.4 ± 1.2bc 43.9 ± 1.1ab 43.2 ± 1.2ab 42.6 ± 0.7ab

20:0 1.7 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 1.9 ± 0.4 1.9 ± 0.2 1.8 ± 0.2

22:0 0.9 ± 0.1ab 0.7 ± 0.1a 1.3 ± 0.1bc 1.8 ± 0.1 cd 1.7 ± 0.3 cd 2.1 ± 0.1d

24:0 0.6 ± 0.2 0.7 ± 0.4 1.1 ± 0.0 1.2 ± 0.1 0.8 ± 0.4 1.2 ± 0.1

14:1n-5 0.5 ± 0.3 0.2 ± 0.2 0.1 ± 0.1 0.2 ± 0.2 – 0.1 ± 0.1

16:1n-7 65.6 ± 1.7b 22.2 ± 0.5a 19.9 ± 0.4a 21.0 ± 0.5a 18.7 ± 2.4a 22.3 ± 1.3a

18:1n-7 1.7 ± 0.2a 18.0 ± 1.2b 19.1 ± 0.4b 18.5 ± 0.3b 18.1 ± 0.5b 19.8 ± 0.8b

18:1n-9 276.6 ± 5.3b 227.2 ± 2.6a 222.0 ± 3.1a 224.8 ± 1.6a 226.2 ± 10.4a 241.0 ± 3.9a

20:1n-9 34.5 ± 0.2c 10.0 ± 0.5a 9.9 ± 0.3a 10.6 ± 0.4a 10.5 ± 0.6a 12.5 ± 0.3b

22:1n-9 5.2 ± 0.2b 1.3 ± 0.1a 1.0 ± 0.0a 1.1 ± 0.3a 1.2 ± 0.0a 1.3 ± 0.1a

24:1n-9 1.8 ± 0.3 1.2 ± 0.2 1.1 ± 0.1 1.2 ± 0.3 0.6 ± 0.2 1.1 ± 0.4

20:1n-11 4.0 ± 0.1b 0.3 ± 0.2a 0.1 ± 0.0a 0.2 ± 0.2a – 0.1 ± 0.1a

22:1n-11 17.1 ± 0.3b 0.7 ± 0.1a 0.3 ± 0.0a 0.2 ± 0.2a – 0.1 ± 0.1a

18:2n-6 82.8 ± 1.4a 125.2 ± 0.5b 198.3 ± 3.2c 266.0 ± 3.5d 329.6 ± 7.0e 381.1 ± 8.2f

20:2n-6 7.6 ± 0.3a 7.6 ± 0.4a 11.2 ± 0.4b 16.0 ± 0.9c 20.8 ± 0.6d 25.7 ± 0.4e

22:2n-6 0.8 ± 0.0a 1.3 ± 0.1b 1.7 ± 0.2b 1.4 ± 0.2b 1.9 ± 0.1c 2.0 ± 0.0c

18:3n-6 1.1 ± 0.2a 1.8 ± 0.3ab 2.4 ± 0.1ab 3.2 ± 0.3b 5.1 ± 0.4c 5.6 ± 1.0c

20:3n-6 2.7 ± 0.2a 2.8 ± 0.2a 4.3 ± 0.0b 6.6 ± 0.4c 8.7 ± 0.3d 11.9 ± 0.8e

20:4n-6 6.2 ± 0.1b 2.9 ± 0.1a 3.5 ± 0.1a 4.0 ± 0.1a 5.2 ± 0.1b 7.6 ± 0.9c

22:4n-6 2.0 ± 0.2c 0.9 ± 0.2a 0.8 ± 0.1a 0.7 ± 0.1a 1.4 ± 0.1b 1.6 ± 0.1bc

18:3n-3 18.9 ± 0.5b 269.2 ± 2.9f 197.5 ± 4.6e 125.1 ± 1.5d 62.7 ± 1.3c 5.9 ± 0.6a

20:3n-3 2.7 ± 0.1b 15.6 ± 0.1f 11.6 ± 0.5e 7.8 ± 0.5d 4.0 ± 0.2c 0.5 ± 0.2a

18:4n-3 5.2 ± 0.1c 13.5 ± 0.5f 8.8 ± 0.2e 6.5 ± 0.4d 4.1 ± 0.1b 1.0 ± 0.1a

20:4n-3 8.4 ± 0.3d 10.6 ± 0.9e 7.5 ± 0.2d 5.7 ± 0.2c 3.3 ± 0.4b 1.0 ± 0.1a

20:5n-3 33.9 ± 0.3d 13.7 ± 0.9c 12.6 ± 0.5c 11.7 ± 0.6c 8.0 ± 0.2b 5.3 ± 0.3a

22:5n-3 19.7 ± 0.1d 7.8 ± 0.2c 6.6 ± 0.4bc 5.8 ± 0.4b 3.2 ± 0.8a 3.1 ± 0.1a

22:6n-3 123.1 ± 0.4e 63.1 ± 0.4d 58.1 ± 2.3cd 54.8 ± 3.6c 48.1 ± 2.1b 40.6 ± 1.0a

SFA 235.9 ± 4.6b 174.4 ± 0.1a 172.6 ± 2.6a 174.7 ± 1.4a 170.6 ± 5.4a 173.1 ± 1.9a

MUFA 407.0 ± 8.3b 281.2 ± 3.7a 273.6 ± 2.6a 277.8 ± 1.0a 275.5 ± 13.0a 298.3 ± 5.8a

PUFA 315.1 ± 2.0a 536.1 ± 1.0c 524.9 ± 11.1c 515.4 ± 3.7bc 506.2 ± 10.1bc 493.2 ± 7.8b

C18 n-6 PUFA 83.9 ± 1.4a 127.0 ± 0.6b 200.7 ± 3.1c 269.2 ± 3.5d 334.7 ± 6.7e 386.8 ± 7.5f

C18 n-3 PUFA 24.1 ± 0.4b 282.6 ± 2.5f 206.4 ± 4.8e 131.6 ± 1.7d 66.8 ± 1.4c 6.9 ± 0.4a

n-6 LC-PUFA 19.3 ± 0.6b 15.6 ± 0.5a 21.2 ± 0.6b 28.8 ± 1.4c 38.0 ± 0.7d 48.9 ± 1.4e

n-3 LC-PUFA 187.7 ± 0.7f 110.9 ± 1.7e 96.6 ± 3.0d 85.8 ± 5.2c 66.7 ± 2.4b 50.5 ± 1.2a

18:3n-3/18:2n-6 0.23 2.15 1.00 0.47 0.19 0.02

Data represent means ± SEM. Values in the same row with different superscripts are significantly different (P \ 0.05; ANOVA and Student–

Newman–Keuls post hoc test, n = 3; N = 18)
a See Table 1 for diet abbreviations
b See Table 2 for fatty acid class abbreviations
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the ALA2% were 69.2 ± 3.8 and 531.0 ± 12.9 mg per

100 g of fillet, whilst in the ALA72% treatment these

values were 197.6 ± 13.6 and 911.3 ± 5.3 mg per 100 g

of fillet, respectively.

Lipid and Fatty Acid Digestibility

The dry matter, lipid, total fatty acid and individual fatty

acid digestibility are reported in Table 6. In general, all

diets recorded high digestibility values, with no significant

differences recorded in total dry matter, total lipid and total

fatty acid digestibility. Individual fatty acids all recorded

relatively high levels of digestibility, and despite a few

statistically significant differences, the overall values were

numerically similar and within the normal range of values

reported for fatty acid digestibility in finfish. The two fatty

acids which were quantitatively more variable across all

treatments were 18:2n-6 and 18:3n-3, and whilst 18:2n-6

recorded no significant differences in its digestibility across

all treatments, 18:3n-3 digestibility in ALA2% (the diet

containing the smallest amount of this fatty acid) was

significantly lower in comparison to the other diets.

Lipid and Fatty Acid Metabolism

In Table 7 the appearance/disappearance (expressed as mg

per fish) of individual fatty acids during the 126 day

experimental period are reported. These values are impor-

tant for the implementation of the whole-body fatty acid

balance method but also provide interesting information on

its own. In fact, in the five fish oil deprived treatments,

18:2n-6 and 18:3n-3 recorded the highest level of disap-

pearance (proportional to dietary concentration), alongside

20:5n-3. On the other hand, 16:0, 18:1n-9 and 22:6n-3 all

recorded a high rate of appearance, clearly indicating that

these fatty acids were synthesized by fish during the trial.

The resultant apparent in vivo total enzyme activity (lmol g

fish-1 day-1) in rainbow trout fed the six experimental diets

is reported in Table 8. Total apparent in vivo fatty acid de

novo biosynthesis was significantly (P \ 0.05) smaller in

the CD treatment compared to the other five treatments,

whilst no statistically significant differences were recorded

for total apparent in vivo fatty acid b-oxidation. The

apparent in vivo fatty acid D-9 desaturation was signifi-

cantly (P \ 0.05) lower in the CD treatment compared to

ALA36%, however, no differences were noted amongst the

five fish oil deprived experimental treatments. Total

apparent in vivo fatty acid D-6 and D-5 desaturation both

trended towards higher activity in fish receiving higher

dietary 18:3n-3 (ALA72% [ ALA54% [ ALA36% [
ALA18% [ ALA2%). No apparent in vivo fatty acid D-5

desaturation was recorded in fish fed CD.

The apparent in vivo n-6 PUFA and n-3 PUFA bio-

conversion activity (lmol g fish-1 day-1) are reported in

Figs. 2 and 3, respectively. Specifically, in these figures the

main enzyme activity on the different fatty acid substrates

along the n-6 PUFA and n-3 PUFA bioconversion pathway

from 18:2n-6 to 22:4n-6 and from 18:3n-3 to 22:6n-3,

respectively, are reported. Observing Figs. 2 and 3, it is

evident how the enzyme activity was directly propor-

tional to substrate availability: enzyme activity on n-6

PUFA: ALA2% [ ALA18% [ ALA36% [ ALA54% [
ALA72%; and enzyme activity on n-3 PUFA: ALA72% [
ALA54%[ALA36%[ALA18%[ALA2%. Interestingly,

observing Fig. 2, it is evident that the overall enzyme activity

was gradually decreasing when moving along the bioconver-

sion pathway (D-6 desaturation of 18:2n-6 [ elongation of

18:3n-6[D-5 desaturation of 20:3n-6 [ elongation of

20:4n-6). This trend was also evident on the n-3 PUFA

pathway, but only up to the production of 20:5n-3. In fact, the

D-6 desaturation of 18:3n-3 was generally higher than the

elongation of 18:4n-3, which was higher than the D-5

desaturation of 20:4n-3. However, proceeding along the n-3

PUFA bioconversion pathway, the overall elongation of

20:5n-3 to 22:5n-3 was higher than the actual D-5 desatu-

ration of 20:4n-3 to 20:5n-3, and similarly, the final elon-

gation, D-6 desaturation and chain shortening of 22:5n-3 for

the production of 22:6n-3 was even higher. Fish fed the CD

treatment recorded an active production of 18:3n-6, 20:3n-6,

22:5n-3 and 22:6n-3, but in no instance was D-5 desaturation

activity recorded.

In Fig. 4, the D-6 desaturase, Elovl-5 elongase D-5

desaturase affinity towards n-3 or n-6 fatty acids is repor-

ted. Here, the plotted graphs report the relationship

between the substrate availability, n-3/n-6 ratio and the

ratio of enzyme activity acting on the two substrates

(activity on n-3/activity on n-6 ratio). In all three instances,

linear regression equations (with a slope of 3.182, 1.122

Fig. 1 The EPA (20:5n-3), DPAn-3 (22:5n-3), DHA (22:6n-3) and

total n-3 LC-PUFA content of fillets of rainbow trout fed the

experimental diets for 126 days (mg per 100 g of fillet)
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and 8.097 for D-6 desaturase, Elovl-5 elongase D-5

desaturase, respectively) best described this relationship. It

is clearly demonstrated that the D-6 desaturase activity

acting on 18:3n-3, across either of the experimental treat-

ments (ALA72%–ALA2%), was higher than the activity

acting on 18:2n-6 (evident if compared to the line of

equity), clearly indicating that the affinity of the D-6

desaturase was 3.2-fold higher for 18:3n-3 in comparison

to 18:2n-6. Similarly, the D-5 desaturase activity acting on

20:4n-3 was much higher than the activity on 20:3n-6, with

its affinity being 8-fold higher for 20:4n-3 in comparison to

20:3n-6. Elovl-5 elongase, on the other hand, seemed to

have a more balanced affinity between the two substrates,

with 18:4n-3 only slightly preferred to 18:3n-6.

Table 6 Lipid and fatty acid apparent digestibility (%) in rainbow trout fed the different experimental diets

Dietary treatmentsa,b

CD ALA72% ALA54% ALA36% ALA18% ALA2%

14:0 98.2 ± 0.1b 97.0 ± 0.4a 96.6 ± 0.3a 97.0 ± 0.3a 97.1 ± 0.2a 96.7 ± 0.2a

16:0 97.0 ± 0.2b 96.1 ± 0.5ab 95.8 ± 0.4ab 96.6 ± 0.2ab 95.7 ± 0.2ab 95.4 ± 0.2a

18:0 96.1 ± 0.4c 95.1 ± 0.6bc 94.5 ± 0.3bc 95.0 ± 0.2bc 93.6 ± 0.5ab 92.7 ± 0.5a

20:0 96.1 ± 0.3b 92.5 ± 0.9a 91.1 ± 0.8a 91.9 ± 0.6a 91.5 ± 0.7a 91.6 ± 0.3a

22:0 92.6 ± 0.6 90.6 ± 1.5 90.5 ± 0.5 91.9 ± 0.3 90.5 ± 1.0 91.4 ± 1.8

24:0 95.7 ± 1.3 95.7 ± 1.5 95.1 ± 0.8 97.7 ± 1.2 95.0 ± 0.6 97.4 ± 1.7

14:1n-5 100 – – – – –

16:1n-7 98.8 ± 0.2 98.3 ± 0.3 98.2 ± 0.2 98.5 ± 0.4 98.2 ± 0.1 97.9 ± 0.2

18:1n-7 98.7 ± 0.7 97.7 ± 0.4 97.5 ± 0.4 98.2 ± 0.2 97.8 ± 0.1 97.5 ± 0.2

18:1n-9 98.1 ± 0.2 98.4 ± 0.4 98.4 ± 0.2 98.9 ± 0.0 98.7 ± 0.1 98.3 ± 0.1

20:1n-9 97.3 ± 0.2 96.6 ± 0.6 95.9 ± 0.6 96.8 ± 0.5 96.4 ± 0.4 96.0 ± 0.2

22:1n-9 95.8 ± 0.1 96.2 ± 3.8 95.9 ± 2.5 97.3 ± 2.7 95.1 ± 0.4 94.1 ± 1.0

24:1n-9 100 99.4 ± 0.6 96.4 ± 1.3 99.5 ± 0.5 100 –

20:1n-11 97.3 ± 0.2 100 98.6 ± 1.4 98.0 ± 2.0 97.8 ± 1.1 96.8 ± 1.6

22:1n-11 96.5 ± 0.3 100 100 100 98.7 ± 1.3 96.5 ± 3.5

18:2n-6 98.2 ± 0.5 98.1 ± 0.4 98.5 ± 0.2 99.0 ± 0.0 99.0 ± 0.1 98.8 ± 0.1

20:2n-6 97.1 ± 0.3e 90.8 ± 1.6d 83.1 ± 2.8bc 88.4 ± 1.9cd 78.6 ± 0.2ab 74.9 ± 2.2a

22:2n-6 83.5 ± 2.9 100 98.7 ± 1.3 95.4 ± 4.6 80.6 ± 11.4 –

18:3n-6 98.6 ± 1.4b 85.3 ± 7.4a 100 100 95.1 ± 0.5b 99.0 ± 1.0b

20:3n-6 – – – – – –

20:4n-6 98.0 ± 0.0 96.4 ± 0.9 96.0 ± 0.2 96.6 ± 0.7 95.7 ± 0.4 96.3 ± 0.3

22:4n-6 96.9 ± 0.4 90.0 ± 3.7 91.0 ± 6.4 88.3 ± 5.9 94.1 ± 0.6 83.9 ± 1.1

18:3n-3 98.3 ± 0.2b 99.1 ± 0.2c 99.1 ± 0.1c 99.3 ± 0.0c 99.2 ± 0.1c 96.1 ± 0.1a

20:3n-3 95.7 ± 0.7 87.6 ± 12.4 88.7 ± 11.3 – – –

18:4n-3 99.5 ± 0.2 99.6 ± 0.4 99.5 ± 0.5 99.1 ± 0.1 100.0 ± 0.0 99.1 ± 0.6

20:4n-3 98.3 ± 0.7 93.0 ± 5.8 96.5 ± 1.7 94.9 ± 0.5 95.4 ± 2.7 97.2 ± 0.5

20:5n-3 99.0 ± 0.1 98.4 ± 0.4 98.2 ± 0.1 98.8 ± 0.3 99.0 ± 0.2 98.5 ± 0.3

22:5n-3 99.0 ± 0.1c 97.5 ± 0.2b 96.4 ± 0.7b 96.5 ± 0.3b 97.7 ± 0.5b 95.0 ± 0.1a

22:6n-3 99.7 ± 0.0b 98.6 ± 0.5ab 98.2 ± 0.6a 98.3 ± 0.2ab 98.9 ± 0.1ab 98.8 ± 0.1ab

ADC (DM)c 85.3 ± 0.46 81.2 ± 1.47 82.2 ± 1.49 82.6 ± 0.85 83.4 ± 1.01 82.1 ± 0.50

ADC (Lipid)d 97.2 ± 0.13 96.6 ± 0.40 96.6 ± 0.29 97.0 ± 0.16 96.7 ± 0.09 96.4 ± 0.13

ADC (FA)e 98.1 ± 0.2 98.3 ± 0.3 98.2 ± 0.2 98.5 ± 0.1 98.3 ± 0.1 98.0 ± 0.1

Data represent means ± SEM. Values in the same row with different superscripts are significantly different (P \ 0.05; ANOVA and Student–

Newman–Keuls post hoc test, n = 3; N = 18)
a See Table 1 for diet abbreviations
b Apparent nutrient digestibility = 100-[(100(Cr2O3 in diet)/(Cr2O3 in feces)] 9 [(% nutrient in feces)/(% nutrient in feed)]
c ADC (DM): Apparent dry matter digestibility = 100-[100(Cr2O3 in diet)/(Cr2O3 in feces)]
d ADC (Lipid): Apparent lipid digestibility
e ADC (FA): Apparent total fatty acid digestibility
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The efficiency of the various apparent in vivo enzyme

activities is reported in Table 9 and expressed as product %

on total substrate availability (net intake ? in vivo pro-

duction). The efficiency of different enzymes acting on

different substrates was somewhat affected by the different

dietary treatments, particularly in the two most extreme

treatments (CD and ALA2%), whilst values recorded

amongst treatments ALA72% to ALA18% were quite

consistent.

Discussion

This study could be considered as a practical feeding trial

representative of the entire production cycle of rainbow

trout, as practical commercial-like experimental diets were

used and as juveniles were grown up to commercial size

fish (*600 g). However, it also provides specific details

towards a better understating of in vivo fatty acid metab-

olism, and how this can directly impact the final product

quality of cultured trout. Thus, it is envisaged that the

reported findings could be considered as highly relevant

and directly usable by the industry, while at the same time

providing valuable insight for researchers investigating fish

fatty acid metabolism.

During the feeding trials, fish recorded a weight gain of

over 1,700%, with optimal performance (SGR *2.4 and

FCR *1.1) and no mortality. Whilst some numerical dif-

ferences were noted amongst various parameters recorded,

none were significantly (P [ 0.05) different, clearly dem-

onstrating that (1) fish oil replacement in rainbow trout

practical diets has no negative effect on fish performance,

and (2) diets either rich in 18:3n-3 or 18:2n-6 are both

equally and favorably utilized by growing trout. These

observations are in agreement with the majority of the

studies focusing on fish oil replacement in salmonids [2, 3,

8–11, 25] and in several other species, as recently reviewed

by Turchini et al. [14]. In direct alignment with the lack of

any significant modification to fish performance, there was

no effect on overall nutrient digestibility of the different

lipid sources recorded in the present study. The individual

fatty acid digestibility values recorded were all relatively

high (the majority were higher than 95%) and in agreement

with the statement that fat and fatty acids are efficiently

digested and utilized by fish [31]. In some instances, slight

growth retardation has been reported in rainbow trout fed

alternative oils, but mainly when the diets were purified or

semi-purified, and thus containing little/no fish meal in

their formulation [12, 32]. In practical, commercial-like

diets, both ALA-rich and LA-rich oils have been suggested

to be valid fish oil replacers, as C18 PUFA are a good

Table 8 Apparent in vivo total enzyme activity (lmol g fish-1 day-1) in rainbow trout fed the six experimental diets deduced by the whole-

body fatty acid balance method

Dietary treatmentsa

CD ALA72% ALA54% ALA36% ALA18% ALA2%

Total fatty acid de novo biosynthesis 0.34 ± 0.23a 1.18 ± 0.19b 1.56 ± 0.33b 1.83 ± 0.07b 0.91 ± 0.18ab 1.40 ± 0.19b

Total fatty acid b-oxidation 1.21 ± 0.18 1.32 ± 0.14 0.63 ± 0.43 0.27 ± 0.02 1.09 ± 0.48 0.42 ± 0.23

Total fatty acid elongation 1.51 ± 0.50a 3.15 ± 0.33b 3.75 ± 0.68a 4.30 ± 0.20a 2.45 ± 0.39ab 3.22 ± 0.38ab

Total fatty acid D-9 desaturation 0.43 ± 0.15a 0.75 ± 0.12ab 0.96 ± 0.22ab 1.12 ± 0.04b 0.52 ± 0.13ab 0.85 ± 0.14ab

Total fatty acid D-6 desaturation 0.30 ± 0.05a 0.75 ± 0.02c 0.70 ± 0.07c 0.71 ± 0.05c 0.48 ± 0.04b 0.41 ± 0.01ab

Total fatty acid D-5 desaturation n.d. 0.21 ± 0.01c 0.20 ± 0.04c 0.20 ± 0.02c 0.08 ± 0.02b 0.06 ± 0.00a

Data represent means ± SEM. Values in the same row with different superscripts are significantly different (P \ 0.05; ANOVA and Student–

Newman–Keuls post hoc test, n = 3; N = 18)
a See Table 1 for diet abbreviations

n.d. Not detected

Fig. 2 Apparent in vivo n-6 PUFA bioconversion activity (lmol g

fish-1 day-1; D-6 desaturase, elongase and D-5 desaturase) on the

different substrates along the n-6 PUFA bioconversion pathway from

18:2n-6 to 22:4n-6 deduced by the whole-body fatty acid balance

method
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source of available energy for fish growth [15, 16]. How-

ever, the dietary availability of 18:3n-3 and 18:2n-6 clearly

affects the final fatty acid composition of fish fillets [14],

and thus given their different nutritional qualities for

human health [33], the use of ALA-rich or LNA-rich oils in

aquafeed needs to be carefully evaluated where final eating

quality is a concern [4].

Despite numerical differences being noted in the total

apparent in vivo b-oxidation of fatty acids in fish under the

different dietary treatments, these were, from a statistical

point of view, not significantly different. On the contrary,

total apparent in vivo fatty acid de novo biosynthesis was

markedly and significantly higher in all fish fed the five fish

oil deprived diets compared to the fish oil based diet (CD).

This was mainly ascribable to a large de novo biosynthesis

of SFA and MUFA (which includes fatty acid elongation

and D-9 desaturation), as previously observed in fish fed

diets rich in PUFA and with relatively little dietary SFA

and MUFA [12, 34]. Therefore, when making the

assumption that the optimal dietary fatty acid composition

for a growing animal is the fatty acid composition which

minimized in vivo bioconversion and biosynthesis, the

theoretical optimal dietary fatty acid composition for

farmed rainbow trout should be characterized by a rela-

tively high content of SFA and MUFA, as previously

suggested [12].

The PUFA bioconversion pathway in rainbow trout is

well established [35, 36], and it is consistent with that of

the majority of other vertebrates, involving an alternation

of desaturation and elongation steps. The D-6 desaturase is

the first enzyme involved in the bioconversion of C18

PUFA towards longer and more unsaturated LC-PUFA and

for this reason it is often considered as the rate-limiting

enzyme in the LC-PUFA biosynthetic pathway [37, 38].

However, in the present study it has been shown that a

clear trend of progressively less efficient bioconversion of

fatty acids to more unsaturated or longer homologues

occurs along the n-6 PUFA pathway itself (Fig. 2). This

suggests that, more than the existence of a ‘‘rate-limiting

enzyme’’, which restricts the LC-PUFA biosynthetic

pathway, the pathway has a ‘‘funnel-like’’ efficiency, as

previously speculated for rainbow trout [12]. Consistently,

it has been reported that the relative activity of each step of

the pathway decreases as the chain length increases [39].

Interestingly, this apparent decreasing efficiency was also

observed on the n-3 PUFA pathway, but only up to the

production of 20:5n-3 (Fig. 3). Hereafter, there was a

proportionally higher active production of 22:5n-3 and

22:6n-3 recorded across all treatments (CD included)

suggesting an ‘‘hourglass-shape’’ of bioconversion effi-

ciency. This is likely ascribable to the markedly higher

substrate availability as all diets contained some 20:5n-3

(the initial substrate for these two last steps) and other n-3

LC-PUFA originating from fish oil in the CD treatment and

from the residual oil of the fish meal component of the fish

oil deprived experimental diets. This is partially in contrast

with a previous study on rainbow trout in which it was

reported that the ability of trout hepatocytes to synthesize

22:6n-3 from both 18:3n-3 and 20:5n-3 can be markedly

stimulated by eliminating n-3 LC-PUFA from their diets

[35]. However, another study on rainbow trout, also

reported that fish fed a fish oil based diet, and thus with an

abundant dietary supply of 20:5n-3, were still bioconvert-

ing this fatty acid up to 22:6n-3 quite efficiently [12].

Fig. 3 Apparent in vivo n-3

PUFA bioconversion activity

(lmol g fish-1 day-1; D-6

desaturase, elongase, D-5

desaturase and chain

shortening) on the different

substrates along the n-3 PUFA

bioconversion pathway from

18:3n-3 to 22:6n-3 deduced by

the whole-body fatty acid

balance method
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Interestingly, the in vivo efficiency of the different

enzymes involved in LC-PUFA biosynthesis (expressed as

product % on total substrate availability) were quite dif-

ferent relative to the substrate (i.e. n-3 or n-6 PUFA) and

relative to the step in the bioconversion pathway (Table 9).

Apart from the two most extreme treatments (CD and

ALA2%), values recorded amongst treatments ALA72%

to ALA18% were quite consistent for a given fatty acid

bioconversion step. Observing the middle treatment

(ALA36%), it is possible to exemplify more schematically

the recorded differences in enzyme efficiency. The effi-

ciency of the apparent in vivo D-6 desaturase activity on

C18 PUFA was generally higher for 18:3n-3 compared to

18:2n-6. In fact in ALA36%, 12.7% of available 18:3n-3

and only 3.5% of available 18:2n-6 were D-6 desaturated.

Markedly higher values were recorded for the following

elongation, with 68.3% of available 18:3n-6 and 72.4% of

available 18:4n-3 was elongated in ALA36%. The effi-

ciency of apparent in vivo D-5 desaturase activity was then

again remarkably different between n-6 and n-3 fatty acids,

as 26.4% of available 20:3n-6 was desaturated to 20:4n-6

and over 75.3% of 20:4n-3 was desaturated to 20:5n-3.

Similarly, the following elongation recorded much higher

efficiency values for n-3 fatty acids compared to n-6 fatty

acids, with only 15.3% of available 20:4n-6 and 73.1% of

20:5n-3 been elongated. The final production of 22:6n-3,

which involves an elongation, a D-6 desaturation and a

chain shortening step, recorded very high efficiency values

around *84%, indicating that in general, 22:5n-3 was very

efficiently bioconverted to 22:6n-3.

Given 18:3n-3 and 18:2n-6 are both substrates for the

D-6 desaturase, its affinity towards one or the other is

particularly relevant. The above discussed results relative

to enzyme efficiency are in agreement with the generally
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Fig. 4 Enzyme affinity (substrate preference) towards n-3 or n-6 fatty

acids: the relationship between the substrate availability n-3/n-6 ratio

and the ratio of the enzyme activity on the two substrates (activity on

n-3/activity on n-6 ratio) deduced by the whole-body fatty acid

balance method. a Affinity of D-6 desaturase: relationship between

the substrate availability 18:3n-3/18:2n-6 ratio and the ratio of D-6

desaturase activity on the two substrates (activity on 18:3n-3/activity

on 18:2n-6 ratio). Regression equation: Y = 3.182X-0.04168;

R2 = 0.97; b Affinity of Elovl-5 elongase: relationship between the

substrate availability 18:4n-3/18:3n-6 ratio and the ratio of Elovl-5

elongase activity on the two substrates (activity on 18:4n-3/activity on

18:3n-6 ratio). Regression equation: Y = 1.122X-0.1353; R2 = 0.98;

c Affinity of D-5 desaturase: relationship between the substrate

availability 20:4n-3/20:3n-6 ratio and the ratio of D-5 desaturase

activity on the two substrates (activity on 20:4n-3/activity on 20:3n-6

ratio). Regression equation: Y = 8.097X-8.150; R2 = 0.87. In all

graphs, error bars represent SEM, dotted lines represent 95%

confidence band of the regression line, and the lines of equity

(Y = X) have also been reported for visual reference. In all three

linear regressions (a, b and c) the slope deviation from zero was

significant (P \ 0.0001)

b
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accepted notion that fatty acid desaturases have a higher

affinity towards n-3 PUFA than n-6 PUFA [39]. Accord-

ingly, previous studies using radio-labelled fatty acids in

Atlantic salmon hepatocytes observed that the overall level

of LC-PUFA synthesis from 18:2n-6 was less than half of

that from 18:3n-3, irrespective of the diet [40, 41]. Simi-

larly, using the whole body fatty acid balance method, a

3.2-fold greater D-6 desaturase affinity toward 18:3n-3

over 18:2n-6 was recorded in Murray cod [22, 42]. In the

present study, an almost identical relationship between

substrate availability and D-6 desaturase activity was

shown (Fig. 4), suggesting that the overall affinity of this

enzyme is 3.2-fold greater for 18:3n-3 over 18:2n-6 in

rainbow trout. Elovl-5 elongase acting on C18 PUFA

recorded no difference in affinity, whilst a remarkable

8-fold greater D-5 desaturase affinity toward 20:4n-3 over

20:3n-6 was recorded. Thus, if dietary 18:3n-3 and 18:2n-6

are provided in similar amounts (as in diet ALA54%), the

amount of 18:4n-3 produced in vivo will be 3-times larger

than 18:3n-6. The following Elovl-5 elongase activity,

which showed no difference in its affinity, will produce

20:4n-3 and 20:3n-6 roughly maintaining the same ratio of

their substrates availability (in this example 3:1). Then, in

consideration that D-5 desaturase affinity towards 20:4n-3

was 8-fold higher than that acting on 20:3n-6, theoretically

it will ultimately produce (3.2 9 8=) *25.6-fold more

20:5n-3 than 20:4n-6. This difference in substrate prefer-

ence of the above mentioned enzymes is consistent with

previous indications obtained in trout cell culture [43]. To

understand how these differences can affect final fatty acid

composition of fish tissues, of course, other metabolic

pathways (such as further bioconversion and b-oxidation)

also need to be considered. However, according to the

above discussed results, it is evident that significantly lar-

ger amounts of n-3 LC-PUFA, compared to n-6 LC-PUFA,

will be found in fish tissues.

The capability of rainbow trout to bioconvert 18:3n-3

into 22:6n-3 in vivo was previously investigated using

deuterated (D5)-18:3n-3 ethyl ester [44]. One of the most

notable features of this study was the slow rate at which

D5-22:6n-3 was synthesized and deposited in tissues. The

authors also suggested that in trout, it takes *4 weeks for a

pulse of 18:3n-3 to be fully metabolized to 22:6n-3 and that

given the experimental design, it could not be determined

whether the PUFA biosynthetic pathway was substrate

limited. However, it was also suggested that if more sub-

strate (18:3n-3) had been available the rate of formation of

22:6n-3 might have been increased. Accordingly, in a

following study on the same species, it was shown that a

relatively large amount of dietary 18:3n-3 was biocon-

verted up to 22:6n-3, when the diet was deprived of n-3

LC-PUFA and supplied with abundant 18:3n-3 [12]. The

results of the present study further confirm the fact that

rainbow trout are quite efficient in bioconverting 18:3n-3 to

22:6n-3, and that clearly the PUFA biosynthetic pathway is

substrate limited.

Table 9 Apparent in vivo enzyme efficiency expressed as product % on total substrate availability (net intake ? in vivo production) in rainbow

trout fed the six experimental diets deduced by the whole-body fatty acid balance method

Dietary treatmentsa

CD ALA72% ALA54% ALA36% ALA18% ALA2%

D-6 desaturase

18:2n-6 to 18:3n-6 3.362 ± 0.37a 2.777 ± 0.08a 3.186 ± 0.22a 3.503 ± 0.25a 3.780 ± 0.11a 4.759 ± 0.24b

18:3n-3 to 18:4n-3 n.d. 8.683 ± 0.28ab 10.378 ± 1.93b 12.771 ± 1.01b 6.490 ± 2.97a n.d.

Elongase (Elovl-5)

18:3n-6 to 20:3n-6 50.054 ± 3.11a 60.296 ± 2.70b 62.355 ± 1.63b 68.392 ± 1.59bc 68.585 ± 0.29bc 72.409 ± 1.33c

18:4n-3 to 20:4n-3 n.d. 66.505 ± 1.94c 69.268 ± 3.96c 72.418 ± 0.86c 42.468 ± 11.31b 0.645 ± 0.64a

D-5 desaturase

20:3n-6 to 20:4n-6 n.d. 9.674 ± 2.68a 23.213 ± 1.09b 26.450 ± 0.39b 33.534 ± 1.77c 32.117 ± 1.14c

20:4n-3 to 20:5n-3 n.d. 67.197 ± 1.68b 68.353 ± 2.80b 75.339 ± 0.96b 32.331 ± 20.87a n.d.

Elongase (Elovl-5 and Elovl-2)

20:4n-6 to 22:4n-6 0.688 ± 0.69a 4.914 ± 4.91ab 16.140 ± 2.04b 15.301 ± 1.21b 13.756 ± 1.79b 14.284 ± 2.21b

20:5n-3 to 22:5n-3 21.750 ± 6.56a 69.821 ± 0.59b 70.101 ± 2.36b 73.131 ± 1.04b 68.324 ± 6.18b 59.334 ± 6.94b

Elongase (Elovl-2) ? D-6 desaturase ? chain shortening

22:5n-3 to 22:6n-3 59.738 ± 3.35a 81.773 ± 0.38b 82.782 ± 1.08b 84.872 ± 0.65b 85.085 ± 1.19b 85.832 ± 0.89b

Data represent means ± SEM. Values in the same row with different superscripts are significantly different (P \ 0.05; ANOVA and Student–

Newman–Keuls post hoc test, n = 3; N = 18)
a See Table 1 for diet abbreviations

n.d. Not detected
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When it comes to the eating quality of cultured fish, one

of the most important parameters to be considered is the

actual quantity of n-3 LC-PUFA in the fish fillets [4, 45].

As expected, in the present trial, the highest content of

20:5n-3, 22:5n-3 and 22:6n-3 (totaling over 2.3 g of

n-3LC-PUFA per 100 g of fillet) was recorded in the fillets

of fish fed the CD. However, in fish fed the five fish oil

deprived diets, a clear trend towards an increased content

of these fatty acids with the increasing dietary supply of

18:3n-3 was present, independent of the fact that they were

all fed with almost identical amounts of n-3 LC-PUFA.

Rainbow trout have been shown previously to be capable

of being a net producer of n-3 LC-PUFA [13], and the

present study further confirms this. Importantly, it is

commonly accepted that when fish oil is replaced in

aquafeed, a significant detrimental reduction of total n-3

LC-PUFA occurs in fish fillets [14]. However, the present

study highlights the very pertinent point that not all alter-

native oils are the same, and oils rich in 18:3n-3 can pro-

vide significantly higher amounts of total n-3 LC-PUFA in

fish fillets in comparison to oils rich in 18:2n-6. For

example (Fig. 1), the 20:5n-3 and 22:6n-3 content of fish

fed the ALA2% (sunflower oil) were 69.2 ± 3.8 and

531.0 ± 12.9 mg per 100 g of fillet, respectively, whilst in

ALA72% (linseed oil) these values were 197.6 ± 13.6 and

911.3 ± 5.3 mg per 100 g of fillet, respectively. Despite an

almost identical dietary supply, the fillets of trout fed the

diets richest in 18:3n-3 (ALA72%) contained double the

amount of n-3 LC-PUFA in comparison to the fillets of fish

fed with the diet containing the lowest content of 18:3n-3

(ALA2%). Basically, it was clearly shown that the substi-

tution of fish oil with a proper alternative vegetable oil in

aquafeed is an efficient tool that can be easily implemented

which has the possibility to transform the salmonid aqua-

culture industry from a consumer into a net producer of

health promoting n-3 LC-PUFA. This will ultimately assist

aquaculture to accomplish its role in conserving wild

fisheries in the future. However, it is important to highlight

that when fish oil is completely replaced by alternative

terrestrial oils, and therefore fish are provided with sig-

nificantly less dietary n-3 LC-PUFA, a remarkable reduc-

tion in the n-3 LC-PUFA content in the final product is still

unavoidable. Importantly, whilst this study clearly showed

that the final n-3 LC-PUFA content in fish fed fish oil

deprived diets can be increased by the provision of an

abundant dietary supply of 18:3n-3 and the concomitant

reduction of total dietary 18:2n-6, the proper balancing of

dietary fatty acids with an appropriate amount of SFA and

MUFA is also important to guarantee optimal growth

performance.
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prey. In spite of this common unique lifestyle and shared

morphological features, like a rod shape and a single polar

flagellum [3], BALO were found to be a phylogenetically

heterogeneous group and, thus, the order Bdellovibrio-

nales, to which all BALO belong so far, was split into the

two families Bdellovibrionaceae and Bacteriovoracaceae

based on 16S rRNA analyses [4].

The lifecycle of these predatory prokaryotes can be split

into several stages, among which the initial interaction

between predator and prey determines whether the predator

penetrates into the prey or detaches itself. Since the first

contact occurs between structures of the cell walls,

machineries for attachment, prey recognition and penetra-

tion are supposed to be located in the cell wall of the

predator. However, the predator–prey interaction mecha-

nisms and therefore the important key structures are still

largely unknown.

Beside the outer membrane proteins of BALO [5, 6],

lipid structures have previously been analyzed in our

group. We elucidated the structures of the lipid A of

B. bacteriovorus and B. stolpii, two distinct BALO strains,

and found an unusual structure of the lipid A of B. bacte-

riovorus, which is the first described lipid A structure

missing charged residues [7]. B. stolpii is a facultative

predatory strain that can be grown on prey bacteria but also

on rich media. B. stolpii possesses a lipid A very different

from the B. bacteriovorus lipid A, since it carries charged

phosphate groups [8]. Very uncommon for prokaryotes,

sphingolipids were found in the cell wall of B. stolpii,

which were shown to be phosphonolipids [9–11]. The only

other BALO which has been analyzed so far in respect to

its phospholipids is B. bacteriovorus [12].

Bacterial cell wall lipids vary to a great extent between

organisms, but also between different strains of the same

organism. The main phospholipid classes of the model

organisms Escherichia coli (Gram-negative) and Bacillus

subtilis (Gram-positive) are phosphatidylethanolamines

(PtdEth), phosphatidylglycerols (PtdGro) and cardiolipins

(Ptd2Gro), so these classes are generally believed to be the

main membrane-forming lipid classes in all prokaryotes

[13]. However, there are bacterial strains containing other

phospholipids as major or minor constituents. In some

cases, sphingolipids were observed, for the genera

Sphingobacterium [14] and Sphingomonas [15] they are

eponymous, but they have also been found in other genera.

In the majority of cases, glycerophospholipid structures

like phosphatidylcholines (PtdCho) [16], phosphatidylino-

sitol (PtdIns) [17] or amino acid-containing phosphatidyl-

glycerols (PtdGro) or cardiolipins (Ptd2Gro) [18] are

predominant.

In this work we studied the phospholipids of the three

BALO strains B. stolpii, B. bacteriovorus HD100 and

P. starrii.

Materials and Methods

Bacterial Growth and Lipid Extraction

B. stolpii (DSM 12778) was grown in peptone yeast extract

medium at 30 �C for 3–5 days. Cells were harvested by

centrifugation. For the obligate prey dependant strains

B. bacteriovorus HD100 (DSM 50701) and P. starrii (DSM

17039), prey bacteria were grown to the stationary phase in

liquid Luria-Bertani broth, centrifuged and resuspended in

a buffer containing 3 mM ammonium acetate, 3 mM

magnesium chloride and 3 mM calcium chloride at pH 7.5.

This suspension was infected with the BALO strain. After

2–3 days at 25–27 �C the lysis of the prey bacteria was

complete. The cultures were centrifuged at 2,0009g for

15 min at 4 �C to minimize the contamination with resid-

ual prey bacteria and BALO cells were harvested at

10,0009g for 30 min at 4 �C. B. bacteriovorus HD100 was

grown on Escherichia coli K-12 (DSM 423) and P. starrii

on Pseudomonas putida (DSM 50906).

Phospholipids were extracted with the methyl tert-butyl

ether (MTBE) method described by Matyash et al. [19]. In

short, in a glass flask, an aliquot of the cell pellet was

resuspended in 0.5 ml of bidistilled water and 3.75 ml of

methanol and 12.5 ml of MTBE were added. The mixture

was incubated for 1 h at room temperature with shaking.

3.125 ml of bidistilled water were added to separate phases

and the organic phase was collected. The water phase was

reextracted by addition of 4 ml MTBE, 1.2 ml MeOH and

1 ml bidistilled water. The combined organic phases were

evaporated to dryness under a gentle stream of nitrogen.

Analysis of Sphingophosphonolipids

Sphingophosphonolipids (SPNL) were separated from the

glycerophospholipid (GPL) species by mild alkaline

methanolysis [9] or by incubation of a total phospholipid

extract with lipase D (personal communication, Sabine

Schiller, Department of Biology, Humboldt-Universität zu

Berlin). For the enzymatic assay, 0.3 mg of a total

phospholipid extract were dissolved in 183.3 ll of ethyl

acetate and 83.3 ll of an acetate buffer (0.2 M sodium

acetate, 40 mM calcium chloride, pH 8.0) were added. The

solution was heated to 37 �C and 2 ll of a 1 unit ll-1

solution of lipase D (Sigma-Aldrich; Steinheim) were

added. This mixture was incubated for 2 h at 37 �C. For

acetylation, 200 ll of acetic acid anhydride and 2.1 ll of a

5 mg ml-1 solution of 4-dimethylaminopyridine in pyri-

dine were added to 420 ll of a solution of SPNL in dry

pyridine (approx. 1 mg ml-1). This solution was stirred for

1 h at 60 �C followed by incubation for 16 h at room

temperature. The solvent was evaporated under a gentle

stream of nitrogen.
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The performance of this assay was tested on standard

phospholipids (Avanti Polar Lipids, Alabaster).

HPLC–MS

HPLC separation was carried out with an Agilent 1200

system (Agilent, Waldbronn) and a BioBasic-4 column

(150 mm 9 1 mm i.d., particle size 5 lm, Thermo Scien-

tific, Bremen). Both a LTQ-FT MS Classic equipped with a

6 T superconducting magnet and a LTQ-FT MS Ultra

equipped with a 7 T superconducting magnet were used

(both Thermo Scientific, Bremen) as detectors. The mass

spectrometers were calibrated according to the manufac-

turer’s recommendations and transfer optics were tuned

with a lipid standard mixture containing phosphatidylserine

(PtdSer; 16:0/18:1), phosphatidylglycerol (PtdGro; 16:0/

18:1), phosphatidic acid (PtdOH; 16:0/18:1), phosphati-

dylethanolamine (PtdEth; 16:0/18:1), phosphatidylcholine

(PtdCho; 16:0/18:1) and cardiolipin (Ptd2Gro; 4918:1)

(Avanti Polar Lipids, Alabaster). The samples were dis-

solved in acetonitrile/methanol (1:1, by vol.) to a concen-

tration of about 1 mg ml-1 and 1–8 ll were injected onto

the column.

The HPLC-MS method employed was based on a

method by Hein et al. [20]. Eluent A consisted of 95%

water and 5% acetonitrile (by vol.), eluent B of 70% ace-

tonitrile, 25% iso-propanol and 5% water (by vol.). Both

eluents contained 10 mM triethylammonium acetate and

1 mM acetic acid. The gradient elution was started at 70%

B and held there for 2 min, after which the % B was lin-

early increased to 80% in 46 min, then to 100% in 2 min.

The % B was held at 100% for 23 min, before it was

returned to initial conditions in 2 min, where it was held

for 15 min. For more polar lipid classes, the initial condi-

tions of the gradient were changed to 60% B. The sepa-

ration was performed with a flow rate of 50 ll min-1 and

the column was heated to 40 �C during separations. All

solvents used were of HPLC gradient grade (Mallinckrodt

Baker, Deventer). Lipid species were assigned according to

their accurate masses in negative electrospray ionization

mode and their corresponding fragmentation spectra. The

accuracy in the survey scans (FT–MS) was below 2 ppm at

all times and fragmentation experiments were carried out in

the linear ion trap showing an accuracy of better than

±0.25 Da. All lipid species were detected in the deproto-

nated form [M–H]- apart from the PtdCho species, which

were detected only as acetate adducts [M?AcO]-. The

assignment of the acyl residues to the positions sn-1/sn-2

was based on intensities of the corresponding fragment

ions, as previously published [21].

The mass spectrometric data was processed and evalu-

ated using the Profiler-Merger-Viewer software tool of

Hein et al. [22]. Microsoft Excel was used to calculate the

masses of the lipid species in the lipid library; PtdSer,

PtdGro, PtdIns, PtdOH, PtdEth, mono- and dimethylpho-

sphatidylethanolamines, PtdCho, Ptd2Gro, sphingophos-

phonolipids (with AEP, HAEP and APP head group),

phosphatidylthreonine, glutamylphosphatidylethanolamine,

N-acylphosphatidylethanolamine and the corresponding lyso-

forms were taken into account. Fatty acid (FA) acyl chain

lengths from 2–30 carbon atoms with up to 15 double bonds

and three hydroxy groups were considered.

Thin-layer Chromatography

One dimensional thin-layer chromatography (1D-TLC)

analyses of lipid extracts were carried out on Silica Gel 60

plates (Merck, Darmstadt). The plates were developed with

a CHCl3/MeOH/AcOH/H2O 80:14:12:4 (by vol.) solvent

system. Dried plates were stained with a solution of

phosphomolybdic acid in ethanol (50 g l-1) and heating.

Plates were scanned and images were analyzed densito-

metrically (ProteomWeaver 2.1.0 software, Definiens AG,

München). For re-extraction of the separated lipid classes,

dried plates were stained with a solution of primulin in

acetone/water 4:1 (by vol.) [23], lipids were re-extracted

according to the MTBE protocol described above.

Compositional Analysis

Polar head groups were released by hydrolysis with

hydrochloric acid [24]. Fatty acid methyl esters were pre-

pared by dissolving phospholipids in 2 M hydrochloric

acid in methanol and stirring for 16 h at 85 �C. Pyrrolid-

ides and picolinyl esters of fatty acids were synthesized as

described elsewhere [25, 26]. GC–EI/MS was performed

on an electron impact ionization mass spectrometer

(Hewlett Packard G1800A) with a fused silica capillary

column (HP-5MS, 30 m, inner diameter 0.25 mm, film

thickness 0.25 lm). Hydrogen was used as carrier gas at a

flow rate of 1 l h-1. Relative abundances were determined

from the corresponding peak areas.

Results

Total phospholipid extracts of the organisms B. stolpii,

B. bacteriovorus HD100 and P. starrii were separated

according to their lipid classes using 1D-TLC (Fig. 1). The

relative abundances of the different lipid classes as deter-

mined from densitometric analyses of TLC plates are given

in Table 1. In all three strains phosphatidylethanolamine,

phosphatidylglycerol, and cardiolipin were the most

abundant lipid classes. The results for B. stolpii are con-

sistent with the data published by Steiner et al. [10].

However, we could not confirm the high proportion of
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phosphatidylserine found in B. bacteriovorus HD100 by

Nguyen et al. [12].

Since the SPNL previously found in B. stolpii were

associated with the predatory life style [10, 11], the three

BALO were tested for the presence of sphingolipids.

Therefore, total phospholipid extracts were subjected to a

mild alkaline methanolysis [9], which is able to cleave the

ester linked acyl chains of glycerophospholipids, but not

the amide linked acyl chains of sphingolipids. All sphin-

golipids found in B. stolpii proved to be phosphonolipids

by incubation with lipase D as well as mass spectrometric

characterization after acetylation. Phospholipase D hydro-

lyzes the phosphodiester bond on the side of the polar head

group [27]. Phosphonolipids are not cleaved by phospho-

lipase D since these possess a phosphorus-carbon bond

instead of this phosphodiester bond. Like Jayasimhulu

et al. [9], we found SPNL comprising phyto- and dihyd-

rosphingosine structures. In addition to the two SPNL head

groups 1-hydroxy-2-aminoethylphosphonate (HAEP) and

2-aminoethylphosphonate (AEP) described by Jayasimhulu

et al., SPNL with a 2-amino-3-phosphonopropanate (APP)

head group were also identified (Fig. 2, Table 2).

In B. bacteriovorus HD100 and P. starrii no sphingo-

lipid species could be detected. Nevertheless, other unusual

lipid structures were found in these two members of

the BALO group. Nguyen et al. already reported phos-

phatidylserines in B. bacteriovorus HD100, as well as an

additional lipid class for which the identification as

N-acylphosphatidylethanolamines (NAPtdEth) was pro-

posed [12]. Experimental proof for this assumption other

than accurate masses was not provided. With high-resolu-

tion mass spectrometry in combination with additional

fragmentation experiments, we were able to validate the

previously proposed presence of NAPtdEth in B. bacte-

riovorus HD100. Figure 3 shows a typical fragmentation

spectrum of a NAPtdEth species. Interestingly, all N-acyl

chains found in NAPtdEth contained a cyclopropane ring,

while mainly 9,10-methylene hexadecanoyl residues were

observed.

Fig. 1 1D-TLC of total phospholipid extracts of A B. bacteriovorus
HD100, B B. stolpii and C P. starrii. The lipids were stained using

phosphomolybdic acid. PtdGroPtdEth phosphatidylglycerophospho-

ethanolamine or a phosphatidyl-2(2-aminoethyl)-glycerophosphate,

PtdSer phosphatidylserine, PtdThr phosphatidylthreonine, PtdCho phos-

phatidylcholine, NAPtdEth N-acylphosphatidylethanolamine, SPNL
sphingophosphonolipid, GluPtdEth glutamylphosphatidylethanolamine,

PtdGro phosphatidylglycerol, PtdEth phosphatidylethanolamine,

Ptd2Gro cardiolipin

Table 1 Relative abundances of the phospholipids in cell walls of B. stolpii, B. bacteriovorus HD100 and P. starrii

%

PtdEth

%

PtdGro

%

Ptd2Gro

%

PtdCho

%

PtdSer/PtdThr

%

PtdGroPtdEth

%

SPNL

%

NAPtdEth

%

GluPtdEth

B. stolpii 48.3 ± 2.6 20.5 ± 0.9 5.7 ± 1.0 25.6 ± 2.7

B. bacteriovorus 48.8 ± 1.2 16.6 ± 1.4 19.3 ± 1.5 2.5 ± 0.6 3.2 ± 0.6 4.2 ± 1.2 5.6 ± 1.1

P. starrii 32.2 ± 2.1 20.2 ± 1.6 20.5 ± 1.2 9.3 ± 1.7 17.8 ± 0.9

Lipid classes were separated with 1D-TLC, stained using phosphomolybdic acid and analyzed densitometrically

PtdEth phosphatidylethanolamine, PtdGro phosphatidylglycerol, Ptd2Gro cardiolipin, PtdCho phosphatidylcholine, PtdSer phosphatidylserine,

PtdThr phosphatidylthreonine, PtdGroPtdEth phosphatidylglycerophosphoethanolamine or phosphatidyl-2(2-aminoethyl)-glycerophosphate,

SPNL sphingophosphonolipid, NAPtdEth N-acylphosphatidylethanolamine, GluPtdEth glutamylphosphatidylethanolamine

Fig. 2 Chemical structures of the sphingophosphonolipids of

B. stolpii. FA fatty acid, HG head group, HAEP 1-hydroxy-2-

aminoethylphosphonate, APP 2-amino-3-phosphonopropanate, AEP
2-aminoethylphosphonate
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Beside PtdSer phospholipids, another lipid class with a

head group differing in the mass of one methylene group

(CH2, 14.015 Da) was detected in B. bacteriovorus

HD100. After hydrolysis a hydrolysis product with a

molecular mass of 119.06 Da (C4H9NO3) was observed.

This sum formula matches threonine, N-methylserine and

serine methyl ester. The corresponding spectra of the first

two were compared (Fig. 4). The third possible structure,

Table 2 Identified sphingophospholipid species of B. stolpii

HG FA LCB

C15 C16 C17

Phyto Dihydro Phyto Dihydro Phyto Dihydro

2-OH 13:0

HAEP 2-OH 14:0

2-OH 15:0

2-OH 13:0

AEP 2-OH 14:0

2-OH 15:0

2-OH 13:0

APP 2-OH 14:0

2-OH 15:0

LCB long-chain base, HG head group, FA fatty acid, HAEP 1-hydroxy-2-aminoethylphosphonate, AEP 2-aminoethylphosphonate, APP 2-amino-

3-phosphonopropanate, phyto phytosphingosine, dihydro dihydrosphingosine

Fig. 3 MS/MS-Spectrum of a NAPtdEth species (m/z 964.738) of B. bacteriovorus HD100. FA fatty acid
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serine methyl ester, was ruled out due to the abundant

neutral loss of two water molecules observed in the MS/

MS-spectra of the hydrolysis product. By comparison of

the fragmentation spectra, the hydrolysis product was

identified as threonine and, thus, this new lipid class proved

to be phosphatidylthreonines (PtdThr).

Another unknown ninhydrin-positive TLC-spot was

apparent after separation of B. bacteriovorus HD100 total

lipid extracts. In MS/MS-spectra of the reextracted lipids,

signals corresponding to PtdGro and phosphatidic acid

(PtdOH) could be detected (Fig. 5). Furthermore the loss of

ethanolamine (C2H7NO, 61.05 Da) and vinylamine (C2H5N,

43.04 Da) were apparent. A similar FA distribution in these

lipids compared to the PtdGro also supported a structure

derived from PtdGro. These findings and the accurate masses

of the parent ions strongly suggest PtdGro structures con-

taining an ethanolamine and an additional phosphate residue

in the polar head group. In this case either a phosphati-

dylglycerophosphoethanolamine or a phosphatidyl-2(2-

aminoethyl)-glycerophosphate structure (Fig. 6) could be

proposed. Additionally, PtdCho species were found in

B. bacteriovorus HD100 and P. starrii.

From P. starrii total lipid extracts, TLC spots corre-

sponding to PtdEth, PtdGro, Ptd2Gro and PtdCho were

detected. Furthermore, an additional unknown ninhydrin-

positive TLC spot was detected. High resolution MS-spectra

Fig. 4 Comparison of the MS/

MS-spectra of a threonine, b the

product with a molecular mass

of 119.06 Da of the hydrolysis

of the lipid species differing in

the mass of one methylene

group (CH2, 14.015 Da) from

phosphatidylserines and

c N-methylserine in the positive

ion mode
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and fragmentation experiments performed with the

extracted lipids from this TLC spot indicated PtdEth

structures containing an N-glutamyl residue (Fig. 7). After

hydrolysis of these lipids and comparison of the MS/MS-

spectra of the hydrolysis product with the molecular mass

of 147.05 Da (C5H9NO4) with the corresponding frag-

mentation spectra of glutamic acid, the identification of

this lipid class as glutamylphosphatidylethanolamines

(GluPtdEth) was verified.

In addition to the mass spectrometric analyses of the

TLC separation, we performed HPLC–MS analyses. The

most abundant glycerophospholipid species of the identi-

fied lipid classes of the three BALO strains B. stolpii,

B. bacteriovorus HD100 and P. starrii detected in these

experiments are given in Table 3.

The FA compositions of total phospholipid extracts

from the three BALO members were determined by GC–

EI/MS (Table 4). The FA compositions of the SPNL and

glycerophospholipid species of B. stolpii were analyzed

separately. The FA were converted to methyl esters and

analyzed as pyrrolidides after corresponding derivatization.

Phospholipid extracts containing cyclopropane FA were

analyzed as picolinyl derivates, as acid-catalyzed methan-

olysis leads to ring openings and formation of methoxy

species [29].

C13- up to C19-FA were detected with this methodology,

while mainly non hydroxylated fatty acids were detected.

The only hydroxy FA present were 2-hydroxy FA in the

SPNL of B. stolpii, while B. bacteriovorus HD100 and

P. starrii did not show hydroxy FA at all. This is surprising

as the lipid A of B. bacteriovorus HD100 also contains

hydroxy FA as well as the lipid A of B. stolpii to a

large extent [7, 8]. Hydroxy FA may be labile under

some acidic conditions [28]. Nevertheless, we were able

to detect hydroxy FA in GC–MS experiments from

SPNL after TLC separation and acidic methanolysis.

Furthermore, no indications for hydroxy FA were

observed in HPLC–MS and MS/MS experiments, apart

Fig. 5 MS/MS-Spectrum of a lipid species (m/z 868.511) of the polar

lipid class of B. bacteriovorus HD100 for which the characterization

as phosphatidylglycerophosphoethanolamines or phosphatidyl-2(2-

aminoethyl)-glycerophosphates is proposed. FA fatty acid, PtdOH
phosphatidic acid, PtdEth phosphatidylethanolamine, PtdGro
phosphatidylglycerol

Fig. 6 Potential structures of the polar lipid class (PtdGroPtdEth) of

B. bacteriovorus HD100. R1, R2: alkyl chains, PtdGroPtdEth
phosphatidylglycerophosphoethanolamine or phosphatidyl-2(2-ami-

noethyl)-glycerophosphate
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Fig. 7 MS/MS-Spectrum of a glutamylphosphatidylethanolamine species (m/z 831.550) of P. starrii. FA fatty acid

Table 3 Overview of the most abundant species of all identified glycerophospholipid classes from the HPLC-MS analyses containing the most

prevalent fatty acid (FA) composition (sn-1/sn-2)

B. stolpii PtdEth(15:1/15:0) PtdGro(15:1/15:0) Ptd2Gro(15:0, 15:1; 15:0, 15:1)

PtdEth(2915:0) PtdGro(2 9 115:0) Ptd2Gro(2 9 15:0; 15:0, 15:1)

PtdEth(15:1/13:0) PtdGro(13:0/15:1) Ptd2Gro(13:1, 15:0; 15:1, 15:0)

PtdEth(15:1/14:0) PtdGro(2 9 15:1) Ptd2Gro(59:2)a

PtdEth(13:0/15:0) PtdGro(14:1/15:0) Ptd2Gro(15:0, 15:1; 2 9 15:1)

PtdEth(2 9 15:1) PtdGro(13:0/15:0) Ptd2Gro(59:3)a

PtdEth(14:1/15:1) PtdGro(14:1/15:1)

PtdEth(14:0/15:0) PtdGro(14:0/15/0)

PtdEth(14:1/13:0) PtdGro(15:0/16:1)

PtdEth(13:1/15:1) PtdGro(13:0/14:1)

B. bacteriovorus PtdEth(16:1/17:1) PtdGro(16:1/17:1) Ptd2Gro(16:1, 17:1; 16:1, 17:1)

PtdEth(15:0/17:1) PtdGro(2 9 16:1) Ptd2Gro(2 9 16:1; 16:1, 17:1)

PtdEth(16:1/15:0) PtdGro(2 9 17:1) Ptd2Gro(16:0, 16:1; 16:1, 17:1)

PtdEth(16:0/17:1) PtdGro(15:1/16:1) Ptd2Gro(16:1, 17:1; 15:0, 16:1)

PtdEth(2 9 15:0) PtdGro(14:0/17:1) Ptd2Gro(16:0, 17:1; 16:1, 17:1)

PtdEth(2 9 16:1) PtdGro(15:0/17:1) Ptd2Gro(15:1, 17:1; 15:0, 16:1)

PtdEth(15:1/15:0) PtdGro(16:0/17:1) Ptd2Gro(16:1, 17:1; 16:1, 19:1)

PtdEth(2 9 17:1) PtdGro(18:1/17:1) Ptd2Gro(15:0, 19:1; 16:1, 17:1)

PtdEth(17:0/17:1) PtdGro(17:1/19:1) Ptd2Gro(15:0, 17:1; 15:0, 16:1)

PtdEth(15:1/16:1) PtdGro(16:0/19:1) Ptd2Gro(15:0, 17:1; 16:0, 16:1)
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from SPNL. These results confirm the absence of hydroxy

FA in GPL of B. bacteriovorus HD100, B. stolpii and

P. starrii.

All three strains showed iso-branched as well as

unbranched FA, with a much higher proportion of iso-

branched FA in B. stolpii (73.1%) than in B. bacteriovorus

Table 3 continued

PtdSer(17:1/16:1) PtdThr(17:1/16:0) PtdCho(2 9 19:1)

PtdSer(15:0/19:1) PtdThr(15:0/17:1) PtdCho(16:0/19:1)

PtdSer(15:0/17:1) PtdThr(17:1/19/1) PtdCho(18:0/19:1)

PtdSer(2 9 16:1) PtdThr(17:1/14:0) PtdCho(18:0/18:1)

PtdSer(17:1/16:0) PtdThr(19:1/16:0) PtdCho(2918:1)

PtdSer(15:0/16:1) PtdThr(19:1/15:0) PtdCho(18:1/19:1)

PtdSer(2 9 17:1) PtdThr(2 9 17:1) PtdCho(16:1/18:1)

PtdSer(18:0/18:1) PtdThr(17:1/16:1) PtdCho(2 9 16:1)

PtdSer(14:0/16:1) PtdThr(15:1/17:1) PtdCho(16:0/18:1)

PtdSer(16:1/19:1) PtdThr(14:0/16:1) PtdCho(18:1/17:1)

NAPtdEth(17:1; 2 9 17:1)

NAPtdEth(17:1; 19:1/17:1)

NAPtdEth(17:1; 16:0/17:1)

NAPtdEth(17:1; 35:1a)

NAPtdEth(17:1; 32:0a)

NAPtdEth(17:1; 17:1/18:1)

NAPtdEth(17:1; 17:1/15:0)

NAPtdEth(17:1; 34:1a)

NAPtdEth(19:1; 36:2a)

NAPtdEth(17:1; 16:1/17:1)

P. starrii PtdEth(16:0/17:1) PtdGro(16:0/17:1) Ptd2Gro(16:0, 17:1; 16:0, 17:1)

PtdEth(13:0/18:1) PtdGro(16:0/19:1) Ptd2Gro(16:0, 17:1; 17:1, 19:1)

PtdEth(18:1/16:1) PtdGro(17:1/19:1) Ptd2Gro(16:0, 17:1, 17:1, 18:0)

PtdEth(19:1/17:1) PtdGro(2917:1) Ptd2Gro(16:0, 17:1; 17:0, 17:1)

PtdEth(17:1/15:1) PtdGro(18:1/17:1) Ptd2Gro(16:0, 17:1; 17:1, 18:1)

PtdEth(13:0/17:1) PtdGro(18:1/16:0) Ptd2Gro(17:1, 19:1; 15:0, 19:1)

PtdEth(15:0/17:1) PtdGro(2 9 19:1) Ptd2Gro(16:0, 17:1; 2 9 17:1)

PtdEth(2 9 15:1) PtdGro(16:0/16:1) Ptd2Gro(16:0, 19:1; 17:1, 19:1)

PtdEth(16:0/19:1) PtdGro(2 9 16:0) Ptd2Gro(2 9 17:1; 17:1, 19:1)

PtdEth(16:0/18:1) PtdGro(18:1/19:1) Ptd2Gro(2 9 19:1; 2 9 19:1)

PtdCho(2 9 19:1) GluPtdEth(17:1/16:0)

PtdCho(16:0/19:1) GluPtdEth(17:1/18:1)

PtdCho(18:0/19:1) GluPtdEth(16:1/16:0)

PtdCho(18:1/19:1) GluPtdEth(16:0/18:1)

PtdCho(17:0/19:1) GluPtdEth(17:1/19:1)

PtdCho(16:0/16:1) GluPtdEth(2 9 17:1)

PtdCho(17:1/18:1) GluPtdEth(16:0/19:1)

PtdCho(16:0/17:1) GluPtdEth(13:0/17:1)

PtdCho(2 9 18:1) GluPtdEth(14:1/15:0)

PtdCho(17:1/16:1) GluPtdEth(14:0/16:0)

The FA of the two phosphatidyl residues of the Ptd2Gro species are separated by a semicolon, an assignment to the different sn-1 and sn-2

positions was not possible; for the NAPtdEth species, first the FA amidically bound to the polar head group, then the FA in positions sn-1/sn-2

are given

PtdEth phosphatidylethanolamine, PtdGro phosphatidylglycerol, Ptd2Gro cardiolipin, PtdSer phosphatidylserine, PtdThr phosphatidylthreonine,

PtdCho phosphatidylcholine, NAPtdEth N-acylphosphatidylethanolamine, GluPtdEth glutamylphosphatidylethanolamine
a The designation of the FA composition was not possible, instead the sum of carbon atoms and double bonds is given
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HD100 (12.1%) and P. starrii (1.7%). In both of the latter

organisms cyclopropane FA in proportions of 42.9%

(B. bacteriovorus HD100) and 47.4% (P. starrii) were found.

Discussion

Besides the known SPNL with HAEP and AEP head

groups, SPNL with an APP head group were identified in

B. stolpii in this study. Lipid-bound APP intermediates

were postulated for the biosynthesis of phosphonolipids

with AEP head group in various organisms [30, 31], but

could not be detected [32–34]. By identifying SPNL with

APP and AEP head groups in B. stolpii, we were able to

detect the proposed lipid-bound APP intermediate of the

biosynthesis of the latter. In both of the other analyzed

BALO strains, no sphingolipids could be detected. The

correlation of the presence of SPNL with the predatory

behavior has already been suggested for B stolpii [10], but

it has been shown that SPNL are not crucial for the pred-

atory behavior of B. stolpii [35]. In both B. bacteriovorus

HD100 and P. starrii unusual and previously unidentified

lipid structures were found. For the first time, glutamyl-

phosphatidylethanolamines were identified in P. starrii.

Interestingly, amino acid-containing PtdGro and Ptd2Gro

are known to be present in bacteria, primarily in Gram-

positive strains [18], but amino acid-containing PtdEth

have not been reported previously. Thus, the presence

of glutamylphosphatidylethanolamines in P. starrii is

unique.

Furthermore, we were able to determine the presence of

NAPtdEth in B. bacteriovorus HD100, as proposed in

another study [12]. In this context, the only amide bound

fatty acids found in the NAPtdEth were cyclopropane FA.

Additionally, phosphatidylthreonines and another lipid

class, probably phosphatidylglycerophosphoethanolamine

or phosphatidyl-2(2-aminoethyl)-glycerophosphate, were

detected in B. bacteriovorus HD100. PtdThr is a rarely

observed lipid class, usually found in eukaryotic organisms

[24, 36–38]. Nevertheless, the presence of PtdThr lipids

has recently been reported in Clostridium novyi NT,

being the first prokaryotic organism containing PtdThr

[39]. Furthermore, in both B. bacteriovorus HD100 and

P. starrii significant amounts of PtdCho have been found.

The role of these under physiological conditions pre-

dominant anionic lipids has to be resolved in further

studies, especially with regard to a possible involvement in

processes relevant for the predatory life style of the BALO.

The unusual lipid structures might compose the necessary

environment to incorporate important outer membrane

proteins (OMP) associated with processes of the predator–

prey interaction, or the lipids might even be part of a sig-

nalling cascade regulating the OMP function.T
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From the current point of research, more BALO strains

should be analyzed for their lipid composition in order to

get a broader view of the presence of specific, partly very

unique, lipids in predatory prokaryotes. Although the

strains examined so far show distinct lipid structures, a

broader view might give insights into the mechanisms of

predation and prey recognition employed by predatory

prokaryotes.
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Introduction

Phosphatidylcholine (PtdCho) is the major phospholipid

(PL) constituent of eukaryotic cells. It is mainly biosyn-

thesized through two pathways: the CDP-choline pathway

and the N-methylation of phosphatidylethanolamine

(PtdEtn) [1]. In mammals, this latter pathway is mainly

expressed in the liver [2] where it contributes to the bio-

synthesis of *30% of PtdCho [3, 4]. Similar hepatic

expression of the PtdEtn N-methylation pathway was also

demonstrated in euryhaline fish and crustaceans [5]. The

physiological significance of the PtdEtn N-methylation

pathway has long been a matter of debate [6–9], since Pemt

–/– mice fed a normal diet are viable, fertile and display no

obvious phenotype with regards to cognitive functions and

behavior [10]. It was suggested that the PtdEtn N-methyl-

ation was an ‘‘accessory’’ pathway for PtdCho biosynthe-

sis, and that it was conserved during evolution to provide

PtdCho on demand when dietary intake of choline is

insufficient [7]. Data obtained on Pemt –/– mice support

that physiological function since the animal fed a choline-

deprived diet quickly developed liver steatosis and died [9].

However, some observations suggest that the PtdEtn

N-methylation pathways may have other physiological

functions. Hence it was shown that mitogenic activation of

lymphocytes induces an activation of PtdCho synthesis

through PtdEtn N-methylation [11]. Similar activation of

this metabolic pathway has been observed in different cell

types including rat reticulocytes exposed to catecholamines

[12]. The authors of these studies concluded that the acti-

vation of PtdEtn N-methylation pathway had a role in

signal transduction by facilitating interactions between

ß-adrenergic receptors and adenylate cyclase [12–14].

However, in a critical rehearsal of data, Vance and de

Kruijff questioned the physiological relevance of PtdEtn

N-methylation in signal transduction [15]. Other studies

demonstrated that the PtdEtn N-methylation pathway may

have a role in the acclimation of euryhaline species during

thermal and salinity changes. Hence, it was shown that

acclimation of euryhaline fish and crustaceans to elevated

temperatures resulted in an activation of the PtdEtn

N-methylation pathway in the liver and hepatopancreas

of these animals [16–19]. Interestingly, the percentage of

PtdCho synthesized in fish liver via the N-methylation of

PtdEtn was more than doubled in fish adapted to 22 �C

than to 12 �C [5]. Furthermore, changes in water salinity

were shown to impact PtdCho synthesis in the liver of eels

Anguilla anguilla with *35 or *65% of PtdCho made

through PtdEtn N-methylation in respectively fresh water-

or sea water acclimated animals [17]. We recently reported

similar observations in two species of euryhaline crabs,

Carcinus maenas and Eriocheir sinensis [20]. In that study,

we demonstrated that acclimation to sea water activates the

PtdEtn N-methylation pathway in the hepatopancreas and

that the newly formed PtdCho is exchanged with the

hemolymph of animals. We found that this activation of the

PtdEtn N-methylation pathway plays an important role in

the biosynthesis of betaine (an organic osmolyte derived

from choline metabolism) which led us to the conclusion

that one of the physiological functions of the PtdEtn

N-methylation pathway is to provide organic osmolytes

(such as betaine) when animals are facing salt stress. How-

ever, all these studies were performed in animal models that

are considered as good osmoregulators. The euryhaline fish

species that were used in these experiments are effectively

able to keep their blood osmotic concentrations in a near

constant range when salinity of the medium increases. The

crustacean species used in the reported studies are also able

to regulate their hemolymph osmotic concentration at low

salinities and to osmoconform at higher salinity ranges [21].

However, some animals have different strategies to cope with

salinity. It is the case of osmoconformers whose blood

osmotic concentrations display a direct correlation with salt

concentrations in their environment [21]. Some marine

molluscs such as the mussel Mytilus galloprovincialis are

typical osmoconformers. At high salinity, these species have

to adjust their intracellular osmotic concentrations to avoid

cellular shrinkage. To do so, osmoconformers essentially rely

on the accumulation/synthesis of organic osmolytes in order

to match their intracellular osmotic concentrations with

blood. Interestingly, these animals are known to use betaine

as a major organic osmolyte. Knowing the importance of

the PtdEtn N-methylation pathway in the synthesis of this

choline-derived osmolyte in crabs, we hypothesized that

this pathway may be expressed in osmoconformers such as

the mussel M. galloprovincialis. Unfortunately, to our

knowledge there are no data on PtdEtn N-methylation

activity in these animals.

Although the expression of lipids in various tissues of a

number of bivalve species has been studied [22, 23], data

on their metabolism remain fragmentary. Some informa-

tion is available in different marine mollusc species on the

transport of lipids in the hemolymph in which phospho-

lipids represent 70–90% of total lipids [24–28] and on

biosynthesis of fatty acids [29]. Experiments with [14C]-

labeled fatty acids suggested the existence of lipid transfer

from the blood to various tissues in marine bivalves [27,

28]. However, until now few studies on phospholipids

metabolism have been performed in marine molluscs.

Using [1-3H]-glycerol, Lubet et al. [30] showed that PtdEtn

and PtdCho display the highest turnover rate among

phospholipids in all tissues of M. galloprovincialis. How-

ever, this study did not address PtdEtn N-methylation

activity in the marine mollusc. The goal of this study was

thus to characterize the ability of M. galloprovincialis tis-

sues to synthesize PtdCho through this metabolic pathway.
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Materials and Methods

Materials

All solvents were of analytical grade and were purchased

from SDS (Peypin, France) or Sigma-Aldrich (Saint

Quentin Fallavier, France). Silica gel G60 thin layer

chromatography (TLC) plates were from Merck (Darms-

tadt, Germany). Aminopropyl columns (LC–NH2-500 mg)

were from Supelco (Saint Quentin Fallavier, France).

L-[3-3H]-serine and [1-3H]-ethanolamine (both with a

specific activity of 30 Ci/mmol) were from Amersham,

UK. [methyl3H]-adenosylmethionine (specific activity of

80 Ci/mmol) was from American Radiolabeled Chemicals

(Saint Louis, MO, USA). PtdEtn and phosphatidyldi-

methylethanolamine standard and other chemicals were

from Sigma–Aldrich.

Animal Experiments

The mussels M. galloprovincialis were obtained from a

rearing farm in the Bay of Lazaret near Toulon (South

of France). Animals were collected in May, at the period of

sexual maturity, just before spawning. Female mussels of

the same IIIA sexual stage [31] and same age (15 months)

were kept in 500 l tanks with running sea water (salinity

38%) at 17 �C for 2 weeks prior to experimentation. Water

was well aerated and filtered.

To test the effect of salinity on PtdEtn N-methyltrans-

ferase (Pemt) activity, animals were acclimated to diluted-

sea water (salinity 19%) for 6 days prior to the experiments.

Mussels were injected in the foot with 10 lCi of [1-3H]-

ethanolamine dissolved in sterile sea water. Hemolymph

was collected after various incubation times (see results) in

plastic centrifuge tubes (coated with complexon K3) by

cutting the posterior adductor muscle. Hemocytes were

separated from hemolymph by centrifugation at 1,500 gav

for 15 min at 10 �C. Animals were rapidly dissected to

collect gills, digestive gland and mantle which were

weighed before lipid extraction.

In Vitro Incubation of Mussel Tissues

Incubations were performed at 20 �C on 100–200 mg frag-

ments of gills, the mantle or the digestive gland in sterilized

sea water containing 10 lCi/ml of [1-3H]-ethanolamine or

L-[3-3H] serine. Samples were incubated for 3 h, washed

with sea water and lipids analyzed as described below.

In Vitro labeling of Hemocytes

Hemolymph was collected from animals as described

above. Hemocytes were labeled for 90 min at 20 �C by

addition of 2 lCi of [1-3H]-ethanolamine/ml of hemo-

lymph. At the end of incubation, hemocytes were separated

from plasma by centrifugation (1,500 gav – 15 min) and

washed twice with non-radioactive plasma. The lipids from

hemocytes were extracted and analyzed as described

thereafter. Pulse-chase experiments were also performed

with [1-3H]-ethanolamine in order to determine the puta-

tive exchange of lipids from hemocyte to plasma. In order

to do so, hemocytes were labeled with 10 lCi of [1-3H]-

ethanolamine/ml of plasma at 20 �C. After 60 min of

labeling, hemocytes were separated from plasma by cen-

trifugation and washed twice with non-radioactive plasma.

Prelabeled hemocytes (t0hr) were then incubated for 90 min

in non-radioactive plasma. At that time, hemocytes were

separated from plasma (that was kept for lipid analysis),

washed twice with non-radioactive plasma and lipids

extracted. Radiolabeling distributions within lipids of the

cells and plasma were determined.

Lipid Analysis

Lipids were extracted according to the Folch method [32],

and washed according to Chapelle et al. [33] with 0.25%

KCl aqueous solution (mass/vol) and deionized water. The

chloroform phase was evaporated to dryness with a rotative

evaporator along with absolute ethanol to remove traces of

water. The sample was further dried overnight in a desic-

cator. Lipids were weighed, dissolved in benzene/methanol

(2:1, vol/vol) and kept at -30 �C until analysis.

Phospholipid determination was performed by measur-

ing phosphate [34] after mineralization of the molecules

with sulfuric acid/perchloric acid (2:1, vol/vol) containing

0.1% V2O4 (mass/vol) [35]. Individual phospholipids were

separated by 2-D TLC according to Portoukalian et al. [36],

and detected by the phospholipid specific spray of Dittmer

and Lester [37]. Individual phospholipids were quantified

as described above. Amino phospholipids and choline-

containing phospholipids were revealed, respectively, by

ninhydrin spray and the cis-aconite reagent of Vaskovky

and Suppes [38]. Phosphonolipids1 were detected accord-

ing to the Stillway and Harmon procedure [39].

1 Two spots of phosphonolipids were detected on TLC plates when

lipids from Mytilus galloprovincialis were separated by the 2D-TLC

procedure used herein. ESI–MS and MS/MS analysis showed that

both compounds are ceramide aminoethylphosphonate. The full

characterization of these two compounds (reported as phosphonolipid

X and phosphonolipid Y in this manuscript) will be described

elsewhere.
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Radioactivity in total lipid extracts was determined on

aliquots with a Packard Tricarb ß-spectrometer and Pico-

fluor 30 as scintillation fluid (Packard, US). Water soluble

radioactivity was determined on samples of the washing

phases.

Labeled phospholipids resolved by 2-D TLC and

revealed by Dittmer and Lester’s reagent were counted by

scraping the spots into scintillation vials in which 3 ml of

deionized water/ethanol (1:1, vol/vol) and 8 ml Picofluor

30 were added.

The localization of radioactivity within PtdCho and

PtdEtn was performed by acetolysis as described by Ren-

konen [40]. Briefly, the phospholipids were isolated on a

500 mg aminopropyl column by a modification of the

method described by Pietsch and Lorenz [41]. Due to the

presence of phosphonolipids, PtdCho and PtdEtn fractions

were further chromatographed on TLC plates with chloro-

form/methanol/acetic acid/water (40:10:10:1, by vol) as the

solvent system. PtdCho and PtdEtn spots were visualized

with iodine and separately scraped into Teflon screw-capped

tubes containing 2 ml of acetic acid/acetic anhydride (3:2,

vol/vol). Acetolysis was performed for 5 h at 150 �C. After

completion of the reaction the formed bases and diacyl-

glycerol acetate derivatives were extracted with chloroform/

methanol/water (8:4:3, by vol). Separation of the aqueous

and chloroform phases was facilitated by centrifugation.

Radioactivity in the polar moiety of phospholipids was

determined by liquid scintillation on an aliquot of the

aqueous phase. Radioactivity in the phospholipid hydro-

phobic moiety was determined after separation of diacyl-

glycerol acetate by TLC with heptane/diisopropyl ether/

acetic acid (60:30:3, by vol) as solvent system.

Analysis of fatty acids in PtdCho was performed as fol-

lows. PtdCho was isolated on a 500 mg aminopropyl-bon-

ded silica gel column according to the method of Pietsch and

Lorenz [41]. The fraction containing PtdCho was dried

down under nitrogen and further separated by TLC using

chloroform/methanol/acetic acid/water (40:10:10:1, by vol)

as solvent system. PtdCho was detected with Dittmer and

Lester reagent, scraped into Teflon screw-capped tube and

transesterified as previously described [42]. The fatty acid

methyl esters were analyzed by gas chromatography on a

Chrompack CP 9000 apparatus equipped with a flame ion-

ization detector and a 30 m Omegawax 250 glass capillary

column. Nitrogen was used as the carrier gas. Fatty acid

methyl esters were separated as previously described [43]

and peak areas were calculated using the Maestro integration

software from Chrompack.

PtdEtn N-Methyltransferase Assay

Pemt was assayed on the microsomal fraction according to

the method described by Ridgway and Vance [44]. Briefly,

homogenates of mussel tissues were prepared in 10 mM

Tris–HCl (pH 7.2) containing 150 mM NaCl and 1 mM

each of dithiothreitol, EDTA and phenylmethylsulfonyl

fluoride. The tissues were homogenized in a Potter–

Elvehjem apparatus. The microsomal fraction obtained by

ultracentrifugation at 100,000 gav was kept for Pemt assay.

Pemt activity was performed in 125 mM Tris–HCl

(pH 9.2) containing 5 mM dithiothreitol, 1 mM triton

X-100, 200 lM [methyl-3H]-AdoMet, 2 mM PtdEtn and

0.4 mM of phosphatidyldimethylethanolamine. The sam-

ples were incubated at 37 �C for 30 min. The assay was

stopped by addition of 4 ml of chloroform—methanol (2:1,

v/v). The lipids were washed as described above and Ptd-

Cho was separated from other phospholipids (including

phosphatidylmonomethylethanolamine and phospshati-

dyldimethylethanolamine) by 2-D TLC [36]. Phospholipids

were revealed with Dittmer and Lester reagent [37], and

radioactivity within PtdCho determined by liquid scintil-

lation. Pemt activity was determined on tissues isolated

from individual mussels excepted for hemocytes for which

activity was assayed on samples pooled from several

individuals, due to the limited amount of tissue.

Statistical Analysis

Statistical analysis was performed with SAS software after

ratios were transformed to their arcsine [45]. Statistical

comparisons between means were performed using one and

two-way ANOVA. If the test for normality (Kolmogorov–

Smirnov) failed, a non-parametric Kruskal–Wallis one-way

ANOVA on ranks was used.

Results

We first determined the phospholipid content in the major

tissues of M. galloprovincialis. We found that total phos-

pholipids represent 1.12 ± 0.08, 1.42 ± 0.13 and 1.99 ±

0.17% of fresh weight in the gills, the mantle, and the

digestive gland, respectively. These data are similar to the

one reported for Mytilus edulis [23, 46] and M. gallopro-

vincialis [30]. Individual phospholipids composition is

very similar to the one previously reported by Lubet et al.

[30], and are thus not reported herein. PtdCho and PtdEtn

were the main phospholipids and represented 70–80% of

total phospholipids in the main tissues.

We then studied the in vivo incorporation of [1-3H]-

ethanolamine within the tissues and lipids of M. gallo-

provincialis. In all organs most of the radioactivity

(between 92 and 95% of total radioactivity) was found in

the water soluble and lipid fractions. The radioactivity

measured in the chloroform/methanol extract insoluble

fraction (mainly made of proteins) accounted for only
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5–8% of the total radioactivity in the tissues. Figure 1

shows the kinetics and distributions of [1-3H]-ethanol-

amine-derived labeling within the waters soluble and lipid

fractions in hemolymph, the mantle, the digestive gland

and gills during the 72 h following the radio-precursor

injection. The highest concentrations of [1-3H]-ethanol-

amine-derived radioactivity were found in the digestive

gland followed by the mantle, the gills and hemolymph. In

all tissues, a progressive decrease in labeling in the water

soluble fraction was observed with a concomitant radio-

isotope accumulation in the lipid fraction. Again the

digestive gland displayed the highest labeling of lipids.

In this tissue, a strong and sustained increase in labeling

of lipids was observed up to 72 h following [1-3H]-etha-

nolamine administration. Similar observation was made in

gills where lipid labeling was, within 24 h, increased *
twofold at a level that remained stable till 72 h. In the

hemolymph and the mantle, a maximal lipid labeling was

observed 24 h following the administration of [1-3H]-

ethanolamine. The increase in labeling observed during the

first 24 h was followed by a *50% decrease of radioac-

tivity level during the next 48 h, showing a different

kinetic in these tissues when compared to the one in gills

and the digestive gland.

We next examined the distribution of [1-3H]-ethanol-

amine labeling within the lipids (see Table 1). The distri-

bution of [1-3H]-ethanolamine within the lipids remained

relatively constant in each tissue throughout the 72 h of

experiments, as shown by the small variation of percent-

ages (Table 1). In all tissues, the radioactivity was mainly

incorporated into PtdCho and PtdEtn that concentrated

from *79 to *92% of the total lipid radioactivity. [1-3H]-

ethanolamine-derived labeling was observed in PtdCho in

all tissues. Plasma displayed a particularly high proportion

of labeled PtdCho (*21% of total lipid radioactivity) when

compared to other tissues (from *7 to *10% of total lipid

radioactivity). The percentage of radioactivity recovered

within neutral lipids of plasma and hemocytes was also

higher than in other tissues.

This labeling of PtdCho with [1-3H]-ethanolamine sug-

gests that PtdEtn N-methylation occurs in the tissues of the

mussel M. galloprovincialis. However, this PtdCho label-

ing may also be explained by the putative incorporation of

catabolic products of ethanolamine into the fatty acyl and/

or glycerol moiety of the phospholipid. To test this possi-

bility acetolysis of PtdEtn and PtdCho was performed and

radioactivity within the acetyl-diacylglycerol or head group

moieties of the molecules determined. Hence, 48 h after

[1-3H]-ethanolamine injection, 55 and 75% of labeling into

PtdCho of the digestive gland and plasma were found in the

choline moiety of the phospholipid (Fig. 2a). In PtdEtn, 80

and 70% of labeling were detected in the ethanolamine

moiety of the molecule isolated from the digestive gland

and the plasma respectively (Fig. 2b). These results show

that the N-methylation pathway of PtdEtn to PtdCho takes

place at a significant rate in M. galloprovincialis.
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Fig. 1 Distribution of [1-3H]-

ethanolamine-derived

radioactivity in the water

soluble and lipid fractions from

M. galloprovincialis tissues.

Mussels were administered

10 lCi of [1-3H]-ethanolamine

as described in the methods

section. The different tissues

were collected at 9, 24, 48 and

72 h, weighted and lipids were

extracted. Radioactivity was

determined in the water soluble

fraction (empty squares) and in

the total lipid fraction (full
squares). Results are

averages ± SEM of 5

independent experiments
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We also determined the specific activity of total phos-

pholipids, PtdEtn and PtdCho in the different tissues of

M. galloprovincialis. The results (see Table 2) show that

the highest specific activities in total phospholipids were

observed in the digestive gland and plasma. This was also

true for PtdCho that displayed in plasma and the digestive

gland a specific activity that was *5 and *4.5 times

higher than in gills and in the mantle. Interestingly, the

specific activity of PtdCho in plasma was very similar to

the one in the digestive gland (see Table 2), with a ratio of

PtdCho specific activities of *1.1 between plasma and the

digestive gland. This strongly suggests that [1-3H]-etha-

nolamine-derived PtdCho in plasma is synthesized in the

digestive gland through PtdEtn N-methylation. This rela-

tionship is further illustrated in Fig. 2.

As shown in Fig. 2a, the variation of PtdCho specific

radioactivity in hemolymph was correlated (r = 0.47,

p \ 0.01) to the one in the digestive gland. The PtdCho

specific radioactivity ratios (PtdCho SA in plasma/PtdCho

SA in the digestive gland) were effectively not statistically

different of 1 after Asin transform (ratios were respec-

tively, 0.87 ± 0.16, 1.42 ± 0.29, 1.20 ± 0.21 and 1.36 ±

0.13 at 9, 24, 48 and 72 h following the label injection). At

the opposite, differences were observed in PtdEtn specific

activities between plasma and the digestive gland 48 and

72 h following [1-3H]-ethanolamine administration

(Fig. 2b). The similar specific activity of [1-3H]-ethanol-

amine-labeled PtdCho between plasma and the digestive

gland strongly suggests that the digestive gland exchanges

the newly formed PtdCho with plasma.

We next determined the fatty acid composition of Ptd-

Cho purified from the different tissues. The results show

that, in all tissues, palmitic (16:0), stearic (18:0), arachi-

donic (20:4n-6) eicosapentaenoic (20:5n-3) and docosa-

hexaenoic acids (22:6n-3) are the major fatty acids in this

phospholipid (see Table 3). These fatty acids accounted for

*76 to *80% of all fatty acids in PtdCho. The percentage

of palmitic and stearic acids was *1.8-fold higher in

plasma and the digestive gland when compared to the

mantle and gills. At the opposite, the percentage of doco-

sahexaenoic acid was 2.1-fold lower in plasma and the

digestive gland when compared to other tissues. The major

observation was that fatty acid composition of PtdCho

from plasma is similar to the one of PtdCho isolated from

the digestive gland. There was a significant positive

correlation between plasma and the digestive gland for

22:6n-3 (r = 0.53, p \ 0.001) the sum of the n-3 PUFA

(r = 0.45, p \ 0.005) and n-6/n-3 PUFA ratio (r = 0.47,

p \ 0.002).

We then tested the ability of the different tissues to

synthesize PtdCho through the PtdEtn N-methylation

pathway In vitro. In the mantle, gills and the digestive

gland, most of [1-3H]-ethanolamine labeling of lipids was

recovered into PtdEtn. This phospholipid concentrated

from *87 to *91% of total lipid radioactivity in these

tissues (see Table 4). In the digestive gland, a small but

significant part of labeling was observed into PtdCho.

Acetolysis of PtdCho purified from the digestive gland

showed that *70% of [1-3H]-ethanolamine-derived label-

ing was recovered in the choline moiety of the molecule.

This was not the case in the mantle and gills where most of

PtdCho labeling was detected in the diacylglycerol moiety

of the phospholipid. These in vitro observations show that

the digestive gland is the place of an active PtdCho syn-

thesis through the PtdEtn N-methylation pathway. We also

studied the in vitro incorporation of [1-3H]-ethanolamine

within the lipids of hemocytes. Surprisingly, the distribu-

tion of the precursor in the lipids of these cells was very

different when compared to other tissues (see Table 4).

Most of the radioactivity (*60%) was found in the neutral

Table 1 In vivo distribution of [1-3H]-ethanolamine in the lipids of M. galloprovincialis

Mantle Gills Digestive gland Plasma Hemocytes

Phosphonolipids

X 4.0 ± 0.8 3.2 ± 0.4 2.4 ± 0.5 2.7 ± 1.6 2.8 ± 1.3

Y 5.0 ± 1.3abc 1.1 ± 0.1ad 1.5 ± 0.3b 1.6 ± 0.6c 3.3 ± 0.9d

Phospholipids

LysoPtdCho 0.9 ± 0.3a 1.1 ± 0.3b 0.9 ± 0.1c 3.8 ± 0.9abcd 1.2 ± 0.4d

PtdCho 6.7 ± 1.5a 8.6 ± 2.0b 10.1 ± 3.8c 24.8 ± 4.1abcd 9.3 ± 2.3d

PtdEtn 72.0 ± 3.9abe 83 ± 2.5acdf 76.0 ± 2.8gh 54.0 ± 3.8bch 59.4 ± 5.7defg

LysoPtdEtn – – 3.1 ± 0.4 – –

Neutral lipids 3.7 ± 0.7abc 1.2 ± 0.1adef 3.7 ± 0.5dgh 12.1 ± 1.7beg 16.8 ± 4.1cfh

Animals were injected with 10 lCi of [1-3H]-ethanolamine as described in the methods section. After 9, 24, 48, and 72 h the tissues were

collected and lipids extracted and purified. The lipids were separated by 2-D TLC and radioactivity determined by liquid scintillation. Results are

expressed as the percentage of radioactivity within total lipids. As the distribution of the radioactivity remained the same during the 72 h period,

the results are expressed as averages ± SEM (20 animals) between the 9, 24, 48, and 72 h labeling periods. Values with a common superscript

show a statistical difference (p \ 0.01) between tissues in the distribution of radioactivity within an individual lipid
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lipid fraction. PtdCho was the phospholipid displaying the

highest [1-3H]-ethanolamine-derived labeling along with

PtdEtn and the phosphonolipid X. Acetolysis of PtdEtn and

PtdCho from hemocytes showed that more than 70% of

radioactivity was incorporated into ethanolamine and

choline, respectively. These observations demonstrate that,

like the digestive gland, hemocytes express an active

PtdEtn N-methylation pathway. We also found that total

phospholipid concentrations are *5 times higher in

hemocytes than in plasma (respectively, 103 ± 69 lg and

17.8 ± 7.8 lg/100 mg of the fresh weight; n = 5). Despite

this difference we observed that the individual phospho-

lipid composition of hemocytes is similar to the one of

plasma except the absence of Diphosphatidylglycerol

(Ptd2Gro) in the latter and that the percentage of Lyso-

phosphatidylcholine (LysoPtdCho) was approximately

doubled in plasma compared to cells (see Table 5). We

thus performed pulse-chase experiments with [1-3H]-etha-

nolamine in order to address the occurrence of putative

exchange of lipids from hemocytes to plasma. After 60 min

of incubation a strong labeling was observed in hemocytes

with lipids representing *1.1% of the total label incor-

poration (see Table 5). After 90 min of chase in non-

radioactive plasma, a transfer of lipids from the cells to the

plasma was observed as illustrated by the appearance of

radioactivity in the plasma lipid fraction. Interestingly the

distribution of [1-3H]-ethanolamine-derived radioactivity

within plasmatic lipids was similar with the one in hemo-

cytes at the exception of Phosphatidylinositol (PtdIns)

and the phosphonolipid Y that were poorly or not

exchanged with plasma (see Table 5). The data also show

that the PtdCho synthesized in hemocytes via the PtdEtn

N-methylation pathway is partly exchanged with plasma

inasmuch [1-3H]-ethanolamine-labeled PtdCho was mea-

sured in this tissue.

We also performed in vitro labeling experiments with

L-[3-3H] serine on the two tissues (digestive gland and

hemocytes) in which we observed an active PtdCho syn-

thesis via the PtdEtn N-methylation pathway. L-[3-3H]

serine was chosen as radio-precursor since it labels a pool of

PtdEtn after decarboxylation of Phosphatidylserine (Ptd-

Ser). The results in Fig. 3 show that in both tissues an

important fraction of L-[3-3H] serine-derived labeling was

recovered into PtdCho. Positional analysis of labeling into

PtdCho purified from both tissues showed that *80% of the

radioactivity was in the choline moiety of the molecule

(Fig. 3). These data show that PtdCho synthesis occurred

through the PtdEtn N-methylation pathway, confirming the

data obtained in vivo and in vitro with [1-3H]-ethanolamine.

Figure 3 also demonstrates that in hemocytes most of

L-[3-3H] serine labeling was observed into PtdEtn (*73%

of total phospholipids labeling), suggesting an active PtdSer

decarboxylation in this tissue, at least under our experi-

mental conditions. The phosphonolipids X and Y concen-

trated also a significant part of L-[3-3H]-serine labeling with

respectively *8 and *11% of total phospholipids radio-

activity in hemocytes and the digestive gland.

We finally determined Pemt activity within the tissues of

M. galloprovincialis acclimated either to sea water or

diluted-sea water. Our first attempts on crude tissue

homogenates without exogenously supplied PtdEtn and

phosphatidyldimethylethanolamine were unsuccessful as
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Fig. 2 PtdCho and PtdEtn specific radioactivities in the plasma and

the digestive gland of mussels were administered 10 lCi of [1-3H]-

ethanolamine as described in methods. Digestive gland and hemo-

lymph were collected at different times after the radio-precursor

administration. Plasma was prepared by centrifugation of hemo-

lymph. Lipids were extracted from tissues and phospholipids

separated by 2-D TLC. PtdCho and PtdEtn were quantified and

radioactivity determined. Panels A and B respectively, show the

specific radioactivities of PtdCho and PtdEtn. Results are aver-

ages ± SEM of 5 different experiments and specific radioactivities

are expressed as 9103 dpm/lmol of PtdCho or PtdEtn. White and

black bars respectively, represent the specific activities in the

digestive gland and plasma. The horizontal black and white lines
within the white and black bars, respectively, represent the extent of

labeling recovered within polar head groups (area under the black and

white lines) based on acetolysis of the molecules. Asterisks indicate

statistical differences between the digestive gland and plasma

(p \ 0.01)
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the activity was very low (*0.3–0.4 nmol of methyl group

transferred/min/mg of protein in the digestive gland). The

activity at 37 �C was much higher than at room tempera-

ture (i.e., close to the acclimation temperature of animals)

and therefore this temperature was used. We thus deter-

mined Pemt activity on tissue microsomal fraction according

to the procedure described by Ridgway and Vance [44].

Figure 4 shows that the highest Pemt activities were

recovered within the digestive gland and hemocytes. Pemt

activities determined within the mantle and gills were

respectively *11 and *17 lower when compared to the

digestive gland from sea water acclimated animals (Fig. 4).

We also determined Pemt activity on tissues isolated from

animals acclimated to diluted-sea water. In these conditions,

Pemt activities were reduced by respectively, *36, *45

and *55% in gills, hemocytes and the digestive gland when

compared to sea water acclimated animals. A *20% but

non-significant decrease (p = 0.16) in Pemt activity was

measured in the mantle of diluted-sea water animals.

Discussion

The major observation of this study is that the mussel

M. galloprovincialis can synthesize PtdCho through the

PtdEtn N-methylation pathway in at least two tissues, the

digestive gland and the hemocytes. The occurrence of

PtdEtn N-methylation activity in M. galloprovincialis may

not be surprising if we consider the fact that biosynthesis of

PtdCho by N-methylation of PtdEtn is widely expressed

throughout evolution, from PtdCho biosynthesizing bacte-

ria to mammals, although enzyme sequences differ sub-

stantially between prokaryotes and eukaryotes [1, 47]. In

higher vertebrates such as mammals, the PtdEtn N-meth-

ylation pathway is mainly expressed in the liver [2, 4] with

discrete activity in some other tissues such as kidney and

cell types such as leucocytes and reticulocytes [11, 48, 49].

We previously showed that the liver/hepatopancreas is also

the main site of the PtdEtn N-methylation pathway in

euryhaline fish and crustaceans [5, 17, 20]. However, there

Table 2 Main phospholipids specific radioactivities in the tissues of M. galloprovincialis

Total phospholipids PtdCho PtdEtn

Plasma 110.9 ± 15.8 56.4 ± 15 368.6 ± 37.9

Gills 45.6 ± 5.3 11.7 ± 3.1 100.3 ± 11.5

Mantle 63.7 ± 14.9 9.4 ± 3 112.1 ± 11.5

Digestive gland 188.1 ± 25.1 48.8 ± 11.3 655.1 ± 94

Animals were injected with 10 lCi of [1-3H]-ethanolamine as described in the methods section. After 9, 24, 48, and 72 h the lipids were

extracted and purified from the different tissues. The phospholipids were separated by 2-D TLC and radioactivity determined by liquid

scintillation. Quantification of total lipids, PtdCho and PtdEtn were also performed by phosphate determination as described in the methods

section. Specific radioactivity is expressed in 9103 dpm/lmol of lipid phosphorus. The values are the means ± SEM (20 animals) of the

different determinations undertaken during the 72 h experimental period

Table 3 Fatty acid composition

of PtdCho in the tissues of

M. galloprovincialis

Lipids were extracted and

purified from mussel tissues.

PtdCho was purified by solid

phase extraction on an

aminopropyl column and TLC.

The phospholipid was

transesterified and methyl fatty

acids were analyzed by gas

chromatography as described in

the methods section. The results

are expressed as percent of total

fatty acids and are

average ± SEM of six

independent experiments

N.D Not detected

Fatty acid Plasma Digestive gland Mantle Gills

16:0 33.0 ± 2.4 36.7 ± 3.2 21.5 ± 5.5 18.3 ± 1.4

16:1n-9 1.6 ± 0.6 3.7 ± 0.3 2.4 ± 0.2 1.8 ± 0.2

16:1n-7 0.5 ± 0.2 1.1 ± 0.2 0.5 ± 0.1 0.8 ± 0.3

18:0 15.1 ± 1.6 10.0 ± 0.9 6.1 ± 2.3 6.7 ± 0.1

18:1n-9 2.2 ± 0.5 1.4 ± 0.6 2.1 ± 0.3 1.4 ± 0.1

18:1n-7 2.8 ± 0.8 4.2 ± 0.9 3.6 ± 0.8 2.2 ± 0.2

18:2n-6 1.8 ± 0.5 2.0 ± 0.2 2.1 ± 0.3 1.5 ± 0.5

18:3n-3 1.1 ± 0.4 1.2 ± 0.1 1.2 ± 0.2 0.9 ± 0.1

18:4n-3 1.4 ± 0.5 0.7 ± 0.5 0.5 ± 0.3 0.4 ± 0.1

20:1n-9 2.8 ± 0.6 3.4 ± 0.1 3.2 ± 0.9 2.7 ± 0.1

20:2n-6 0.8 ± 0.4 1.2 ± 0.1 1.3 ± 0.2 1.6 ± 0.6

20:4n-6 6.1 ± 1.2 5.7 ± 0.8 5.9 ± 0.5 10.1 ± 0.7

20:4n-3 0.4 ± 0.2 0.7 ± 0.3 1.0 ± 0.7 N.D

20:5n-3 10.4 ± 0.3 11.8 ± 1.7 19.2 ± 2.3 13.8 ± 0.4

22:5n-3 1.7 ± 0.5 2.1 ± 0.3 2.1 ± 0.2 2.7 ± 0.1

22:6n-3 12.2 ± 0.3 14.0 ± 1.9 23.6 ± 2.8 31.2 ± 1.9
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was no information available on PtdCho biosynthesis by

N-methylation of PtdEtn in molluscs and the tissues where

this metabolic pathway might take place.

The in vivo labeling of M. galloprovincialis with [1-3H]-

ethanolamine shows that the highest PtdEtn and PtdCho

specific activities were observed in the digestive gland and

Table 4 Distribution of [1-3H]-ethanolamine in lipids after in vitro incubation of M. galloprovincialis tissues

Mantle Gills Digestive gland Hemocytes

Phosphonolipids

X 2.6 ± 0.3 3.3 ± 0.6 2.2 ± 0.4 8.1 ± 0.6

Y 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 1.9 ± 0.3

Phospholipids

LysoPtdCho 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 –

PtdCho 0.5 ± 0.1 0.3 ± 0.1 2.8 ± 0.2* 10.7 ± 1.1*

PtdSer 0.4 ± 0.1 0.4 ± 0.1 0.6 ± 0.2 5.0 ± 0.4

PtdIns 0.6 ± 0.2 0.9 ± 0.2 1.3 ± 0.6 5.7 ± 1.5

PtdEtn 90.7 ± 1.8 90.4 ± 1.1 87.4 ± 1.1 8.5 ± 0.2

Neutral lipids 4.6 ± 0.5 3.2 ± 0.6 3.0 ± 0.8 59.9 ± 1.2

Tissues were incubated in vitro for 3 h at 20 �C with [1-3H]-ethanolamine as described in the methods section. Lipids were extracted, separated

by 2-D TLC and analyzed. [1-3H]-ethanolamine-derived radioactivity is expressed as percentage of the total radioactivity recovered on the TLC

plate. Acetolysis was also performed on PtdCho as described in the methods section. Asterisks indicate the samples where more than 70% of

[1-3H]-ethanolamine-derived radioactivity was recovered within the choline moiety. Results are average ± SD of 3 independent experiments

Table 5 Phospholipid composition of plasma and hemocytes and exchange of [1-3H]-ethanolamine-labeled lipids from hemocytes to plasma in

vitro

Hemocytes Plasma

Total radioactivity in tissue (9103 dpm) T0hr 2,521 ± 218 –

T1hr30 544 ± 28 1,737 ± 138

Radioactivity in total lipids (9103 dpm) T0hr 29.2 ± 6.8 –

T1hr30 25.1 ± 3.7 6.1 ± 1.3

Phospholipid composition (% of total lipid phosphorus) [1-3H]-ethanolamine distribution (% of total dpm)

Hemocytes Plasma Hemocytes Plasma

Phosphonolipids Phosphonolipids

X 13.4 ± 4.5 10.9 ± 4.7 X 9.2 ± 0.6 7.1 ± 1.0

Y 1.9 ± 0.8 0.7 ± 0.5 Y 2.3 ± 0.2 –

Phospholipids Phospholipids

LysoPtdCho 4.1 ± 2.3 11.9 ± 3.7 LysoPtdCho – –

PtdCho 34.9 ± 6.9 41.4 ± 6.9 PtdCho 9.6 ± 0.2 9.1 ± 1.0

PtdSer 8.0 ± 3.7 5.9 ± 2.3 PtdSer 6.0 ± 0.3 4.7 ± 0.7

PtdIns 2.3 ± 1.3 4.4 ± 1.9 PtdIns 2.6 ± 0.1 0.4 ± 0.3

PtdEtn 28.6 ± 7.2 24.5 ± 5.3 PtdEtn 5.5 ± 0.3 5.2 ± 1.3

Ptd2Gro 5.2 ± 3.4 – Neutral lipids ? Ptd2Gro 64.9 ± 1.2 73.5 ± 0.1

Hemolymph was collected and hemocytes separated from plasma as described in the methods section. The lipids were extracted, phospholipids

separated by 2-D TLC and quantified

Phospholipid composition is expressed as percentage of total phosphorus and results are average ± SEM of 5 determinations

Exchange of lipids from hemocytes with plasma was studied as follows. Hemocytes in 10 ml of plasma were labeled with 100 lCi of [1-3H]-

ethanolamine for 60 min at 20 �C. Hemocytes were then separated from plasma and washed with non-radioactive plasma. Prelabeled hemocytes

(t0hr) were incubated for 90 min in non-radioactive plasma. At that time, hemocytes were separated from plasma, washed and lipids extracted and

analyzed. Radiolabeling distribution was determined on the cells and plasma as described in the methods section. [1-3H]-ethanolamine-derived

radioactivity is expressed as % of the total radioactivity recovered on the TLC plate. Results are averages ± SD of 3 independent experiments
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the plasma (Table 2). Phospholipid acetolysis demonstrated

that the [1-3H]-ethanolamine-derived labeling was mainly

located in the polar head groups of the molecules confirming

that the digestive gland can synthesize PtdCho through the

PtdEtn N-methylation pathway. The PtdCho specific activ-

ities in plasma and the digestive gland were very similar

suggesting a precursor relationship between these two tis-

sues. We thus compared the kinetics of specific activities

into PtdCho from the digestive gland and plasma (Fig. 2a).

The results show that, at the opposite of what was observed

for PtdEtn (Fig. 2b), no statistical differences could be

observed in the specific activities of PtdCho in these two

tissues. These observations demonstrate that the [1-3H]-

ethanolamine-derived PtdCho, i.e., the PtdCho synthesized

by N-methylation of PtdEtn in the digestive gland is

exchanged with plasma. Our previous results have shown a

similar phenomenon in fish and crustaceans where the Ptd-

Cho synthesized by N-methylation of PtdEtn in the liver/

hepatopancreas is exchanged with the plasma of these ani-

mals [5, 20]. Interestingly, a role for the PtdEtn N-methyl-

ation pathway in VLDL lipoprotein secretion has been

demonstrated in the liver of Pemt –/– mice [50–52]. Fatty

acid analysis of PtdCho purified from the digestive gland

and plasma also support that there is a precursor relationship

between PtdCho synthesized in both tissues of M. gallo-

provincialis. This phospholipid effectively expressed simi-

lar fatty acid composition in the two tissues, with a

particularly high proportion of palmitic acid and, in contrast,

a lower proportion of docosahexaenoic acid when compared

to the PtdCho of the mantle and gills (Table 3). Despite these

tissue differences in the phospholipid docosahexaenoic acid

content, this fatty acid was one of the most expressed, an

observation similar to the one reported by others in the

mussel M. edulis [53]. The metabolic data and PtdCho fatty

acid profiles suggest that the digestive gland in the mussel

M. galloprovincialis insures similar functions in PtdCho

synthesis by N-methylation of PtdEtn as it is known for the

liver in fish and mammals and for the hepatopancreas in

crustaceans [20]. The digestive gland is the only tissue

where the specific activities of PtdCho and fatty acid com-

position were similar to the ones in hemolymph.

During in vivo experiments, we also observed a sub-

stantial amount of [1-3H]-ethanolamine-derived labeling

within Lysophosphatidylethanolamine (LysoPtdEtn) of the

digestive gland. In this tissue the lysophospholipid con-

centrated 3.1 ± 0.4% of radiolabeling. There was no evi-

dence for a LysoPtdEtn-forming activity in other tissues

(Table 1) or in vitro (Table 4). The explanation for the

specific occurrence of LysoPtdEtn labeling from [1-3H]-

ethanolamine within the digestive gland in vivo is not

clear. It suggests that the digestive gland may express

particularly active metabolic pathway(s) producing this

lysophospholipid in vivo. Hax and van Kessel [54] reported

the occurrence of LysoPtdEtn within the tissues of the

mollusc Helix pomatia. Sajiki also reported pH-dependant

phospholipase A1 and A2 activities towards PtdEtn in the

digestive gland of oysters [55]. Although several biological

functions, such as signal transduction, have been attributed

to some lysophospholipids (especially lysophosphatidic

acid) [56], little is known about LysoPtdEtn [57]. However,

antimicrobial activity [58], induction of PC12 cells dif-

ferentiation [59] and chemotactic migration [60] have been
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reported for this lysophospholipid. The occurrence of

[1-3H]-ethanolamine-derived labeling within LysoPtdEtn

in the digestive gland may simply reflect active remodeling

of phospholipids taking place in this tissue which plays a

central role in food digestion. Hence LysoPtdEtn expres-

sion and labeling in the digestive gland may be the result of

concerted actions of phospholipases and reacylation to

PtdEtn. A specific LysoPtdEtn acyltransferase has recently

been characterized in Saccharomyces cerevisiae but the

relevance of this observation for animals has still not been

established [61].

We also observed that LysoPtdCho relative concentra-

tions in plasma are approximately twice higher than the

other tissues (for instance, compare plasma and hemocytes,

Table 5). This proportion of LysoPtdCho in plasma is

interesting on the basis of what is known about the trans-

port functions that have been ascribed to the lysophos-

pholipid in mammals. When bound to plasma albumin,

LysoPtdCho has been shown to be a preferred form of

DHA transport to the brain (for a review see [62, 63]). That

LysoPtdCho is involved in hemolymph transport of long

chain PUFA to tissues in molluscs is thus a tempting

hypothesis, but we did not characterize its fatty acid

composition.

[1-3H]-Ethanolamine in vitro labeling of tissues

strengthens the observations made in vivo. Among the

main tissues, the digestive gland was the only one where a

significant labeling of PtdCho could be observed, even

though the percentage of label recovered within PtdCho

was low when compared to in vivo experiments (*2.8% of

total phospholipids radioactivity was recovered into Ptd-

Cho when the digestive gland was labeled in vitro versus

*10% in vivo—compare Tables 1 and 4). In vitro, most of

the label incorporated into phospholipids was within

PtdEtn. Acetolysis of PtdCho isolated from in vitro radio-

labeled mantle and gills showed that the low amount of

radioactivity recovered in the phospholipid was located in

the diacylglycerol moiety of the molecule, the opposite of

what was observed in PtdCho purified from the digestive

gland.

These different in vitro and in vivo observations point to

the digestive gland as the tissue where PtdEtn N-methyla-

tion is taking place. The in vivo [1-3H]-ethanolamine-

derived labeling observed in PtdCho of the mantle and gills

may thus be the result of redistribution of the PtdCho

synthesized in the digestive gland and exchanged with

plasma. Some authors have shown the existence of lipo-

proteins in the plasma of marine and freshwater bivalves

[27, 28]. These authors demonstrated in the pacific oyster

(Crassostrea gigas) and a freshwater mollusc (Diplodon

delodontus) that radiolabeled fatty acids were recovered in

the plasma lipoproteins and to a lesser extent in hemocytes,

and suggested that these structures were involved in lipid

transport in molluscs. Our results in M. galloprovincialis

are in agreement with those reported by these authors on

the levels of phospholipids measured in the plasma of

C. gigas and D. delodontus.

However, we were also able to show that, in addition to

the digestive gland, PtdEtn N-methylation occurs in

hemocytes at a significant rate. In vivo radiolabeling of

mussels with [1-3H]-ethanolamine showed that *9.3% of

total lipid radioactivity in hemocytes was recovered in

PtdCho (see Table 1), with most of the label in the choline

moiety of the molecule. In vitro experiments with hemo-

cytes showed that PtdCho concentrated the most [1-3H]-

ethanolamine-derived labeling within phospholipids

(Table 4). These results demonstrate that an active PtdEtn

N-methylation pathway is expressed in hemocytes. Pulse-

chase experiments with hemocytes indicated that the

[1-3H]-ethanolamine-labeled lipids (including PtdCho)

synthesized by the cells were partly exchanged with plasma

(see Table 5). Thus it appears that plasmatic PtdCho

originates from at least two sources: the digestive gland

and hemocytes. Unfortunately we were unable to quantify

the relative contribution of these tissues in the synthesis of

plasmatic PtdCho derived from PtdEtn N-methylation. The

limited amount of hemocytes enabled us to determine

reliably the specific activity of PtdCho in unique samples

of these cells. However, it is reasonable to assume that

most of [1-3H]-ethanolamine-derived PC in plasma origi-

nates from digestive gland because of the close relationship

in the specific activities of the phospholipid in these two

tissues (Fig. 2a) and because of the low amount of hemo-

cytes in the plasma of M. galloprovincialis (we found that

less than 1% of hemolymph volume was made of

hemocytes).

We also determined Pemt activities within the different

tissues of M. galloprovincialis (Fig. 4). The data confirm

that the active PtdEtn N-methylation pathway occurs

within the digestive gland and hemocytes, strengthening

the conclusions based on in vivo and in vitro labeling with

[1-3H]-ethanolamine. Acclimation to diluted-sea water

caused a reduced Pemt activity (Fig. 4). This demonstrates

that PC biosynthesis through the PtdEtn N-methylation

pathway is regulated by environmental salinity, similar to

what was reported in fish [5, 19], euryhaline crustaceans

[20] and plants facing dryness [64].

Among the few metabolic studies of phospholipids

metabolism in molluscs [30, 65, 66] this study is the first to

address PtdCho biosynthesis through PtdEtn N-methylation

in such animals.

Our interest in the PtdEtn N-methylation pathway in

marine molluscs lies in our previous observations showing

that acclimation of euryhaline fish and crustaceans to sea

water (i.e., hypertonic conditions with respect to cellular

osmolarity) resulted in an activation of N-methylation of
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PtdEtn into PtdCho that was rapidly exchanged with

plasma/hemolymph [5, 17, 20]. We also showed that this

PtdCho was used as a precursor for the synthesis of betaine,

an important organic osmolyte derived from choline [20].

The PtdEtn N-methylation pathway is effectively the only

known biosynthetic pathway for choline synthesis in ani-

mals [4], whereas plants display active N-methylation of

phosphorylethanolamine [67]. In the water-stressed barley

plant Hordeum vulgare Hitz et al. [64] demonstrated a

precursor-product relationship between the PtdCho arising

from the PtdEtn N-methylation pathway and betaine syn-

thesis. In Pemt knockout mice a relation between the

PtdEtn N-methylation pathway and betaine synthesis is

suggested by the observations that liver concentrations of

this choline metabolite were decreased in female fed a

standard diet [68]. Interestingly, M. galloprovincialis is

known to accumulate high concentrations of betaine when

the animal is facing hyperosmotic conditions such as in sea

water [69]. These authors demonstrated that moving

M. galloprovincialis from diluted-sea water (salinity 19%)

to sea water (salinity 38%) resulted in a 87% increase in

tissue betaine concentrations two days after transfer. They

also demonstrated that M. galloprovincialis displays the

ability to synthesize betaine from choline. In similar

salinity conditions (see the methods section) we observed a

significant effect of salinity on Pemt activity (Fig. 4). It is

thus tempting to hypothesize that the physiological role

described for the PtdEtn N-methylation pathway in fish [5,

19] and crustaceans [20] hyperosmotic response may also

be relevant in marine molluscs. However, we were unable

to measure betaine radiolabeling in plasma during our in

vivo experiments due to the small amount of tissue avail-

able from animals. The present report characterizing

PtdEtn N-methylation activity in M. galloprovincialis

should pave the way to addressing the putative relationship

between the PtdEtn N-methylation pathway and betaine

synthesis in molluscs.
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wide range of mono- and disaccharides as well as branched

polysaccharides. The optimal temperature for growth is

68 �C (range 50–73 �C) and pH 5.3 (range 4.7–5.8) [2].

The lipid composition of C. calidirosea presents a

number of unusual features both in the fatty acids and polar

lipids. The present publication describes fatty acids of this

unique organism, including the discovery of a novel, 5,6-

methylene hexadecanoic acid. While polar lipids observed

in C. calidirosea resembled those reported for Deinococcus

radiodurans, the polar lipids of the latter contained

monoenoic acids only of D7, D9 and D11 series, with up to

11% of unidentified fatty acids [3, 4], and it was high-

lighted that no cyclopropanoic acids were found [5]. A

combination of chemical and instrumental techniques (GC,

GCMS, TLC, SPE, preparative HPLC, hydrogenation of

unsaturated fatty acids, a cyclopropane ring opening by

hydrogenation in glacial acetic acid, formation of DMDS

adducts and TMS derivatives, IR, and 1H-NMR) was

applied to identify all fatty acids present in the organism at

levels above 0.2% of total fatty acids. Characteristic fea-

tures of C. calidirosea seem to be the presence of normal

and branched chain cis-D5 monounsaturated fatty acids and

5,6-methylene hexadecanoic acid. The latter feature makes

C. calidirosea unique, since cyclopropane fatty acids

found in bacteria usually belong to cis-9,10-methylene- or

cis-11,12-methylene families [6], with less common trans-

4,5-methylene pattern reported for cyanobacteria [7, and

references therein].

Materials and Methods

Lipid Extraction

Chthonomonas calidirosea was cultivated as described in

[2]. Wet biomass was extracted using the method of Bligh

and Dyer [8]. Freeze-dried biomass was extracted by the

same method after re-constituting with tenfold excess of

water (by weight).

Thin-Layer Chromatography

Neutral lipids were resolved by high performance thin-

layer chromatography (HPTLC) on 10 9 10 cm Silica gel

60 glass plates (Merck, Germany) in hexane/diethyl ether/

glacial acetic acid (80:20:1, by vol) with the following

reference compounds: cholesterol, cholesterol oleate, trio-

lein, 1,2- and 1,3-dipalmitoyl glycerol, 1-monopalmitoyl-

glycerol, and oleic acid (Sigma, USA; and IRL own

collection of reference lipid compounds). Resolution of

diploptene, squalene and partially hydrogenated squalenes

was achieved by development of a HPTLC plate with

chloroform for 1/3 of height, drying in warm air, followed

by development in hexane up to full height [9]. Preparative

TLC in hexane was used for isolation of individual neutral

lipid classes. Edges of zones were detected by iodine

vapours after covering the developed and air-dried plate

with a clean glass plate. Zones were each scraped and

eluted with 1 ml hexane. Identities of components were

established either by direct injections of fractions into

GCMS, or by hydrogenation followed by GCMS.

Non-specific detection of organic compounds on TLC

plates was performed with the use of iodine vapours or by

charring with 5 or 10% (by vol) sulphuric acid in methanol.

To improve detection of saturated compounds, charring

with molybdate spray [10] was found useful.

Fatty Acids Analysis

Fatty acid methyl esters were prepared from small samples

of biomass without lipid extraction and analysed as

described by Svetashev et al. [11].

For detailed analysis, fatty acid methyl esters were

prepared from the lipid extracts according to the method of

Carreau and Dubacq [12], and purified by SPE on a 500 mg

Strata SI-1 cartridge (Phenomenex, USA) conditioned with

hexane. Hydrocarbons were eluted with 3 ml of hexane and

used for diploptene/squalenes detection, and fatty acids

methyl esters (FAME) were eluted with 6 ml of hexane-

diethyl ether (99:1, by v/v). The method used was identical

to the third procedure presented elsewhere [13], with the

only exception being the use of a SPE cartridge in place of

a Silica gel 60 column.

GC analysis of fatty acid methyl esters was performed

on a TraceGC Ultra instrument (ThermoFinnigan, USA),

equipped with FID and 30 m, 0.32 mm i.d. BP20 poly-

ethylene glycol capillary column (SGE, Australia).

Helium was used as the carrier gas; the split ratio was

1:60. Separation temperature was 195 �C. When non-

polar BP1 (60 m, 0.32 mm i.d.) methyl silicone capillary

column (SGE, Australia) was used, the separation tem-

perature was maintained at 220 �C. For calculation of

equivalent chain length (ECL) of methyl esters of 5- and

6-methyl hexadecanoic acids, the oven temperature was

maintained at 150 �C. Fatty acids were identified by the

use of reference compounds, the known ECL values for

methyl silicone column [14], and by GCMS (see below).

Hydrogenation of fatty acid methyl esters was per-

formed according to Appelquist [15]. Dimethyl disulfide

(DMDS) adducts formation [16] was used to locate the

position of the double bond in monounsaturated fatty

acids [17].

To open a cyclopropane ring, hydrogenation of the

sample in glacial acetic acid over PtO2 catalyst [18] was

performed for 6 h at room temperature, as described by

Saito and Ochiai [19].
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Trimethylsilyl derivatives were prepared by dissolving

approximately 0.2 mg of the sample in 10 ll of pyridine, and

30 ll of N,O-bis(trimethylsilyl)trifluoroacetamide with 1%

trimethylchlorosilane (Aldrich, USA). The reaction mixture

was maintained for 30 min at 60 �C. The sample was either

analysed directly, or was evaporated under a stream of argon

and re-dissolved in 0.5 ml of hexane prior to the injection.

GCMS analyses were performed on an Agilent 5890N gas

chromatograph equipped with a 5973 Inert mass-spectro-

metric detector and HP-5 capillary column (30 m, 0.32 mm

i.d.; Hewlett-Packard, USA). Helium was used as the carrier

gas. Analysis of FAME was initiated at 100 �C (hold for

6 min), with the temperature increased at a rate of 5 �C/min up

to 160 �C, followed by a rate of 1 �C/min to 240 �C, and then

maintained for 25 min. Neutral lipids (diploptene, squalene,

and partially hydrogenated squalenes) were analysed in the

following temperature programme: 6 min at 100 �C, with the

temperature increased at a rate of 5 �C/min up to 160 �C,

followed by a rate of 2.5 �C/min to 300 �C, and then this was

maintained for 30 min.

Preparative HPLC separation of the C. calidirosea free

fatty acids was carried out using a Gilson 321 preparative

HPLC pump, an Agilent 1100 photodiode array detector

(at 205 nm), C12 column (Synergy 4 l Max-RP 80A

250 9 30.00 mm) with a guard column (Phenomenex

SecurityGuard cartridge C12 15 9 30.00 mm). Data were

collected and analysed using Gilson Unipoint 3.20 soft-

ware. Solvents used were: Solvent A: 85% aqueous

methanol with 0.05% acetic acid; Solvent B: methanol with

0.05% acetic acid. The eluent flow rate was 15 ml/min.

The concentration of injected sample was 200 mg/ml in

chloroform, 0.3 ml was injected. The eluent gradient

employed was: 0 to 2 min—100% Solvent A; 24 min—

35% Solvent A, 65% Solvent B; 69 min—100% Solvent B.
1H-NMR of fatty acid samples was performed in CDCl3

using a Bruker Avance III 500 MHz instrument. Spectra

were recorded with the following instrument settings:

spectrometer frequency 499.843 MHz, sweep width 10,302

Hz, 65,536 data points, 30� excitation pulse, 32 transients

taken, each with a 1-s delay time and f.i.d. acquisition time

of 3.18 s. Spectra were processed with a standard expo-

nential weighting function with 0.3 Hz line broadening

before Fourier transformation.

IR spectra were recorded with a Spectrum One (Perkin-

Elmer) FTIR spectrometer (solvent—CCl4).

Results

Lipid Content

The lipid content of C. calidirosea samples varied between

0.29 and 0.36% of the wet biomass weight, or 7.6–8.8% in

the freeze-dried samples. A bright pink pigment was

present in all total lipid extracts.

Neutral Lipids

No free fatty acids, wax or sterol or glycerol esters were

observed in the total lipids of C. calidirosea in our TLC

experiments, suggesting that fatty acids, if any, are present as

constituents of polar lipids only. Initial analysis of the mixture

produced by transmethylation of bacterial biomass without

further purification demonstrated the presence of significant

quantities of hydrocarbons in the mixture, apart from fatty

acid methyl esters. These hydrocarbons were fractionated by

preparative TLC (Fig. 1). Individual components were iden-

tified by GCMS of intact and hydrogenated samples as

squalene, dihydrosqualene, tetrahydrosqualene, hexahydro-

squalene, octahydrosqualene and decahydrosqualene (all of

these produced squalane upon hydrogenation), and diploptene

(hopane was produced upon hydrogenation). An unidentified

component, appearing to be partially cyclised squalene with

two rings and four double bonds, was also observed. The mass

spectrum of this component was similar to that of a known

product of an incomplete cyclisation of squalene, c-poly-

podatetraene [20], but no further structure elucidation was

performed.

Diplopterol, along with barely detectable levels of the

methyl ester of b-hydroxy myristic acid were observed

when methanolysis products prepared from total lipids [11]

were analysed by GCMS in the form of TMS-derivatives.

Fig. 1 Fractionation of neutral lipids of C. calidirosea. TLC in

hexane, detection by iodine vapours. The identities of the components

were confirmed by GCMS of fractions before and after hydrogenation

(see ‘‘Materials and Methods’’). Lanes 1 octahydrosqualene and

decahydrosqualene; 2 diploptene and octahydrosqualene; 3 octahy-

drosqualene, diploptene, and hexahydrosqualene; H hexane fraction

of C. calidirosea neutral lipids; 4 tetrahydrosqualene; 5 unidentified

bicyclic tetraene; 6 dihydrosqualene; 7 squalene
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Fatty Acids

The only type of unsaturation found in C. calidirosea fatty

acids was D5 with cis-configuration. These were identified

via GCMS analysis of the DMDS adducts (Fig. 2), and IR

spectrometry, resulting in fragments with m/z 161,

CH3SC5H7O2CH3
?, and 129 (m/z 161-CH3OH), and no

trans-unsaturation absorbance at 960–980 cm-1 in the IR

spectrum.

Comparison of the chromatographic behaviour of the

FAME on non-polar and medium polarity phases, along

with analysis of hydrogenated samples, allowed the iden-

tification of most of the fatty acids present in C. calidirosea

lipids. Since a BP20 column was unable to separate ante-

iso-17:0 and iso-17:1D5 peaks (both components have ECL

of 16.68 at 195 �C), a BP1 column was used for fatty acid

profiling of cultured samples.

An unidentified fatty acid methyl ester, X, with ECL

16.86 on non-polar column BP1 (Fig. 3), and ECL 17.27

on a medium polarity BP20 column possessed a molecular

ion with m/z 282, suggesting the presence of a 17:1 fatty

acid, but it did not form DMDS adducts and was not

affected by mild hydrogenation conditions. MS spectrum

of X revealed that it featured an ion pattern characteristic

for cyclopropane fatty acids, with the peak at m/z 41 of

higher intensity than that of m/z 43 [21]. 1H-NMR spectra

of both polar lipids fraction of C. calidirosea lipids, and

FAME fraction enriched in X demonstrated a resonance at

-0.3 ppm, as well as at 0.6 ppm confirming the presence

of a cyclopropane ring with cis-stereochemistry [22].

Hydrogenation of X in acetic acid resulted in formation of

straight chain 17:0 (ECL 17.00) and two branched FAME

with ECL 16.42 and 16.43 on 60 m BP1 column. The

former ECL values is close to the one reported by Apon

Fig. 2 Mass-spectrum of

DMDS adduct of i17:1 methyl

ester

Fig. 3 GC of FAME derived from C. calidirosea total lipids on HP-5 capillary column
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and Nicolaides [23], who observed the ECL of 16.40 for

6-methyl hexadecanoic acid methyl ester using a home-

made 500 or 1,000 ft stainless steel capillary columns

coated with Pentasil (a non-polar phase). Unfortunately,

they did not report the ECL for 5-methyl hexadecanoic acid

methyl ester. In the GCMS experiment these components

demonstrated characteristic fragments at m/z 115 and 143

(6-methyl 16:0), and at m/z 101 and 129 (5-methyl 16:0),

correspondingly (Fig. 4), thus confirming 5,6-methylene

hexadecanoic acid structure. The presence of a major ion at

m/z 208 (M-76) in the former spectrum is known to be

characteristic for fatty acid methyl esters with a methyl

branch at C6 (peak ‘‘e’’ in [18]), while the same fragment

may be observed at very low abundance in spectra of

5-methyl- and 7-methyl FAME. A major ion at m/z 241 in

the latter spectrum originates from the loss of a three car-

bon fragment from within the chain (ibid.). Overall, MS

data for 5-methyl- and 6-methyl-16:0 did match well with

those published in Table II of [23], including a peculiar

pattern at m/z 111 and 112 for 6-methyl-16:0. A satisfac-

tory GC separation of 5-methyl- and 6-methyl hexadeca-

noic acids was achieved by the use of a 60-m capillary

column and reduced temperature of analysis. The level of

5,6-methylene hexadecanoic acid in a solid media-grown

sample was 5.2% of total fatty acids (Table 1).

Discussion

Bacterial cis-monounsaturated fatty acids of D5 series were

discovered by Kaneda [24] who found i-C16:1D5,

n-C16:1D5, i-C17:1D5, and ai-C17:1D5 in three species of

Bacillus, with either n-C16:1D5 or ai-C17:1D5 being the

major unsaturated component. Later Kaneda commented

that the significance of the unusual position of the double

bond was not clear, but linked D5-unsaturation to aerobic

biosynthesis [25].

Cyclopropane fatty acids found in bacteria usually

belong to cis-9,10-methylene- or cis-11,12-methylene

families [6]. Less common structures were also reported,

e.g., compounds based on trans-4,5-methylene pattern

were reported for cyanobacteria [7, and references therein].

Since biosynthesis of a cyclopropane ring in fatty acids is

accomplished by methylenation of an unsaturated moiety

with S-adenosylmethionine [26], we expected that the

cyclopropane acid found would have a 5,6-methylene

Fig. 4 GCMS of branched acids derived upon cycle opening of compound X: 5-methyl hexadecanoic acid methyl ester (upper), and 6-methyl

hexadecanoic acid methyl ester (lower). The molecular ions of both isomers are situated at m/z 284
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fragment. Indeed, a ring opening study using GCMS

analysis of the products confirmed the presence of 5,6-

methylene hexadecanoic acid in C. calidirosea.

According to the result of a search performed with the use

of Reaxys� (Elsevier Properties SA service) and SciFinder�

(Chemical Abstracts service), 5,6-methylene hexadecanoic

acid has not been reported yet, but a longer chain homologue,

5,6-methylene octadecanoic acid, was synthesised from the

corresponding octadecenoic acid [27]. Interestingly, the

2-hydroxy derivative of 5,6-methylene octadecanoic acid is a

component of Cepaciamide A, a fungitoxic compound iso-

lated from Pseudomonas cepacia [28].

While polar lipids observed in C. calidirosea resembled

those reported for Deinococcus radiodurans (data not

shown), the polar lipids of the latter contained monoenoic

acids only of D7, D9 and D11 series, with up to 11% of

unidentified fatty acids [3, 4], and it was highlighted that no

cyclopropanoic acids were found [5]. The prevalence of D5

cis-monounsaturated and 5,6-methylene hexadecanoic

acid provides C. calidirosea with a unique set of lipid

biomarkers. The fatty acid profile of Armatimonas rosea,

the only other cultivated bacterium from the phylum

Armatimonadetes [29], lacks these markers and suggests

that D5 cis-monounsaturation and 5,6-methylene hexa-

decanoic acid may only be specific to the class or genus.

Additional data on the fatty acid profile of the other

bacteria within the Chthonomonas genus will provide

chemotaxonomic information on these microorganisms and

confirm their prevalence.
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and distribution in \3 h by a polyacrylamide gel electro-

phoresis system [9]. Although this new method has been

used in a variety of clinical trials [10–12], no data on the

agreement between this new technique and previously

validated methods (i.e. PGGE) has been published. Greater

insight into the level of agreement between the two

methods is of particular importance in view of the

increasing application of the lipoprint method in both

research and clinical practice. Accordingly, this study

evaluated the agreement between LDL particle size and

distribution measured by the lipoprint system and PGGE in

obese adults at risk for CHD.

Methods

Subjects

Subjects were selected from a 10-week weight loss inter-

vention trial. The study population has been previously

described in detail [13]. Inclusion criteria were as follows:

males; non-pregnant females; age 35–65 years; BMI

between 30 and 39.9 kg/m2; and not taking glucose or lipid

lowering medications. The experimental protocol was

approved by the Office for the Protection of Research Sub-

jects at the University of Illinois, Chicago, and all volunteers

gave their written informed consent to participate in the trial.

Blood Collection Protocol and Plasma Lipid Analysis

Twelve-hour fasting blood samples were collected between

7.00 am and 9.00 am at baseline (week 1), weeks 3, 6, and

10. Participants were instructed to avoid exercise, alcohol,

and coffee for 24 h before each visit. Blood was centri-

fuged for 15 min at 5209g and 4 �C to separate the plasma

from the red blood cells. The samples were stored at

-80 �C between the time of collection and the time of

analysis. Plasma LDL cholesterol and triglyceride con-

centrations were measured in duplicate using enzymatic

kits (Biovision Inc., Moutainview, CA, USA).

Polyacrylamide Gradient Gel Electrophoresis (PGGE)

LDL particle size analysis was performed on whole plasma

using nondenaturing 2–16% PGGE, as described previ-

ously [14, 15]. All gels were prepared in batches of 8 in our

laboratory using a multi-casting chamber (Bio-Rad Labo-

ratories Canada, Mississauga, ON, Canada). Carboxylated

latex beads (Duke Science, Palo Alto, CA, USA) were used

as standards for molecule size and mass. Plasma samples

(3.5 lL) were mixed with a sampling buffer containing

20% sucrose and 0.25% bromophenol blue in a 1:1 (v/v)

ratio. Samples were applied to each unique gel in a random

fashion. All 64 samples were analyzed in one batch. After a

15-min pre-run, electrophoresis was performed at 150 V

for 3 h. Gels were then stained for 1 h with Sudan black

(0.07%) and stored in a 0.81% acetic acid/4% methanol

solution until analysis. The Imagemaster 1-D Prime com-

puter software (Amersham Pharmacia Biotech, Piscataway,

NJ, USA) was used to analyze the gels. Integrated LDL

particle size was calculated as the sum of LDL subspecies’

diameter multiplied by its relative proportion [14, 15]. The

relative proportion of small (LDL\255 Å%), medium

(LDL255–260 Å%), and large (LDL[260 Å%) particles was

obtained by computing the relative area of the densiometric

scan (\255 Å, 255–260 Å, and [260 Å, respectively)

[14, 15]. A second batch of plasma samples were analyzed

to evaluate the coefficient of variation (CV) between bat-

ches. This analysis revealed that measurement of integrated

particle size was highly reproducible between batches with

a CV of \2%.

Quantimetrix Lipoprint LDL System

This system separates LDL subfractions by a polyacryl-

amide gel electrophoresis technique [9]. The lipoproteins

are separated on the basis of net surface charge and size

[9]. The dye used in the lipoprint system binds propor-

tionally to the relative amount of cholesterol in each

lipoprotein. High-resolution 3% polyacrylamide gel tubes

were used for electrophoresis. LDL subfractionation was

performed as described in the lipoprint LDL system

product insert. Briefly, 25 lL of sample was mixed with

200 lL of liquid loading gel. All 64 samples were analyzed

in duplicate in one batch. The loading gel contained Sudan

black dye to stain the lipoproteins. The resulting mixture

was added to the top of precast 3% polyacrylamide gel

tubes. After photopolymerization at room temperature for

30 min, samples were electrophoresed for 1 h (3 mA/gel

tube). The electrophoresis was followed by resting the

tubes in the dark for 1 h. Lipoware computer software

(Quantimetrix, Redondo Beach, CA, USA) was used to

analyze the gels. The software divides the LDL particles

into small (LDL\255 Å%), medium (LDL255–260 Å%), and

large (LDL[260 Å%) particles. A second batch of plasma

samples were analyzed to evaluate the coefficient of vari-

ation (CV) between batches. This analysis revealed that

measurement of integrated particle size was highly repro-

ducible between batches with a CV of \3%.
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Statistics

Results are presented as means ± standard deviations

(SD). The intra-subject reliability of the lipoprint duplicate

measurements was tested on all samples by calculating the

technical error of measurement (TE) as [TE = H(di2/2N)],

where di represents the difference between measurements

on the ith sample, and where N is equal to the number of

samples [16]. Pearson’s correlational analysis was imple-

mented to calculate the association between lipoprint and

PGGE techniques for integrated LDL particle size, and the

proportion of large, medium and small LDL particles. A

paired t test was used to test for differences in LDL particle

size parameters between the lipoprint and PGGE methods.

The Bland-Altman test [17] was employed to evaluate the

agreement between the two techniques. Tests for normality

were undertaken for each variable. A level of statistical

significance of P \ 0.05 was used in all analyses. Data

were analyzed using SPSS software (version 18.0 for Mac

OS X; SPSS Inc, Chicago, IL, USA).

Results

Sixteen subjects (4 men/12 women) completed the

10-week trial, and LDL particle size was analyzed at 4

different time points. Thus, in total, 64 samples were

analyzed by the lipoprint system and PGGE. The mean age

and BMI of the subjects at baseline was 46.0 ± 2.4 years

and 33.7 ± 1.0 kg/m2, respectively [13]. Subject ethnici-

ties were as follows: n = 8 African Americans, n = 2

Caucasians, and n = 6 Hispanic Americans. Body weight

decreased from 96 ± 5 kg to 91 ± 5 kg over the course of

the trial [13]. LDL cholesterol concentrations fell from

102 ± 9 mg/dL to 72 ± 8 mg/dL, while triglyceride lev-

els decreased from 125 ± 15 mg/dL to 88 ± 15 mg/dL

[13].

Mean TE for duplicate lipoprint and PGGE measure-

ments was 0.2 ± 0.1 Å (range 0–0.6 Å) and 0.2 ± 0.1 Å

(range 0–0.4 Å), respectively, for integrated particle size.

These TE values suggest highly reproducible findings for

the lipoprint and PGGE techniques. The lipoprint LDL

system gave significantly different values for integrated

LDL particle size (P = 0.003) when compared to the

PGGE method (Table 1). In contrast, the two methods gave

similar findings for the proportion of large (P = 0.201),

medium (P = 0.056), and small LDL particles (P = 0.167).

Results of the Bland–Altman test are reported in Fig. 1.

The lipoprint system was shown to slightly overestimate

integrated LDL particle size by 1.1 ± 3.0 Å. As for the

proportion of large, medium, and small LDL particles,

there was good agreement between the two methods (i.e.

mean difference was \3% for each parameter).

Correlational analysis revealed a strong relationship

between lipoprint and PGGE for integrated LDL particle

size (r = 0.89, P \ 0.0001). Similarly, good relationships

between lipoprint and PGGE values were shown for the

proportion of large (r = 0.81, P \ 0.0001), medium

(r = 0.67, P \ 0.0001), and small (r = 0.73, P \ 0.0001)

LDL particles. The bias between lipoprint and PGGE

measurements was not correlated with age, body weight,

BMI, LDL cholesterol or triglyceride concentrations.

Moreover, no difference in the relationship between the

two methods was noted when samples with higher con-

centrations of LDL cholesterol were compared to samples

with lower concentrations of LDL cholesterol.

Discussion

Findings from the present validation study suggest that,

when compared to the PGGE technique, the lipoprint LDL

system is adequate for estimating the proportion small

(LDL\255 Å%), medium (LDL255–260 Å%), and large

(LDL[260 Å%) particles, but may overestimate integrated

LDL particle size. Specifically, we showed here that the

mean difference between the two methods for each LDL

size subfraction was\3% and non-significant. On the other

hand, the lipoprint system was shown to significantly

overestimate integrated LDL particle size by 1.1 Å when

compared to PGGE. Thus, lipoprint may be an acceptable

method for assessing the distribution of LDL particles, but

not the absolute size.

To date, three other studies [9, 18, 19] have examined

the adequacy of the lipoprint LDL system for the mea-

surement of LDL particle size. For instance, Hoefner et al.

[9] and Ensign et al. [18], tested the ability of lipoprint

versus PGGE to classify subjects into LDL size pheno-

types. In both studies [9, 18], phenotype A was defined as a

predominance of large buoyant LDL particles, while phe-

notype B was defined as a predominance of small dense

Table 1 LDL particle size as determined by the lipoprint LDL

system and polyacrylamide gradient gel electrophoresis (PGGE)

Lipoprint PGGE P valuea

Integrated LDL particle

size (Å)

268.9 ± 6.8 267.8 ± 6.0 0.003

Proportion of large LDL

particles (%)

70.1 ± 14.6 71.7 ± 17.0 0.201

Proportion of medium

LDL particles (%)

19.5 ± 9.2 16.9 ± 8.7 0.056

Proportion of small LDL

particles (%)

9.6 ± 7.8 11.4 ± 9.4 0.167

Mean values ± SD of the n = 64 samples analyzed
a P value for difference between methods (Paired t test)
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LDL particles. Findings from the study by Hoefner et al.

[9] revealed a strong correlation between the two methods

for their ability to classify individuals as phenotype A, but

not as phenotype B. In contrast, Ensign et al. [18] showed a

very weak association between methods for LDL size

phenotyping. In the trial by Hirany et al. [19], LDL sub-

fractionation was compared between lipoprint and PGGE

techniques. Strong correlations between methods were

observed for the distribution of large, medium, and small

LDL particles in the 102 samples analyzed [19]. Although

previous studies have attempted to validate the lipoprint

system, it is difficult compare the present findings to what

has been reported previously [9, 18, 19] for two main

reasons. Firstly, none of the previous trials evaluated

integrated particle size, thus a comparison between past

and present findings cannot be made for this parameter.

Secondly, these previous studies only examined the asso-

ciation between the two methods, and not the level of

agreement. A strong correlation between two methods is

simply a sign that the study includes a widespread sample,

and gives no indication as to the level of agreement

between the two techniques [17]. Since agreement was not

measured in any of these previous trials, this statistic

cannot be compared between studies. Future studies in this

area should therefore aim to implement tests of agreement

to complement correlational analyses to compare LDL

subfractionation methodologies.

Interestingly, this cohort displayed a very low propor-

tion of small LDL particles (\10%), and a very high pro-

portion of large LDL particles ([70%). One possible

explanation for this may be the ethnic distribution of the

sample employed. Our cohort consisted of n = 8 African

Americans, n = 2 Caucasians, and n = 6 Hispanic

Americans. Recent research has shown that African

Americans have a more favorable lipoprotein profile (i.e.

lower proportion of small LDL particles, and higher pro-

portion of large LDL particles) than Caucasians, despite a

higher prevalence of coronary heart disease risk factors

A B

C D

Fig. 1 Bland–Altman plot of the differences between integrated LDL

particle size (a), and proportion of large (b), medium (c), and small

LDL particles (d), predicted by the lipoprint LDL system versus

polyacrylamide gradient gel electrophoresis (PGGE). Values for

n = 64 samples analyzed. Difference between methods calculated as

PGGE minus lipoprint values. Dotted middle line represents mean

difference between methods (bias), and the outside dotted lines
represent the upper and lower limits of agreement (±2 SD of the

mean bias)

1166 Lipids (2011) 46:1163–1167

123



[20]. Since half of the subjects in the study were African

American, this may explain why we observed a more

favorable lipoprotein profile than what would be expected

if the population consisted primarily of Caucasians.

In summary, our findings demonstrate that the lipoprint

system may be used as an alternative to the PGGE method

for the assessment of LDL size distribution. As for the

measurement of absolute size, the validity of the lipoprint

system with PGGE is still uncertain. However, it is well

known that LDL distribution (particularly the proportion of

small LDL particles) is a stronger predictor of CHD risk

than absolute size. Thus, this lower concordance between

lipoprint and PGGE for absolute LDL size may not be that

critical. Moreover, the lipoprint LDL system has several

advantages over the PGGE method in that it is less labor-

intensive, more cost-effective, faster, and not subject to

inter-individual interpretation. Therefore, the lipoprint

technique may be viewed as an attractive alternative to

PGGE for laboratories that routinely measure LDL particle

size distribution for the assessment of CHD risk. Never-

theless, since this study employed a fairly small sample

size, more research is required before solid conclusions can

be reached.
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lecithin cholesterol acyl transferase mediate the synthesis

of CE within cells and in high-density lipoprotein,

respectively [5, 6]. Based on the importance of plasma

levels of free and esterified cholesterol, it is likely that

plasma levels of specific molecular species of CE may have

utility as predictors of atherosclerosis, diabetes mellitus,

coronary heart disease and cancer [7–9]. It should also be

noted that within cells the appearance of CE-enriched lipid

droplets is a consequence of impaired metabolism or over-

nutrition [9, 10]. Furthermore, elevated tissue CE levels are

observed in tumors [11].

Mass spectrometry potentially affords rapid high-

throughput chemical analysis to interrogate the role of lipids in

cellular, tissue and systemic physiological and pathophysio-

logical processes [12, 13]. However, mass spectrometry (MS)

of CE is complicated by the presence of other lipids having

common isobaric molecular ions (e.g., diacylglycerols),

which hinders both the identity and quantification of indi-

vidual CE by single stage mass spectrometry. Soft ionization

techniques have been used in the past for CE analyses, spe-

cifically the use of matrix-assisted laser desorption/ionization

[14] and electrospray ionization (ESI) [15–17]. It is recog-

nized that ESI can provide efficient quantification of lipid

species in complex matrices without the need for derivatiza-

tion. Although, ammoniated adducts of CE have been used for

detection of molecular species using ESI–MS, this adduct

produces only moderate levels of MS/MS fragmentation

[18, 19]. In this study, ESI–MS/MS strategies were developed

and optimized for the species-selective analysis of multiple

CE molecular species using sodiated adducts. In comparison

to ammoniated adducts of CE, fragmentation of sodiated

adducts of a CE result in the loss of a cholestane as a neutral

fragment. Based on this fragmentation, neutral loss scanning

was developed to quantify sodiated adducts of CE molecular

species. This technique was subsequently applied to examine

CE molecular species in mouse macrophages supplemented

with either linoleic acid or arachidonic acid, as well as in the

plasma of mice fed specific diets.

Materials and Methods

Standards and Solvents

Fatty acids and CE molecular species standards, including

myristate (14:0), palmitate (16:0), palmitoleate (16:1), hep-

tadecanoate (17:0), stearate (18:0), oleate (18:1), linoleate

(18:2), arachidonate (20:4), and docosahexaenoate (22:6)

were purchased from NuChek Prep (Elysian, MN). Distearin

(18:0–18:0 or 36:0) and diarachidin (20:0–20:0 or 40:0) were

also purchased from NuChek Prep (Elysian, MN). Chloro-

form and methanol were of HPLC grade and were purchased

from Burdick and Jackson (Muskegon, MI).

Electrospray Ionization-Mass Spectrometric Analysis

Direct-infusion electrospray ionization mass spectrometry of

CE was performed in positive ion mode using a Thermo Fisher

TSQ Quantum Ultra with Xcalibur data acquisition software.

Samples were analyzed at a flow rate of 3 lL/min. Tune

parameters were optimized for CE analyses, and were set at

spray voltage = 3,800 V, sheath gas = 8 (arbitrary units), ion

sweep gas pressure = 0.5 (arbitrary units), auxiliary gas

pressure = 5 (arbitrary units), and capillary tempera-

ture = 270 �C. Spectra for survey scans were acquired for

five min with a scan rate of 0.5 scans/s. In each MS/MS mode,

the collisional energy for the analyses of CE molecular species

was set at 25 eV. Spectra for MS/MS scan modes were

acquired over 3 min with a scan rate of 0.5 scans/s.

Fatty Acid Supplementation of J774 Cells

J774 cells were a generous gift from Dr. George Rothblat

(Children’s Hospital of Philadelphia). Mouse J774 mono-

cyte-derived macrophages were maintained at 37 �C with

5% CO2 in RPMI-1640 (Sigma) supplemented with 10%

v/v fetal bovine serum (Atlanta Biologicals) and 19 anti-

biotic/antimycotic (Sigma). For the fatty acid supplemen-

tation, either 50 lM linoleic or arachidonic acid were

suspended in media as an ethanol injectate (ethanol\0.1%

v/v), and cells were treated with these fatty acids for 24 h

followed by a second supplementation with the same

concentration of either fatty acid for an additional 24 h.

Negative control conditions for the fatty acid-supplemen-

tation condition included incubating cells with vehicle-

treated media only. Cells were then extracted in the

presence of 17:0 CE internal standard by a modified Bligh-

Dyer technique [20] with saline in the aqueous phase. The

collected chloroform phases were sequentially dried under

nitrogen, resuspended in 250 lL of chloroform, and stored

under N2 at -20 �C until analysis. For direct-infusion ESI

analysis, 50 lL of the resuspended lipid solution (in

chloroform) was added to 200 lL of methanol. NaOH was

added to each sample at a concentration of *10 lM. The

ion intensity of each CE molecular species was divided by

the ion intensity of the internal standard (CE 17:0), and the

mass of each molecular species was determined using

parameters from response calibration lines determined for

each molecular species in comparison to 17:0 CE. Values

for CE molecular species are normalized to cell protein

(Bio-Rad Laboratories, Inc., Hercules, CA).

Mouse Feeding Studies

Six week old female C57BL6 mice were started on Wes-

tern diets (Harlan Teklad 88137) and they remained on this

diet for 14 weeks. Control, age-matched female mice were
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fed regular chow diet (Teklad 2018S) for the same interval.

Blood was collected at the end of this interval by cardiac

puncture, and plasma was prepared by centrifugation. Ten

microliters of mouse plasma was extracted in the presence

of 17:0 CE internal standard by a modified Bligh-Dyer

technique [20] with saline in the aqueous phase. Plasma

lipid extracts were then subjected to direct infusion ESI–

MS for the analyses of CE molecular species.

Preparation of Oxidized Unsaturated CE

Selected CE molecular species (1 nmol) were dried under

nitrogen in 12 9 100 mm borosilicate test-tubes and were

either immediately resuspended in 250 lL methanol/chlo-

roform (4/1) or were exposed to ambient air for 6 or 15 h

prior to being resuspended in 250 lL methanol/chloroform

(4/1). For each sample, 1 nmol of 17:0 CE was added as an

internal calibrant. Precursor CE molecular species and their

oxidized products were subsequently examined by neutral

loss scan of 368.5 employing the parameters described

above. The CE and CE oxidation species were monitored

as sodiated adducts following the addition of NaOH.

Results

Direct Infusion ESI–MS of Sodiated Adducts

of Individual CE Molecular Species

As a first step to examine the feasibility of using sodiated

adducts of CE for their quantification by mass spectrome-

try, survey scan spectra and collisionally-activated disso-

ciation (CAD) spectra were collected for 16:0 and 18:2 CE.

Data shown in Fig. 1 show the survey scans of sodiated

adducts of both 16:0 and 18:2 CE (Panels A & B), and the

collisionally-activated dissociation (CAD) spectra of each

molecular species with both the cholestane (m/z 369.2) and

sodiated fatty acid ions (279.04 and 303.08) observed

(Panels C & D, Fig. 1). While others have shown that CAD

of molecular ions of ammonium adducts of CE yields a

robust cholestane positive ion [16, 21, 22], these results

show that the sodiated adduct only forms a weak choles-

tane positive ion and preferentially loses this residue as a

neutral in concert with the appearance of an abundant so-

diated fatty acyl positive fragment ion. Panels E & F of Fig.

1 show the parent ion (PI) scans using the product ion of

the sodiated ion fatty acid (e.g., PI 279.04 and 303.08 for

16:0 CE and 18:2 CE of the sodiated adducts, respectively).

It is important to appreciate that the fragmentation of the

sodiated CE molecular species to their respective metal ion

fatty acyl fragment represents the loss of the neutral frag-

ment cholestane, and this neutral loss can, thus, be poten-

tially useful in uniformly detecting CE. Indeed, Fig. 2

shows the neutral loss (NL) scan of 368.5 of an equimolar

mixture of CE molecular species. Importantly, it should be

noted that CE with varying degrees of unsaturation have

different ionization efficiencies. Positive ions of sodiated

adducts of CE molecular species have a greater intensity as

the degree of unsaturation increases for sodiated adducts of

CE. Accordingly, ionization of the sodiated adduct of each

CE molecular species was compared to that of 17:0 CE to

determine their relative responses. In addition, 17:0 CE

was used in subsequent studies as an internal standard to

quantify CE molecular species in biological samples. Table

1 shows the individual calibration constants for the sodi-

ated CE molecular species. Examination of these calibra-

tion constants reflect the increased ionization intensities of

polyunsaturated CE molecular species with these molecu-

lar species having increased slopes compared to the

monounsaturated and saturated molecular species. Cor-

rections for disparate ion intensities of these CE molecular

species are predominantly dependent on the response factor

(slope of calibration lines), and the impact of the y-inter-

cepts is generally negligible.

Resolving CE Molecular Species from Isobaric Ions

Using the NL 368.5 Scan Mode

NL scanning for 368.5 was used to examine CE in the

presence of isobaric diacylglycerol (DAG) molecular spe-

cies to assess the utility of this NL 368.5 approach for the

specific detection of CE molecular species. For this anal-

ysis, 16:0 CE and distearin (18:0-18:0 DAG) were exam-

ined as sodiated adducts, which both have molecular ions

at 647 (Fig. 3). Panels A and D of Fig. 3 show the survey

scan and NL 368.5 scan, respectively, for a mixture of 16:0

and 17:0 CE, which have molecular ions at m/z 647.6 and

661.6, respectively. Panels B and E show the same scans

for the analyses of a mixture of 18:0-18:0 DAG and diar-

achidin (20:0-20:0 DAG), which have molecular ions at

647.5 and 703.6, respectively. These sodiated adducts of

the DAGs are not detected with the CE-specific NL 368.5

scan mode (Panel E). Panels C and F show the survey scan

and NL 368.5 scan, respectively, for the analyses of all four

CE and DAG species in one mixture. In this isobaric

mixture, a large m/z 647 ion was observed in the survey

scan (Panel C) due to the presence of the two isobaric

lipids. Note that the ion at 647 in the survey scan (Panel C)

is greater in intensity than the two internal calibrants (17:0

CE and 20:0-20:0 DAG). However, only the CE molecular

species were detected in the NL 368.5 scan (Panel F), and

yielded equal ion intensities for this analysis since the

saturated CE were present at equimolar concentrations.

Thus, these data demonstrate that NL 368.5 scanning can

be used to distinguish isobaric CE from DAG molecular

species using sodiated adducts.
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CE Molecular Species in J774 Cells Supplemented

with Specific Fatty Acids in Cell Culture Media

To test the NL 368.5 scan as a technique to quantify CE

molecular species of sodiated adducts in biological sam-

ples, we treated mouse monocyte-derived macrophages

(J774 cells) with media that was supplemented with spe-

cific fatty acids to delineate the fatty acid incorporation

into CE molecular species. The mass spectra using NL

368.5 for cells without fatty acid treatment revealed that

18:1 CE (673.73) was predominantly present in J774 cells

grown in the cell culture media with minimal levels of 18:2

and 20:4 CE present in these cells (Fig. 4, Panel A). In the

spectra shown in Fig. 4, m/z 661.7 is the sodiated adduct of

the internal standard, 17:0 CE. Figure 4, Panel B demon-

strates that J774 cells supplemented with linoleic acid in

the media have increased levels of intracellular 18:2 CE

(671.73). Interestingly, as shown in Fig. 4 (Panel C),

J774 cells incorporate arachidonic acid into CE pools

(m/z 695.72), and also apparently elongate 20:4 to 22:4 and

24:4 under these cell culture conditions leading to the

appearance of 22:4 and 24:4 CE (e.g., 723.76 and 751.84,

respectively). Additional analyses showing the accumula-

tion of 22:4 and 24:4 CE molecular species were performed

with the addition of both 17:0 CE and 18:3 CE added as

internal calibrants (Supplemental Figure). The inclusion of

18:3 CE did not impact the relative spectral intensities of

the endogenous CE as well as the 17:0 CE standard.

(Supplemental Figure). The amounts of specific CE for

J774 cells treated with either linoleic or arachidonic acid

compared to cells with no fatty acid treatment are sum-

marized in Fig. 5. With both fatty acid supplementations to

the cell culture media, the respective CE molecular species

increased with an accompanied decrease in the amount of

18:1 CE. The total CE levels only marginally changed in

cells treated with fatty acids due to the accumulation of

new molecular species being offset by the decrease in 18:1

CE levels.
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Fig. 1 Survey, CAD, and

parent ion scans of sodiated

cholesteryl palmitate (16:0 CE)

and linoleate (18:2 CE) using

direct-infusion ESI–MS

analysis. Survey scans

(a, b) were acquired for five min

over the m/z range of 550–750.

The CAD analysis (c, d) was

performed at a collisional

energy of 25 eV. Parent ion

scans (e, f) were acquired from

the sodiated fatty acyl fragment

(25 eV). The concentrations of

16:0 and 18:2 CE were 10 lM.

The NaOH added prior to ESI

analysis was 10 lM
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Fig. 2 Neutral loss of 368.5 MS/MS analyses of an equimolar

mixture of the cholesteryl esters (each at 2 lM) as sodiated adducts.

Spectra were obtained using the neutral loss 368.5 at a collisional

energy of 25 eV as described in ‘‘Materials and Methods’’. Horizontal
dashed lines highlight the disparate ionization efficiencies associated

with CE molecular species containing different levels of unsaturation
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Mouse Plasma CE Molecular Species

To further illustrate the utility of NL 368.5 scanning for CE

using sodiated adducts, we examined the CE molecular

species in the lipid extracts prepared from plasma isolated

from female mice fed either normal chow (Panels A & B of

Fig. 6) or a Western diet (Panels C & D of Fig. 6). Survey

scans in the positive ion mode (Panels A & C) showed CE

molecular species amongst other isobaric positive ions,

which potentially may preclude an accurate quantification

of the CE molecular species. Panels B & D are the same

lipid extracts but were subjected to NL 368.5 scanning for

CE identification. From these scans, it was readily appre-

ciated that the overall plasma CE levels were elevated and

that the CE molecular species profile was much more diverse

in mice fed the Western diet (comparing Panels B & D of Fig.

6). Figure 7 summarizes the quantitative data for the plasma

CE in mice fed these two diets. In particular, the Western diet

led to large increases in both 16:1 and 18:1 CE molecular

species. These changes may reflect either increased produc-

tion of monounsaturated fatty acids that are subsequently

incorporated into the CE pool or, alternatively, enrichment of

oleic acid in the Western diet (Teklad diet data). Interestingly,

the Western diet is not enriched with palmitoleic acid. Also, it

should be noted that the Western diet was enriched with

cholesterol in comparison to the normal chow diet, which was

likely responsible for the almost two-fold increase in total CE

levels present in the plasma of these mice.

Oxidative Modification of Unsaturated CE Molecular

Species

Studies with arachidonic acid supplementation of J774 cells

unexpectedly revealed that arachidonic acid addition led to

an increase in elongated CE molecular species, which were

observed in the CE pool (Fig. 4). This finding was rapidly

determined using the NL 368.5, which is CE class-specific.

Similarly this technique was used to examine air oxidation

of CE with varying degrees of unsaturation (Fig. 8). NL

368.5 scans of 18:0 CE exposed to ambient air for 15 h

indicated that this saturated molecular species was not

degraded in an oxidizing environment (Fig. 8, Panel A). In

contrast, 18:2, 20:4 and 22:6 CE molecular species were

significantly oxidized after exposure to ambient air for 15 h

(Panels B–D). Note that in these same analyses, 17:0 CE

was added prior to ESI–MS analyses to allow relative

Table 1 Calibration line parameters for sodiated adducts of CE

molecular species

CE NL 368.5 [M ? Na]? Line parameters

14:0 619.54 y = 0.8503x - 0.0073

16:0 647.57 y = 1.0642x - 0.0057

16:1 645.56 y = 2.3832x ? 0.0088

18:0 675.61 y = 1.1076x - 0.0258

18:1 673.59 y = 1.9934x ? 0.0094

18:2 671.57 y = 2.7519x - 0.0151

18:3 669.56 y = 3.4011x ? 0.0379

20:4 695.57 y = 4.6394x - 0.1213

22:6 719.57 y = 4.8166x - 0.1237

Linear regression of ion intensity responses for each CE molecular

species over a concentration range of 0.1–10 lM was determined. In

all cases, the coefficient of determination (R2) was greater than 0.99.

The internal standard, 17:0 CE was constant at 2 lM
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Fig. 3 MS and MS/MS analyses of CE and DAG sodiated adducts.

16:0 CE (m/z 647) and 17:0 CE (661) (a, d), 18:0-18:0 DAG

(m/z 647) and 20:0-20:0 DAG (703) (b, e), and a mixture of both CE

and DAGs (c, f) (all lipids present at a concentration of 5 lM) were

subjected to direct-infusion ESI–MS analysis. Panels a–c are survey

scans of each lipid mixture over an m/z range of 600–725 for five min.

Panels d–f are scans for the neutral loss of 368.5, which were

acquired for three min. The collisional energy for the MS/MS analysis

of the CE molecular species was 25 eV. The NaOH added prior to ESI

analysis was 10 lM
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comparisons of the parent CE loss due to air oxidation.

Close examination of the NL 368.5 scans of 18:2 CE

exposed to ambient air revealed oxidation of the parent

sodiated adduct of 18:2 CE (671.80) and the appearance of

species enriched with one oxygen (m/z 685.80 and 687.80)

and two oxygens (m/z 701.79 and 703.79) (Fig. 8, Panel B).

These oxidized molecular species likely reflect the incor-

poration of oxygen into the parent molecule with 14 and 16

amu increases that likely represent the formation of oxo-

ODE and epoxide species, respectively [8, 23]. It is also

clear from these studies that as the degree of unsaturation

increases in CE (e.g., 20:4 CE and 22:6 CE), the relative

rate of CE oxidation increases (Fig. 8). It is envisioned that

this rapid analytical method has utility in assessing the

oxidation of unsaturated molecular species of CE that are

added exogenously in experimental models. Furthermore,

the fragmentation of specific species produced in vivo

under oxidizing conditions could potentially be detected

with this NL technique particularly in conjunction with

chromatography.
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Fig. 4 NL 368.5 scans of

sodiated CE present in J774

cells. J774 cells were cultured in

the presence of either no fatty

acid supplementation (a),

linoleic acid supplementation

(b) or arachidonic acid

supplementation (c). At the end

of the cell culture treatment

interval, lipids were extracted

from J774 cells with 17:0 CE

added as an internal standard as

described in detail in ‘‘Materials

and Methods’’. Neutral loss

scans were acquired for five

minutes at a collisional energy

of 25 eV. NaOH added prior to

ESI analysis was 10 lM
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Discussion

CE is predominantly found in the core of lipoproteins and

lipid droplets [7, 8, 10]. Total plasma cholesterol and its

association with specific lipoproteins is an important indi-

cator of cardiovascular risk. Total plasma cholesterol is

comprised of both free and esterified cholesterol. Both free

cholesterol and CE is carried in plasma by lipoproteins.

Despite the importance of CE as an indicator of cardio-

vascular disease, determining the specific aliphatic fatty

acid associated with the CE is often overlooked in both

clinical and experimental analyses, which is typically

determined by removing the fatty acid by cholesteryl

esterase, and then coupling cholesterol oxidase with a

colorimetric readout. Using MS, CE molecular species

form relatively poor protonated ions compared to other

lipids containing class-specific functional groups that ion-

ize [12, 24]. Previous studies have used ammonium acetate

to create [M ? NH4]? ions of lipids using ESI–MS [15–17,

25]. Several groups [16, 21, 22] have examined ammoni-

ated adducts of CE, which under CAD conditions results in

predominant cholestane cation fragment. In comparison to

the fragmentation of ammoniated adducts of CE, the so-

diated adduct had an intense sodiated fatty acid fragment

from the neutral loss of the cholestane residue. In addition,

lithiated adducts of CE have also been shown to prefer-

entially form lithiated fatty acid fragments in comparison

to the cholestane cation observed with ammoniated adducts

[26]. It should be appreciated though that the use of sodium

to form adducts of CE enables faster workup of samples

and is less problematic compared to the use of lithium,

which requires extensive back extractions to remove

sodium from biological samples.

Overall the goal of this study was to develop an elec-

trospray ionization MS/MS method that could be readily

used to quantify CE in biological samples and overcome

potential interference and inaccuracies associated with

other positive ions that are present in the mass range of

biologically relevant CE (* m/z 600–750 for sodiated

adducts). Data shown in Fig. 3 clearly shows that NL

368.5 scanning specifically detects CE and does not detect

isobaric DAG molecular species. Furthermore compari-

sons of positive ion survey scans and NL 368.5 scans

shown in Fig. 6 from lipid extracts of mouse plasma

demonstrates the utility of NL 368.5 scanning for detec-

tion of CE in complex biological matrices. Similar to

other CE adducts that have been assessed in the past [16,

26], CE molecular species with varying degrees of

unsaturation were shown to have different ionization

efficiencies. CE have a weak dipole that is enhanced in the

presence of sodium, and, similar to the dipole of triglyc-

erides and CE with other adducts, the dipole in sodiated

CE is dependent on the aliphatic chain length and more

specifically the degree of unsaturation of the aliphatic

group [12, 15, 16, 27]. Due to the varying degree of chain

length and unsaturation for CE present in complex bio-

logical samples, it was necessary to generate individual

calibration lines for each CE molecular species to correct

for disparate responses compared to that of the internal

standard (17:0 CE).
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Fig. 5 CE molecular species present in J774 cells. J774 cells were

cultured in the presence of either no fatty acid supplementation (open
bars), linoleic acid supplementation (black bars) or arachidonic acid

supplementation (hatched bars). At the end of the cell culture treatment

interval, lipids were extracted from J774 cells with 17:0 CE added as an

internal standard, and were subsequently subjected to ESI–MS using NL

368.5 scanning as described in detail in ‘‘Materials and Methods’’.

Values are the means ? SEM for n = 3. All values were corrected by

calibration constants in Table 1 with the exception of those indicated (||),

which were corrected with the response factor (slope) of the

corresponding shorter chain fatty acid with the same degree of

unsaturation. For example, 22:4 and 24:4 CE were corrected using the

20:4 response factor. These elongated CE molecular species were not

available to derive response curves. * and ** indicate p\0.05 and p\
0.005 for comparisons between no fatty acid supplementation and

indicated fatty acid supplementation conditions
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It should be appreciated that the use of neutral loss 368.5

scanning for the detection of CE molecular species can also

be applied to rapidly determine alterations in the CE

molecular species within biological samples, as well as

assess fatty acyl decomposition of CE. We performed three

experiments that demonstrate the utility of this technique.

In the first study, J774 cells were treated with physiological

concentrations (50 lM) of either linoleic acid or arachi-

donic acid, and then we assessed their effect on cellular CE

composition. The predominant CE in J774 cells under

normal cell culture conditions (control) was 18:1 CE. With

addition of either linoleic or arachidonic acid to the cell

culture media there was as drop in 18:1 CE levels

accompanied by an increase in 18:2 or 20:4 CE respec-

tively. Analyses using NL 368.5 scanning also revealed the

somewhat unexpected finding that fatty acid chain elon-

gation products were present in the CE pool of J774 cells

treated with arachidonic acid (i.e., 22:4 and 24:4 CE were

present). It should be noted that arachidonic acid has pre-

viously been shown to undergo elongation, and interest-

ingly 22:4 CE is the predominant CE in the adrenal gland

[28, 29]. In the second study, female mice were fed either a

normal chow or Western diet for 14 weeks, and plasma CE

levels were examined. In the normal chow fed female

mouse, the predominant plasma CE were 18:2 and 20:4

CE. In comparison to the chow fed female mice, female
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Fig. 6 Survey and NL 368.5

scans of sodiated cholesteryl

esters present in mouse plasma.

Female mice were fed a diet of

either normal chow (a, b) or

Western diet chow (c, d) for 14

weeks, and plasma was

subsequently collected for the

analyses of CE molecular

species as described in detail in

‘‘Materials and Methods’’.

Survey scans (a, c) and NL

368.5 scans (b, d) at a

collisional energy of 25 eV were

each acquired for five min. The

NaOH added prior to ESI

analysis was 10 lM
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Fig. 7 Plasma CE molecular species in female mice fed either normal

chow diet or Western diet. Female mice were fed a diet of either

normal chow (open bars) or Western diet chow (black bars) for 14

weeks, and plasma was subsequently collected for the analysis of CE

molecular species using NL 368.5 scans as described in detail in

‘‘Materials and Methods’’. All values were corrected by calibration

constants in Table 1 with the exception of 22:5 CE (||), which was

corrected with the response factor (slope) of 20:4 CE. Values are the

means ? SEM for n = 3. * and ** indicate p\0.05 and p\0.005 for

comparisons between normal chow diet and the Western diet

Fig. 8 Comparative oxidation of saturated and unsaturated CE.

Indicated CE molecular species (18:0, 18:2, 20:4, and 22:6 molecular

species) were dried individually and exposed to ambient air for 15 h.

Treatments were terminated by resuspending CE in methanol/

chloroform (4/1) containing equimolar 17:0 CE added as an internal

calibrant. Each treated CE was subsequently subjected to direct-

infusion ESI–MS analyses using neutral loss 368.5 scanning of

sodiated adducts as described in ‘‘Materials and Methods’’. In the

absence of oxidizing conditions, NL 368.5 analyses showed precursor

CE were not decomposed and no oxidized products were observed
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mice on a Western diet had nearly the same levels of 18:2

and 20:4 CE, but had a large increase in both 18:1 and 16:1

CE leading to a doubling of the total CE level. In the third

study, we examined the air oxidation of several CE stan-

dards using the NL 368.5 scan mode to monitor the specific

oxidation of CE molecular species. Oxidation of polyun-

saturated species of CE is a concern both in the food

industry since oxidized CE contribute to the rancid nature

of spoiled oils [30], and from a health perspective since

oxidized CE molecular species present in lipoproteins are a

key contributor to the development of early atherosclerotic

fatty streaks [8, 23]. Data herein demonstrates that the

neutral loss technique can be used to quantitatively assess

the loss of the CE molecular species to oxidation as well as

the concomitant qualitative visualization of the oxidized

products. It should be appreciated that CE that contain

increasing levels of unsaturation are much more suscepti-

ble to air oxidation, and saturated CE are relatively stable

when exposed to air under the conditions employed. These

oxidation studies focused on the oxidation of the aliphatic

chain of polyunsaturated molecular species of CE, and not

the oxidation of the sterol nucleus. Sterol nucleus oxidation

would probably not be detectable by the neutral loss of the

cholestane fragment since the cholestane residue would be

modified. Additionally, quantifying the oxidized species of

CE will require comparing authentic oxidized CE molecular

species to an internal standard to obtain species-specific

response factors. Taken together, these three experimental

approaches illustrate the utility of NL 368.5 scans of the

positive ion sodiated adducts of CE in biological samples as

well as the verification that the polyunsaturated fatty acid

constituents of CE are intact and not oxidized.

In summary, these studies demonstrate the feasibility of

forming sodiated adducts of CE molecular species, which

can then be specifically detected by NL scanning of 368.5.

Sodiated adducts can be readily formed in biological

matrices extracted in the presence of saline in the aqueous

phase and with the addition of micromolar concentrations

of NaOH to samples subjected to direct infusion ESI–MS.

Furthermore, since this is a lipid class-specific technique,

direct infusion ESI–MS/MS can be used to quantify CE

molecular species accurately in the presence of isobaric

species in complex or crude biological lipid extracts.
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sample, for example oleic acid (w/w) [1]. The majority of

standard methods proposed by organizations such as the

American Oil Chemists Society (AOCS) [2], international

Union of Pure and Applied Chemistry (IUPAC) [3] etc., are

based on acid–base titration. These methods are time

consuming, laborious, have relatively high detection limits

and are far from being fully automated [4, 5]. Another

shortcoming of the standard methods is the use of toxic

solvents, which is not only responsible for increasing the

cost of the analysis but also represents a source of potential

health risks and environmental pollution [6].

Over the last decade, several methods have been pro-

posed for determining FFA in oils in order to overcome the

drawbacks of the official methods. The instrumental

determination of individual FFA is carried out usually by

gas chromatography (GC), high performance liquid chro-

matography (HPLC) or capillary electrophoresis (CE),

where the sample is subjected to pre-treatments such as

liquid–liquid extraction (LLE) or solid-phase extraction

and derivatization [7, 8]. Such treatments are necessary

either to increase the volatility of the analytes for GC or

improve the sensitivity of analytes for HPLC and CE

methods.

Recently, Fourier transform infrared (FT-IR) spectros-

copy has attracted interest as a method for the determina-

tion of FFA in edible oils [9, 10]. However, there are

drawbacks to this method. Ismail et al. [11] also proposed a

FT-IR method requiring high sample volumes and does not

provide the level of speed necessary. Here the main lim-

iting factor is that edible oils have high viscosity.

In recent years, flow injection analysis (FIA) has found

wide application as a tool for routine analysis in several

fields, including edible oils [1]. The advantages of flow

techniques, such as versatility, simplicity and low cost

make these procedures excellent choices for the analysis of

edible oils because it becomes possible to perform analyses

in an organic medium with low liquid waste, in a short

period of time and with very high precision [7]. However,

few flow injection (FI) methods for the analysis of edible

oils and fats have been published. This situation is due to

(i) the physical properties of oil samples, (ii) the difficulty

of the operation in non-aqueous media, and (iii) difficulty

in providing repeatability.

Velasco-Arjona and co-workers [12] described a fully

automated robotic method for the determination of acid

value (AV) based on the extraction of free fatty acids from

olive oil samples into an immiscible phase and subsequent

AV determination by monitoring the pH of the sample

reagent emulsion using a combined glass-calomel elec-

trode. The method consumes high reagent and sample

volumes and requires a long time to complete the analysis,

so the use of this method is not recommended. The method

proposed by Ekstrom [13] was based on copper soap

colorimetry, using one extraction to achieve a reaction of

the FFA with copper ions and another to recover copper

ions that are subsequently monitored. This method was also

modified by others [14, 15] using a phase or membrane

separator, and channels and oil samples were injected after

being pre-diluted and homogenized with toluene. Nouros

et al. [16] suggested an automated FI titrimetric method for

the determination of olive oil acidity.

In the present study using a modified HPLC system, a

novel method was developed using FIA for the assessment

of FFA in corn and sunflower oil samples. An olive oil

aliquot was injected into a carrier stream of n-propanol

containing KOH and a phenolphthalein indicator, and the

absorbance of the resulting mixture was monitored con-

tinuously. Quantification was performed by taking peak

areas measurements into account. The sampling rate was

30–100 h-1, while n-propanol consumption was 3–7 mL

per run. Almost all of the above-mentioned methods used

for FFA determination require some pre-treatments such as

dilution with appropriate solvents.

Experimental Section

Samples, Chemicals and Reagents

The chemicals and solvents of chromatographic purity

were obtained from Merck (Darmstadt, Germany) and

Sigma (St. Louis, USA). Edible oil samples were obtained

from the Helvacizade Food Company, manufacturer of

edible vegetable oils in Turkey. Oil samples were stored at

4 �C in brown glass bottles and were brought to room

temperature before use.

Spectrophotometric Analysis

Initial analyses were performed using a UV detector in

order to determine the appropriate wavelength. For this

purpose, potassium hydroxide (KOH) and phenolphthalein

(PHP) in different concentrations were prepared by dis-

solving both in n-propanol.

Standard Method Analysis

To determine the FFA content in oil samples, the AOCS

standard method (Ca-5a-40) was used. According to this

method, 0.1000 or 0.2500 N NaOH solutions were used as

titrants, and potassium acid phthalate was also used as the

primer standard substance to adjust the titrant concentra-

tion. The titrant solutions were dissolved in 95% ethyl

alcohol, and the indicator solutions (1% PHP) were pre-

pared by dissolving 1 g phenolphthalein in 100 mL 95%

ethyl alcohol.
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Flow Injection Analysis (FIA)

For the FFA content determination, n-propanol was the

carrier phase, and KOH and PHP solutions were used as

reagents at different concentrations.

Working References Materials (WRM)

Working reference materials supplied by Helvacizade Food

Company (Konya, Turkey) were used in the FIA analysis.

The contents of FFA% in four sunflower reference oils

were 0.07, 0.40, 0.74, 1.40 while in eight corn reference

oils the levels of FFA% were 0.09, 0.25, 0.50, 0.75, 1.00,

1.50, 2.00 and 2.42.

Modified HPLC System for FIA Analysis

FIA experiments were performed by using a modified

HPLC system (Agilent Technologies Inc., USA) consisting

of a G1379A model degasser (B), G1311A model quater-

nary pump (D), a 7725i model Rheodyne manual injector

system with a 20-lL loop (E) and a G1314A model variable

wavelength UV detector (I). The temperature of the column

was controlled by a G1316A model thermostatted column

compartment (F). Data were recorded by a Chemstation

2001 data processor. In addition, a 2-position/6-port selec-

tion valve (H) and different reaction coils (G) made in our

laboratory from PEEK tubing were adapted into the system.

The tubing and fittings used to create the system were

obtained from Agilent. Reaction coils are flexible and easy

to cut into the desired lengths for the desired degree of

reaction. The properties of these coils are given in Table 1.

One of the other coils, labeled K in the system, was used to

provide the connections. When required for chromato-

graphic analysis, this part of the connection was also used.

Coils, shown by the J and K labels in the system, were

adapted for later analysis of other oil characteristics. In this

study, only G was activated for the formation of the reac-

tion. The single-line manifold system used for determining

FFA% content in oil samples is shown in Fig. 1.

Concept of Flow Injection (FI) Analysis

for FFA Determination

An alkaline solution, including KOH and PHP, was prepared

by dissolution in n-propanol and was used as a carrier phase.

The method is based on monitoring of changes in the

absorbance of the indicators from the basic–acidic–basic

form (pink–colorless–pink for PHP) as a result of neutral-

ization of the KOH in the carrier phase by the injected FFA

sample. Since the basic properties of the carrier phase

decreased in a short time frame, a negative peak occurred.

This decrease in the absorbance is proportional to the content

of FFA%. Due to the continuous flow of the carrier phase, the

absorbance value was increased to the initial absorbance

value after a short duration. The negative peak height (h),

half-peak width (w) and the area under the peak (A) were

utilized to determine the FFA% of the oil samples. The data

obtained from the peaks are proportional to the amount of

FFA% in the oil samples; the greater the FFA% content in the

sample, the more the peak absorbance decreases.

Optimizing Experimental Parameters

FIA parameters such as the flow rate of the carrier phase,

length, geometry and inner diameter of the reaction coils, and

the reagent concentration were optimized. The optimization

experiments were performed with sunflower oils with FFA%

values ranging between 0.07 and 1.40 and corn oils with

FFA% values ranging between 0.09 and 2.42. The analysis

was repeated at least five times. The carrier phase flow rate

optimization studies were carried out using five different flow

rates (0.1, 0.5, 1.0, 2.0, 3.0 mL min-1). In the reaction coil

optimization experiments, the effect of three reaction coils

(tubing) with different inner diameter, length and geometry

was investigated. In the reagent concentration optimization

experiments, the effects of the base (KOH) and indicator

(PHP) concentrations in the carrier phase were investigated.

Reagent concentrations are given in Supplemental Table 1.

Generally, optimization studies investigating the effects

of different parameter values on the FFA% experiments

were conducted in parallel in order to give a better deter-

mination of the cumulative effects of the parameters.

Validating the FIA Method for FFA% Determination

In order to determine the suitability of the FIA method

developed for FFA% determination, method validation

studies were performed by measuring basic parameters

such as precision, accuracy, linear region, LOD and LOQ.

Comparing Standard Methods with the Proposed

FIA Method

In order to check the performance of the FIA method, the

developed method was applied to real samples and

Table 1 Properties of reaction coils used in the FFA% determination

tests

Number

of turns

of the spiral

Coil

length

(l) (cm)

Inner diameter

of coil (id)

(mm)

Inner diameter

of tube wrapped

of coil (ID) (cm)

Coil 1 74 174 0.50 0.5

Coil 2 42 71 0.50 0.3

Coil 3 19 128 0.25 1.5
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reference material samples of sunflower and corn oils. For

real samples, the results were cross checked by the standard

AOCS titration method. Data obtained with the two

methods were compared using statistical t and F tests. The

t test comparing the average values of data groups and the

F test comparing the variance values of data groups was

used for comparison of the methods. The tests were per-

formed using XLSTAT 2010 and statistiXL programs.

These tests, applied in accordance with null and alternative

hypotheses, were performed as double-sided with a 95%

confidence level (p = 0.05), and calculated t and F values

were compared with critical t and F values.

Results and Discussion

Spectrophotometric Analysis

Spectrum scans were collected with a UV detector over a

190–600 nm range. A wavelength of 580 nm showed

maximum absorbance and was thus accepted as the

appropriate wavelength for FFA measurements.

Flow Injection (FI) Analysis for FFA%

Experiments were carried out with the flow injection system

protected from the atmosphere and light, both very impor-

tant in terms of the reliability of the analysis results. For

example, carbon dioxide in the air affects the indicator

function due to its acidic properties. Light also triggers the

degradation reactions of the oil and may increase the amount

of FFA. n-Propanol containing the reagent KOH, and indi-

cator (PHP), were used as the carrier phase, and 20-lL oil

samples not subjected to any pre-processing were injected

into the FIA system. The continuously flowing mobile phase

had high absorbance due to the characteristic property of the

indicator in basic media. The injected sample reacts with the

base (KOH) in the carrier phase and the pH of the carrier

phase is lowered for a short period of time. After completion

of free fatty acid reactions with the equivalent amounts of

base, absorbance returned to the initial value due to the

constant stream of fresh carrier phase. The transitory

absorbance change presents as a negative peak and is used to

calculate the FFA% content since peak intensity increases

negatively in proportion to the increased FFA% content.

Fig. 1 Modified HPLC system

with manual injection for

determining FFA% A carrier/

solvent tray, B degasser unit,

C mixer, D quaternary pump,

E manual injection port,

F thermostatted column oven,

G reaction coil (id: 0.25 mm,

ID: 1.5 cm), H 2-position/6-port

selection valve, I UV detector,

J–K 1 mL stainless steel loop

(id: 0.76 mm), L 50-lL stainless

steel loop (id: 0.51 mm),

M waste
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Optimizing Carrier Flow Rate

The carrier phase flow rate is related directly to the for-

mation of the desired reaction, peak shape, peak size and

peak resolution. For this reason, the flow rate of the carrier

phase was usually the first parameter optimized in both

chromatography and FIA experiments. The peak shape

measures the reaction between the analyte and a carrier or

reagent. When the desired reaction did not occur, rectan-

gular rather than Gaussian curve-shaped peaks were

observed. Although Gaussian-shaped peaks are preferable

in chromatography and flow injection analysis, rectangular

peaks are also used effectively. Flow rate, peak shape, size

and differences in peak absorbance were optimized. After

carrying out optimization experiments at five flow rates

(0.1, 0.5, 1.0, 2.0, 3.0 mL min-1), the appropriate value for

quantitation of FFA was determined to be 2.0 mL min-1.

With flow rates lower than 2.0 mL min-1, the desired

reaction did not occur and the resultant peaks were spread

out too far. When the flow rate was [2.0 mL min-1, the

area and height of the obtained peaks decreased. Peaks

obtained from the flow rate optimization experiments for

each reaction cell are shown in Figs. 2, 3. FFA versus flow

rate graphs showed that the highest correlation between

measured and reference FFA contents, regardless of oil

properties, was obtained with reaction coil 3, the flow rate

was 2.0 mL min-1 (Table 2).

Optimizing Reaction Coils

The natural properties of oils, especially their viscosity,

require that reaction conditions are set up very precisely.

For this reason, the type of FIA reaction coils used is very

important. Experiments designed to select the best reaction

coil were done with various flexible tubes wrapped in a

spiral on a cylindrical support. Turbulence associated with

a spiral structure accelerated formation of the desired

reaction and facilitated the desired degree of dispersion.

Also, the internal volume of the tube (reaction coil), the

inner diameter of material wrapped around the tube are

extremely important factors for selecting the reaction coil.

The results revealed that for the reaction to occur to the

desired extent, the ratio of the tube’s inner diameter (id) to

wrapped material’s diameter (ID) should be approximately

Fig. 2 Peaks obtained from flow rate optimization experiments for sunflower oil samples using coil 1. Wavelength: 580 nm
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1/10. With these conditions, sufficient turbulence can occur

and dispersion of the substances can be achieved. Another

important factor is the length of the coil. Data obtained

with three reaction coils with different lengths and internal

diameters, data obtained from these studies show that coil

3, having 19 turns of the spiral, was the most appropriate

cell for determining FFA% in different oils (Fig. 3 and

Table 2). When coil 1 and coil 2 were used as reaction

cells, the peaks necessary for evaluating the results could

not be obtained. Namely, oils containing high amounts of

FFA did not react sufficiently with the base in the carrier

phase. Oils with low amounts of FFA gave distorted peaks

due to the length of the reaction cells (Fig. 2).

Optimizing Reagent Concentration

Reagent concentration studies performed with corn oil

samples, with FFA% values ranging from 0.09 to 2.42;

show that the use of KOH and PHP as reagent and indicator

is extremely important to determine the FFA% by FIA.

Reagent concentrations used in the experiments must

clearly demonstrate peak reductions with increasing FFA

content. Reagent concentration studies were carried out

with coil 3 at the selected flow rate, 2.0 mL min-1. Many

things were taken into consideration when evaluating the

results, such as peak separation, symmetry, slope and

regression coefficient values of measured FFA% values

across samples. Reagent concentration optimization studies

were performed using various solutions, with base

Fig. 3 Peaks obtained from flow rate optimization studies for sunflower oil samples with different reaction coils. wavelength: 580 nm

Table 2 Correlation coefficients obtained from Area-FFA% graphs

plotted for flow rate and reaction cell studies

Correlation coefficients of FFA%––flow rate

graphsa

Flow rate (mL min-1) Coil 1 Coil 2 Coil 3

0.1 R2 = 0.951 R2 = 0.960 R2 = 0.995

0.5 R2 = 0.995 R2 = 0.867 R2 = 0.998

1.0 R2 = 0.989 R2 = 0.859 R2 = 0.997

2.0 R2 = 0.983 R2 = 0.830 R2 = 0.999

3.0 R2 = 0.988 R2 = 0.828 R2 = 0.998

a The experiments were performed using sunflower oils with FFA%

values ranging between 0.07 and 1.40 and corn oils with FFA%

values ranging between 0.09 and 2.42
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concentrations from 2.12 9 10-3 M to 5.00 9 10-3 M

and indicator concentrations between 10.63 9 10-5 M and

25.00 9 10-5 M. As can be seen from the peaks plotted

for different reagents, best results were obtained when

Reagent 2 (*2.50 9 10-3 M KOH and 25.00 9 10-5 M

PHP) was used as the reagent (Fig. 4).

Validating the FIA Method for FFA% Determination

Method validation studies were performed by examining

basic assay parameters such as precision, accuracy, linear

region and dynamic range. The limit of detection (LOD)

and the limit of quantification (LOQ) were found from the

results of at least five repeat experiments. In order to test

the accuracy of the FIA method for the determination of

FFA%, three samples of corn and sunflower oil within the

range of the calibration curve were analyzed. Accuracy of

the FIA method was expressed as relative error (Er), cal-

culated on the basis of the mean (Xi) and actual values (Xt)

of the FFA obtained from five repeated experiments. The

mean measured values obtained from the studies were

within ±5% of the actual value, thus proving the accuracy

of the FIA method. Repeatability of the experiments was

determined by carrying out repeat tests in two stages,

including intra-day and inter-day tests. Repeatability was

measured as the standard deviation (s), relative standard

deviation (RSD), variance (s2) and coefficient of variation

(CV), and confidence intervals (p = 0.05) for each series

(Supplemental Table 2). Regression analysis was carried

out by means of a one-way ANOVA analysis and statistical

descriptions for the linear range of FIA were obtained

(Supplemental Table 3). The scatter plot with fit and

residual plot obtained from ANOVA is also shown in

Supplemental Fig. 1. The linear measurement ranges for

the sunflower and corn oils used in the FFA% analysis were

determined to be 0.07–1.40 and 0.09–1.50, respectively. In

the calculation of LOD and LOQ, calibration graphs (Area-

FFA%) were used, with points plotted for each oil sample.

The standard deviations of the areas and FFA% values

were calculated by using the slope and intercept of the

graph and coefficient of variation (CV) values. FFA values,

corresponding to three and ten times the calculated stan-

dard deviation value, were regarded as LOD (3 9 s) and

LOQ (10 9 s), respectively. Accordingly, LOD values for

corn and sunflower oils were calculated as 7.53 9 10-4

and 7.11 9 10-4 oleic acid %, and LOQ values were cal-

culated as 2.28 9 10-3 and 2.23 9 10-3 oleic acid %,

respectively.

Fig. 4 Peaks obtained from the optimization of reagent concentration studies for corn oil samples
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Table 3 Comparison of

proposed FIA method with the

standard AOCS (Ca-5a-40)

method using working reference

materials and real oil samples

By proposed FIA

method (N = 5)

By standard

method (N = 5)

Analysis of oil samples with different FFA% values (FFA% ± s)

Corn Oil (FFA%: 0.75 ± 0.04)

X1: 0.75

s: 0.02

0.75 0.74 X1: 0.75

s: 0.040.78 0.81

0.73 0.76

0.76 0.73

0.75 0.71

Corn oil samples

Correlation for the two methods (R2 = 0.996)

WRM oil samples

1 0.09 ± 0.01 0.09 ± 0.02

2 0.24 ± 0.01 0.25 ± 0.02

3 0.49 ± 0.02 0.50 ± 0.03

4 0.75 ± 0.02 0.75 ± 0.04

5 1.02 ± 0.03 1.00 ± 0.04

6 1.49 ± 0.03 1.50 ± 0.04

7 1.99 ± 0.03 2.00 ± 0.07

8 1.48 ± 0.02 2.42 ± 0.07

Real oil samples tcalculated = 0.09 \ tcritical 2.12

Fcalculated = 0.97 \ Fcritical = 4.431 0.12 ± 0.02 0.15 ± 0.04

2 0.25 ± 0.02 0.23 ± 0.06

3 0.38 ± 0.02 0.42 ± 0.07

4 0.60 ± 0.03 0.58 ± 0.08

5 1.06 ± 0.04 1.13 ± 0.11

6 1.45 ± 0.05 1.60 ± 0.12

7 1.69 ± 0.05 1.72 ± 0.11

8 1.80 ± 0.06 1.81 ± 0.13

9 2.12 ± 0.06 2.13 ± 0.13

10 2.42 ± 0.08 2.45 ± 0.13

Sunflower oil samples

Correlation for the two methods (R2 = 0.994)

WRM oil samples

1 0.06 ± 0.01 0.07 ± 0.01

2 0.41 ± 0.01 0.40 ± 0.02

3 0.74 ± 0.02 0.74 ± 0.04

4 1.42 ± 0.01 1.40 ± 0.04

Real oil samples tcalculated = 0.08 \ tcritical 2.12

Fcalculated = 0.94 \ Fcritical = 4.431 0.07 ± 0.01 0.09 ± 0.01

2 0.15 ± 0.01 0.14 ± 0.01

3 0.29 ± 0.01 0.20 ± 0.02

4 0.46 ± 0.01 0.48 ± 0.02

5 0.58 ± 0.02 0.55 ± 0.03

6 1.27 ± 0.02 1.30 ± 0.05

7 0.83 ± 0.02 0.80 ± 0.03

8 0.97 ± 0.02 0.98 ± 0.04

9 1.26 ± 0.03 1.24 ± 0.06

10 1.35 ± 0.03 1.36 ± 0.06
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Evaluating the FIA Method on Working References

Materials

The results of the method were also verified on WRM of

sunflower and corn oil. Our developed method gave satis-

factory results which were comparable to the labelled FFA

contents. Therefore, a wide range of FFA contents was

covered by analyzing both real samples obtained from

industries and the WRM.

Comparing the Standard Method with the Proposed

FIA Method

Performance of our developed FIA method was compared

statistically with the standard method. Double-sided sta-

tistical tests conducted in accordance with Null and alter-

native hypotheses were found to have a 95% confidence

level (p = 0.05). The data calculated separately for corn

and sunflower oil samples showed that the t and F values

calculated from experimental studies were smaller than

the critical t and F values (tcalculated = 0.09 \ tcritical 2.12

and Fcalculated = 0.97 \ Fcritical = 4.43 for corn oils and

tcalculated = 0.08 \ tcritical 2.12 and Fcalculated = 0.94 \
Fcritical = 4.43 for sunflower oils). Consequently, it is very

clear from Table 3 that there is no significant difference

between the data obtained by the FIA method and the

standard method and there is a good correlation between

the two methods for both oils (R2 = 0.996 for corn oil and

R2 = 0.994 for sunflower oil).

Conclusions

The proposed method was applied successfully to the

determination of FFA% content in corn and sunflower oil

samples. This novel single-line FIA system is capable of

performing many additional important oil analyses such

as peroxide value, anisidine value, and iodine value. The

developed method, based on a continuous-flow system

with manual injection, provides an alternative procedure

for quality control of FFA in edible oils compared to the

standard reference method. The proposed FIA method

requires only 1 ml n-propanol, 20 lL of oil sample per

analysis and permits the analysis of 120 samples per hour.

The superiority of the FIA method presented here is evi-

dent in comparison to the total amount of solvent and

sample consumed by the standard method (*10 g of oil

sample, 50–100 mL ethanol or diethyl ether). Furthermore,

the results obtained with the proposed FIA method are

highly compatible with those obtained with the standard

method (R2 = 0.996 for corn oil and R2 = 0.994 for sun-

flower oil). Another important advantage of the proposed

method is that the oil samples can be injected directly into

the system without any pre-treatment. Since our method is

simple, accurate, precise, rugged, rapid, cost effective and

environmentally friendly, it is directly and easily applica-

ble to other vegetable oils. The procedure is therefore a

suitable alternative to the tedious classical method for

FFA% determination, and can potentially eliminate more

sources of experimental errors. We believe that the pro-

posed method has great potential for a variety of on-line

measurements such as peroxide value, anisidine value, and

iodine value determination in edible oils. We also suggest

that auto injector systems should be examined for their

potential to automate FFA analysis.
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