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Abstract

Human studies and some animal work have shown more docosahexaenoic acid (DHA) and
arachidonic acid (ARA) was accumulated or converted from precursors in females compared to
males. This study explored in-depth the effect of gender on fatty acid composition and
polyunsaturated fatty acid metabolism in rats fed one of two well-defined diets containing 10%
total fat. One diet contained 15% of linoleic acid (LA) and 3% of a-linolenic acid (ALA) of the
total fatty acids (LA+ALA diet), while the other diet contained 15% LA and 0.05% ALA (LA
diet). At the age of 20 weeks, all animals were orally administered a single dose of a mixture of
deuterium-labeled LA and ALA. Caudal venous blood was then drawn at 0, 2, 4, 8, 12, 24, 48, 96
and 168 h. The concentrations of the deuterated precursors and their metabolites in plasma total
lipids were quantified by GC/MS negative chemical ionization. Endogenous fatty acids were
quantified by GC/FID analysis. When expressed as the percentage of oral dosage, female rats
accumulated more precursors and more products, deuterated DHA and deuterated n-6
docosapentaenoic acid (2Hs-DPAn-6), in plasma than did male rats in both the LA+ALA diet and
the LA diet. For the endogenous non-labeled PUFA, greater concentrations of DHA and DPAn-6
were similarly observed in female rats compared to males within each diet. A lower concentration
of non-labeled ARA was observed only in female rats fed the LA+ALA diet. In summary, greater
endogenous and exogenous DHA and DPAN-6 was observed in female rat plasma and this was
independent of dietary ALA status.
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1. INTRODUCTION

In 1929, Burr and Burr [1] first discovered that n-6 polyunsaturated fatty acids (PUFA) are
necessary for proper growth and development of mammals and thus termed them essential
fatty acids (EFAS). Ever since, much research has been conducted on all aspects of EFAs
including possible gender differences. Since the first study by Loeb and Burr [2], which
reported a gender difference in EFA requirements, a series of studies in the 1960s by Lyman
and Ostwald [3, 4] observed that female rats utilized EFAs more efficiently, especially
arachidonic acid (ARA), an n-6 PUFA. This series of studies suggested that the gender
difference in EFA metabolism was strongly related to sex and gonadal hormones, mainly
estrogen and testosterone [3-6]. It was found that increased hormone levels were correlated
with changes in liver microsomal phospholipid fatty acid composition, and possibly
involving the underlying mechanism of calcium uptake activity [7, 8]. But these differences
were not observed in an /n vitro rat microsomal system using a radio isotopic technique [9].

It was not until the late 1970s that the n-3 PUFAs were considered to be essential nutrients
in mammals [10-13]. During the past decade, the gender differences in n-3 PUFAS
conversion and fatty acid compositions in human subjects has been investigated following
the report by Burdge et al [14-17]. Several reviews [18-20] indicate that docosahexaenoic
acid (DHA) levels were significantly higher for both endogenous fatty acid composition and
conversion from the isotopic precursor a-linolenic acid (ALA). This increase in DHA in
females has been reported to be closely related to hormone levels [21-23] probably through
an up-regulation of the mRNA expression of FADS2, the gene that encodes the A6-
desaturase in human primary hepatocytes [24] and in rat liver [25, 26].

However, gender differences reported in many previous studies were observed under dietary
circumstances where 18:3n-3, DHA and other highly unsaturated fatty acids (HUFA) were
consumed. The 20- and 22-carbon fatty acids with three or more double bonds are
categorized as HUFA. Thus, it was unclear whether the higher DHA observed in females
was due to direct dietary intake or de novo synthesis from dietary 18:3n-3, or both.
Furthermore, studies of gender during the last decade have focused upon n-3 PUFA without
attention to n-6 PUFAs. This study investigated the possible gender effect on both the n-3
and n-6 fatty acid compositions as well as de novo synthesized PUFASs in rats using two
well-defined diets containing only linoleic acid (LA) and ALA for dietary PUFA content.
One diet contained a high level (3 wt% of total fatty acids) of 18:3n-3 (LA+ALA diet),
while the other contained an extremely low level, with only 0.04 wt% of 18:3n-3 (LA diet);
both diets included 15 wt% of 18:2n-6 but no long chain PUFA (LC PUFA). Stable isotope
tracer techniques coupled with mass spectrometry negative-chemical ionization analysis
(GC/MS NCI) were employed to quantify the de novo synthesis of deuterated LC PUFA
metabolized from deuterated C18 PUFAs.

2. MATERIALS and METHODS

2.1. Animal and diet

All animal procedures were carried out in accordance with the NIH Animal Care and
Welfare guidelines under the animal study proposal #LMBB-YL-11, which was approved by
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the Animal Care and Use Committee, National Institute on Alcohol Abuse and Alcoholism,
NIH. The animal facility was under conventional conditions with controlled temperature

22 °C and illumination (12 h light-dark cycles); food and water were provided ad /ibitum.
The animals in this study came from the second generation of in-house breeding, as
described in a previous report [27]. Briefly, the time-pregnant female, Long-Evans hooded
rats on the third day of gestation were obtained from Charles River Laboratory (Portage, Ml,
USA), and they were immediately placed on one of two pelleted custom diets. One diet was
high in n-3 PUFA and contained 15% of 18:2n-6, 3.1% of 18:3n-3 and 1.3% 22:6n-3, while
the other was extremely low in n-3 PUFA and contained 15% of 18:2n-6, 0.04% of 18:3n-3
without 22:6n-3 (LA diet). The offspring were weaned onto the same diet as the mother at
three weeks of age. At 16 wks of age, animals on the high n-3 PUFA diet were switched to
the LA+ALA diet, which included 15% of 18:2n-6 and 3.1% of 18:3n-3 but with no DHA
nor other HUFA. These animals consumed the LA+ALA diet for 4 weeks and then groups
were separated according to gender and designated as group HM (male) and group HF
(female), n = 6 for each group. The animals on the LA as group LM (male) and group LF
diet continued to consume the same LA diet and were designated (female), n = 6 for each
group. All diets contained 10 g of fat per 100 g diet and were modified from the AIN-93G
formulation [28]. The compositions of the two experimental diets and the corresponding
study groups are presented in Table 1.

2.2. Isotope and chemicals

Deuterium-labeled ethyl linolenate (2Hs-17, 17, 18, 18, 18-18:3n-3) and deuterium-labeled
ethyl linoleate (4Hs-17, 17, 18, 18, 18-18:2n-6) were obtained from Cambridge Isotope
Laboratories, Inc. (Andover, MA); isotopic purity was greater than 95% for the former and
98% for the latter. A dual labeled isotope, deuterated and carbon-13 labeled gamma-
linolenate ethyl ester (7,8-13C,, 99%; 2,2,3,3,4,4,5,5,6-2Hg, 98%-18:3n-6) was used as an
internal standard for the quantification of the labeled fatty acids and their /n vivo
metabolites. Its chemical purities were greater than 95%. Olive oil and boron trifluoride-
methanol solution (BF3 14% in methanol) were acquired from Sigma-Aldrich Chemical (St.
Louis, MO); methanol was obtained from Burdick & Jackson (Muskegon, MI); hexane and
chloroform were from EMD Chemicals Inc. (Gibbstown, NJ); butylated hydroxytoluene
(BHT) was from Acros (Geel, Belgium). Standard docosatrienoic ethyl ester (22:3n-3) and
reference standards GLC-462 containing 28 fatty acid methyl esters (FAME) were
purchased from Nu-Chek Prep (Elysian, MN). All chemicals were commercially purchased
and used without further purification.

2.3. Administration of isotopes and sampling

At the age of 20 wk, fasting animals were administrated by gavage a single oral dose of an
oil mixture of 2Hs-18:3n-3 ethyl ester (12.5 mg/kg BW) and 2Hs-18:2n-6 ethyl ester (62.5
mg/kg BW) in olive oil as the vehicle. Caudal vein blood (0.2-0.3 mL) was drawn from each
animal at 2, 4, 8, 12, 24, 48, 96 and 168 h after administration. Control samples, at O h, were
taken two days prior to the initiation of the study. The coefficient of variance for the
sampling time was less than 5% for all animals during the entire experimental period.
Plasma was separated shortly after collection at 1,750 g x 5 min in Eppendorf
microcentrifuge, then was frozen and stored at — 80 °C until analysis.
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2.4. Total lipid extraction and fatty acid analysis

Plasma total lipids were extracted with chloroform: methanol (2:1) according to Folch [29].
Briefly, 100 pl of rat plasma was mixed with 1 mL of methanol contained 50 ug BHT and
then extracted twice with 2 mL of chloroform. Dual-labeled 18:3n-6 (150 ng per sample)
and 23:0 ethyl esters (10 pg) were added to each sample prior to lipid extraction as internal
standards for isotopic and unlabeled fatty acids, respectively. The chloroform total lipid
extract was split into two aliquots. One half was dried under a stream of nitrogen and
transmethylated by 14% of BF3 in methanol, as described by Morrison and Smith [30] and
modified by Salem et al [31]. Signals of fatty acid methyl esters were acquired using GC/
FID. The other half of each sample was dried and hydrolyzed with 1 mL of 5% KOH in
methanol and derivatized with pentafluorobenzyl bromide and diisopropylamine in
acetonitrile (1:10:1000, v/v/v; PFB reagent) to form the fatty acid PFB ester for GC/MS NCI
analysis of the deuterated PUFA [32, 33].

2.5. Instrumentation

2.5.1. Gas chromatography—An Agilent 6890N Plus LAN system fast gas
chromatograph coupled with flame ionization detector and a 7683 Series Injector (Agilent
Technologies, Inc., Santa Clara, CA) were employed to acquire the chromatograms of non-
labeled fatty acid methyl esters. GC parameters were slightly modified from a previous
report [34], as detailed in Lin et al [35]. Briefly, a fused-silica, narrow-bore, high-efficiency
DB-FFAP capillary column (15 m length x 0.1 mm ID x 0.1 pm film thickness) was used for
chromatographic separation of FAME with hydrogen as the carrier gas at a constant pressure
of 355 kPa. A GC ChemStation B.01.02 along with a built-in integrator was employed for
data acquisition and peak integration.

2.5.2. Gas chromatography/mass spectrometry—An Agilent 5973 MSD equipped
with an Agilent 6890 GC Plus LAN system (Agilent Technologies, Inc., Santa Clara, CA)
was employed for the quantification of the deuterated fatty acids, as previously reported
[33]. Briefly, an aliquot of 1 pl fatty acid pentafluorobenzyl ester per sample was injected
onto a DB-FFAP capillary column (30 m length x 0.25 mm ID x 0.25 um film thickness)
interfaced directly into the chemical ion source in negative mode with methane as the
reagent gas and helium as carrier gas. Selected ion monitoring (SIM) for the base peaks (M-
PFB) of the isotopic fatty acids was carried out with continuous monitoring in data
acquisition and quantified. Selected mass over charge (m/z) values monitored by GC/MS
NCI are summarized in Table 2 for the fatty acids of interest along with those of the internal
standards.

2.6. Calculation and statistics

The fatty acids were quantified by comparing the integrated area of the fatty acid peaks on
the gas chromatograms with those of the corresponding internal standards. The amount of
the unlabeled endogenous fatty acids was expressed either as a concentration (mg/mL of
plasma), or as a percentage of total fatty acids by weight (wt%). Automated data processing
was applied to the calculation of the unlabeled fatty acids, as detailed in a previous report
[35]. The concentrations of the isotopic fatty acids were expressed as the parts per thousand
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(permille) of the initial isotope doses (%odose) per mL of plasma. Areas under the curves
(AUCo—>168n, %odose/mLxh) were calculated by integrating the area under the time-course
curves starting from 0 to 168 h using a trapezoid estimation method [36]. All data were
expressed as mean £ SEM unless indicated in the text.

Repeated measures ANOVA were applied to assess the effects of gender over the time
course of the above parameters related to the deuterated fatty acids using SPSS 13.0 for
Windows (SPSS Inc, Chicago, IL). A two-sided, pairwise Student’s ¢test was applied to
determine significant differences in fatty acid compositions between genders (Windows
Excel 2003). Significance level was set at a £ value of 0.05 or lower.

Because of the drastically different levels of ALA between two diets, the direct comparisons
of plasma labeled or non-labeled PUFA concentrations of two genders were made only
within each diet, but not comparing the two diets.

3. RESULTS

3.1. Animal condition

During the entire experiment, all animals appeared healthy and behaved normally. The rat
body weights (mean £ SEM, g) at the beginning of isotope administration were 735 + 41 and
436 + 24 for the LA+ALA group males and females (HM, HF), respectively; while they
were 752 + 33 and 444 + 42 for the LA group males and females (LM, LF), respectively.
There were no significant differences between the body weights of animals fed the two diets,
within each gender. Compared to the LA+ALA diet group, animals in the LA diet group
exhibited harder caudal skin and slightly more aggressive behavior during blood sampling,
and consumed about 2 g/d more of their diet, which might account for a tendency towards
increased body weight.

3.2. Greater DHA and DPAN-6 but less ARA in female fatty acid content

The concentrations (ug/mL) of the unlabeled, endogenous fatty acids of plasma total lipids
are presented in Table 3. A summary of various fatty acids indices in wt% of total fatty acids
is also presented. In the LA+ALA diet group, n-3 PUFAs were significantly higher in female
rats (group HF) than in males (group HM). Individually, 18:3n-3 was higher by 25% (27 vs.
22; P<0.05), 20:5n-3 was higher by 12% (28 vs. 25; £< 0.05), and 22:6n-3 was higher by
18% (193 vs. 163; £< 0.001), while there was no statistically significant difference for
22:5n-3 (15 pg/mL in both genders). For the counterpart n-6 PUFAs, 18:3n-6 and 22:5n-6
were significantly higher in female — by 16% and 22%, respectively. However, the most
abundant n-6 PUFA, 20:4n-6, was significantly lower by 19% (636 vs. 783; A< 0.001) in
females in the LA+ALA diet group. Similarly, with regards to the immediate precursors of
20:4n-6, 20:3n-6 was lower in females by 29% (25 vs. 36; £< 0.001), while the primary
precursor 18:2n-6 was identical comparing the genders (446 vs. 447). Surprisingly, the
minor PUFA 20:3n-9 had the largest difference comparing genders as it was 39% lower in
female rats. For MUFAS, 18:1n-9 and 16:1n-7 appeared about 25% and 13% higher in
females, even though there was no statistically significant differences. 18:0 was significantly
higher in females by 17% (P < 0.01), and 16:0 was not significantly different. The complete
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fatty acid compositions of plasma total lipids is presented in wt% of total fatty acids in
Supplement Table 1.

A similar pattern of differences comparing the two genders was observed among the LA diet
groups for plasma 22:6n-3 and 22:5n-6. 22:6n-3 was higher by 38% (P < 0.001) and 22:5n-6
was higher by 56% in females (P < 0.001). As expected, the overall concentrations of
22:6n-3 among the LA group was much lower (17-23 ug/mL) and 22:5n-6 was much higher
(121-188 pg/mL) in comparison to those in the LA+ALA group. 18:3n-6 was higher by
24% while 20:3n-6 was significantly lower in females by about 50% (£ < 0.001), even
though the concentrations of both were close to those in LA+ALA group. 20:3n-9 in females
was about half of that in male rats (P< 0.001). The remaining PUFAs, including 18:3n-3,
20:5n-3, 22:5n-3, 18:2n-6, and 20:4n-6, showed no significant differences comparing
genders in the LA diet.

In addition to the concentrations, the ratio of 22:6n-3 to its precursor 22:5n-3 was higher in
females in comparison to the males (16.4 vs. 10.6) fed the LA diet, in which 18:3n-3 was
extremely low (0.04% of total fatty acids). However, the ratio of 22:6n-3 to 22:5n-3 was
closer among males and females in the LA+ALA diet (12.5 vs. 11.1) when dietary 18:3n-3
reached 3% of total fatty acids.

3.3. Higher deuterated n-3 PUFA in female rat plasma

The appearance and disappearance of plasma 2Hs-18:3n-3 and its major metabolites
(%odose/mL) was plotted in Figure 1 as a function of time over 168 h (50 h for 2Hs-18:3n-3)
after a single oral dosing. On the left panel, which shows the LA+ALA diet groups, the
precursor 2Hs-18:3n-3 reached peaks of 0.8 and 2.1 in group HM and HF, respectively, at the
first sampling time point (2 h). And, then the deuterated precursor decreased sharply over
time, almost disappearing at 24 h (0.003), and eventually became undetectable after 96 h
(Figure 1a). Thus, the maxima of plasma 2Hs-18:3n-3 in females was more than twice that
in male rats. These accounted for 3.7 and 2.4% of the initial oral dosages for female and
male rat per plasma compartment, respectively. The time-course curves of the precursors
comparing genders were significantly different (P< 0.001) in LA+ALA diet.

Similar patterns were observed for the deuterated n-3 PUFA metabolites derived

from 2Hs-18:3n-3. As presented in figure 1b, 2H5-20:5n-3 reached a mean peak of

0.13 %odose/mL at 4 h in females, and then decayed quickly to 0.10 at 8 h and to 0.06 at 12
h. For the males, the maxima was about half of that of females and at the later time of 8 h.
The 2H5-20:5n-3 remained detectable for both genders at the final sampling point, 168 h
after dosing. For 2Hs-22:5n-3 (1c), female rats reached a plateau of 0.073 between 2 h and 8
h, then decayed slowly while males peaked at 8 h at 0.039. For the end product, 2H5-22:6n-3
(1d), female rats reached a peak of 0.066 at 24 h, while males reached a peak of 0.041 at the
same time, with the female group value higher by about 62%. 2Hs-DHA decayed slowly and
was detectable at 168 h for both genders with values of about 35% of the maxima.

On the right panel, which shows the LA diet groups (Fig 1 e-h), similar patterns were
observed for all the deuterated n-3 PUFA, except the 2Hs-18:3n-3 (1e) which, although quite
difference in appearance, did not exhibit statistical significance. The time-course curves of
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three metabolites were significantly different comparing genders (P < 0.05 or lower). The
maxima of 2H5-18:3n-3 was about 2.7% and 2.1% of the initial dosage for females and
males, respectively. The peak concentrations (%edose/mL) of 2Hs-20:5n-3 (1f) was 0.12 at 4
h in females in comparison with 0.04 (< 0.01) in males. Plasma 2Hs-22:5n-3 (1g) in
females reached 0.25 at 4 h while in males was only 0.066 between 8 to 12 h, about a four-
fold difference. As for the end product, the maxima of 2Hs-22:6n-3 (1h) in female rats was
0.19 at 24 h, higher by about 84% than that in males at 0.10.

3.4. Higher deuterated DPAN-6, 22:4n-6, and 18:2n-6 in female rat plasma

The appearance and disappearance of 2Hs-18:2n-6 and its metabolites among male and
female plasma for the two dietary groups are presented in Figure 2. The time-course curves
of n-6 PUFA comparing genders were significantly different for 2Hs-18:2n-6 (2a; P<
0.05), 2H5-18:3n-6 (2b; P< 0.001), 2Hs-22:4n-6 (2e; P< 0.01), and 2H5-22:5n-6 (2f; P<
0.01). On the left panel, the LA+ALA diet groups, 2Hs-18:2n-6 (2a) exhibited a maximal
concentration (%ocdose/mL) of 4.6 at 2 h in female and 2.8 at 8 h in males. These values
accounted for a similar value for the percentage of the initial dosage, 8%. 2Hs-18:2n-6
showed a slower decay and elimination in both genders than 2Hs-18:3n-3 and could be
detected at 168 h after dosing. 2Hs-18:3n-6 (2b) peaked at the same time as its precursor and
was significantly higher in females than in males (£ < 0.001). There was no significant
differences observed comparing the two genders for the appearance and disappearance

of 2H5-20:3n-6 (2¢) or2Hs-20:4n-6 (2d). Among n-6 PUFAS, the end product 2Hs-22:5n-6
(2f) exhibited the greatest difference comparing genders (£~ < 0.05) with maxima of 0.0026
in females vs. 0.0013 in males, at the 48 h after dose.

On the right panel of Figure 2 (2g-21), among the LA diet groups, deuterated n-6 PUFAs
showed a similar pattern compared to the LA+ALA groups. Female rats accumulated
significantly greater precursor (2g) and metabolites including 2Hs-18:3n-6 (2h), 2Hs-22:4n-6
(2k), and 2H5-22:5n-6 (21). The maxima of 2H5-18:2n-6 was 5.9 vs. 2.8 %odose/mL among
females and males, which accounted for 10.5 and 8.3% of the initial dosages, respectively.
The peak maxima for the end product 2Hs-22:5n-6 (21) was about 2.5-fold in female plasma
relative to that of males, 0.064 vs. 0.026. Their time-course curves showed a significant
difference comparing two genders (P < 0.001).

3.5. Area under the time-course curves of deuterated PUFA

A more global parameter relative to the magnitudes of the peak maxima were also
calculated, the areas under the time-course curves for the major PUFAs, as presented in
Figure 3. On the LA+ALA diet (3a), the AUC of individual n-3 PUFA was about 2-fold
greater in female rats than in male (P < 0.05), including 2Hs-18:3n-3 (10 vs.

5.5), 2H5-20:5n-3 (3.3 vs. 1.7), 2H5-22:5n-3 (2.1 vs. 1.0), and 2H5-22:6n-3 (7.6 vs. 4.2).
Similarly for the precursor and C22 n-6 PUFA metabolites, a significantly greater AUC (P<
0.05) was observed in females for 2Hs-18:2n-6 (103 vs. 75), 2H5-22:4n-6 (0.72 vs. 0.41),
and 2Hs-22:5n-6 (0.35 vs. 0.18). However, no significant difference was observed

for 2H5-18:3n-6, 2H5-20:3n-6, and 2H5-20:4n-6 comparing genders for the LA+ALA diet.
While on the LA diet (3b), a significant difference between female and male rats was
observed for 2Hs-22:5n-3 (4.7 vs. 2.9) and 2H5-22:6n-3 (24 vs. 13) in n3 PUFASs and
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for 2H5-18:2n-6 (106 vs. 70), 2Hs-18:3n-6 (2.6 vs. 1.1), 2Hs5-20:4n-6 (99 vs.

76), 2H5-22:4n-6 (2.6 vs. 1.5) and 2H5-22:5n-6 (8.7 vs. 3.7) in the n-6 PUFAS, respectively.
A somewhat greater value for the AUC was observed for 2Hs-18:3n-3 and 2H5-20:5n-3 in
females, but this did not reach statistical significance.

4. DISCUSSION

This study explored the variable of gender on both the endogenous PUFA concentrations and
the de novo deuterated LC PUFA synthesis in rats fed diets high or extremely low in ALA
with constant LA and no HUFA. Our results indicate that greater plasma concentrations of
both the endogenous DHA and DPAN-6 and metabolized 2Hs-DHA and 2Hs-DPAN-6 were
observed in female rats in both types of diet. However, it was noteworthy that the female rats
exhibited a greater sensitivity and accommodation to extremely low dietary ALA.

Our findings of greater accumulation of 22:6n-3 and 22:5n-6 in female rat plasma are in
general agreement with a variety of observations related to DHA tissue content in rats [25,
37-40]. Similarly in human subjects, higher erythrocyte DHA levels were observed in
women of childbearing age by Smit et al [17] and Magnusardottir et al [23], as well as in
postmenopausal women after hormone replacement therapy [21, 22]. This higher DHA
among females was observed in liver phospholipids, but not in triacylglycerols in adult rats
[37, 39]. Higher DPAN-6 was reported by Smit et al [17] in human female erythrocytes and
by Kitson et al in rats [39]. In the parallel stable isotope tracer study, there was a greater
accumulation of de novo synthesized 2Hs-22:6n-3 and 2Hs-22:5n-6 in female rat plasma
relative to that of males. These observations agree with the results obtained in human
studies. Burge et al. reported that 13C-U-DHA was synthesized in young women [14] but it
was undetectable in plasma lipid classes in young men [15]. Pawlosky [16] reported a
greater synthesized rate from 2Hs-22:5n-3 to 2Hs-22:6n-3 in female than in male. In this
animal study, the accumulation of 2Hs-22:5n-3 was particularly enhanced in female rat
plasma when that diet was extremely low in 18:3n-3. It was apparent that 2Hs-22:5n-3 was
more important than downstream precursors in the formation of 2Hs-22:6n-3. The female rat
might supply more 2Hs-22:5n-3 for the formation of end product 2Hs-22:6n-3. And this
could result in greater accumulation of 2Hg-22:6n-3 in female than in male animals. This
finding supported a report by Millar et al [41], which suggests that 22:5n-3 may be a
reservoir for the synthesis of the major long-chain n-3 fatty acids in human, both for 20:5n-3
and 22:6n-3. It is possible that the observed higher 22:4n-6 in n-6 PUFA plays a similar role
as 2Hs-22:5n-3 for the end product 22:5n-6 accumulation.

By contrast, ARA was significantly lower in female rat plasma when dietary 18:3n-3 was
high, but was similar in females and males when the diet was extremely low in 18:3n-3. This
comparison suggested that during a prolonged deficiency of dietary 18:3n-3, female rats
accumulated relatively more ARA than those fed the adequate level of dietary 18:3n-3 to
meet their physiological needs in addition to higher DHA and DPAN-6 than do males. This
supported the observation of a 1960s report in which female rats gained more ARA when
diets were devoid of both n-6 and n-3 EFA [3], and a recent study [22] when diets were high
in 18:2n-6 (~52% of total fatty acids), but very low n-3 EFA (~0.55%). In addition, 24:1n-9,
20:3n-6 and 20:3n-9 were significantly lower and 18:0 higher in female rat plasma relative
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to males for both diets (P < 0.01). This is in partial agreement with a report by Marks et al
[42] that several monounsaturated fatty acids were significantly higher in male rat liver and
plasma phospholipids, even though there were no differences in hepatic Stearoyl-CoA
desaturase 1 expression. However, Marks et al [42] also observed 16:0 was significantly
lower in female rats, but in our study no significant gender difference in 16:0 in either diet.

This study indicates that the gender differences in the end products of both n-3 and n-6
PUFA in rats are independent of the status of dietary 18:3n-3 since the differences were
observed in animals fed diets either high or extremely low in ALA. Though no comparable
research has been reported for 22:5n-6, this observation is in basic agreement with a human
cohort study reported by Welch et al [43] that the gender difference of the n-3 PUFA is
independent of the status of dietary n-3 PUFA, occurring either in fish-eaters or non-fish-
eaters. Similarly, Giltay et al observed a gender difference of DHA in human subjects under
controlled diets with constant ALA and no n-3 HUFA [21]. When dietary 18:3n-3 was
extremely low (0.04 wt%), our study found that the differences were more notable as the
female rats exhibited a higher ratio of 22:6n-3 to 22:5n-3 compared to the males. Extier et al
[25] reported a similar gender effect based on a rat model fed on diets with high 18:2n-6 (22
wt% of total fatty acids) and repletion of n-3 PUFA (0.3%). This is also in agreement with
Pawlosky et al [16] who reported that DHA formation was stimulated in women on a beef-
based diet (higher n-6 PUFA), but not on a fish diet (higher n-3 PUFA). The conclusion from
the systematic review by Lohner et al [20] also suggests that the gender difference in human
plasma DHA mainly presented in populations with low intake of dietary n-3 HUFA, and this
could be extenuated by supplying large amount of fish oil (8 g/day) [44]. Thus, female
mammals might present a greater sensitivity to the status of dietary n-3 PUFA and better
accommodation an extremely low dietary n-3 PUFA level.

This study describes gender differences in endogenous and de novo accumulation of
synthesized DHA and DPAnN-6 in rats under well-defined diets containing only C18 PUFAs.
These stable isotopic studies indicates that female rats retained more deuterated C18
precursors after an oral administration and could subsequently produce more end products in
both n-3 and n-6 PUFAS, which disappeared much slower than their precursors in plasma.
This phenomena could also be interpreted as a greater lipoprotein transportation of
metabolized HUFA from the liver into the circulation system in females than in males. In
addition to possible metabolic differences, the deposit of PUFAs in white adipose tissues and
viscera and catabolism of PUFAs might also contribute to this gender difference. A further
investigation in the liver, the primary site of fatty acid metabolism in mammals, as well as
other viscera, would be important to pursue in future studies. Future compartmental kinetic
analysis of the time-course curves would be helpful to calculate precisely the kinetic
parameters of PUFA metabolism from C18 to subsequent metabolites, C20 and C22 PUFA,
in rats.

In summary, our results demonstrated that female rats accumulated more endogenous and de
novo synthesized DHA and DPAN-6 than did males, and this is possibly through both the
greater conversion of de novo synthese of DHA and DPAn-6 from C18 precursors and the
greater transportation of end products from liver to the circulatory system. This difference
was more notable under the circumstance of extremely low dietary ALA.
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ABBREVIATIONS
ALA 18:3n-3, a-linolenic acid
ARA 20:4n-6, arachidonic acid
AUC area under the time-course curve
BF3 boron trifluoride
BHT butylated hydroxytoluene

DPAN-3 22:5n-3, n-3 docosapentaenoic acid

DPAN-6 22:5n-6, n-6 docosapentaenoic acid

DHA 22:6n-3, docosahexaenoic acid
EFA essential fatty acid

EPA 20:5n-3, eicosapentaenoic acid
FID flame ionization detector

GC gas liquid chromatography
HUFA highly unsaturated fatty acid
LA 18:2n-6, linoleic acid

LC PUFA long chain polyunsaturated fatty acid
MS mass spectrometry
MUFA monounsaturated fatty acids

NCI negative chemical ionization
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Figure 1.
The plasma time-course curves of the deuterated n-3 precursor (?Hs-18:3n-3) and its

metabolites in male and female rats fed LA+ALA diet (left) or LA diet (right). The
concentrations of the labeled fatty acids (%ocdose/mL plasma) were presented on the y-axis as
a function of time at 0, 2, 4, 8, 12, 24, 48, 96, and 168 h after a single oral dose of the
isotope (50 h for 2Hs-18:3n-3). Values were expressed as the mean + SEM (n=6). Repeated
measures ANOVA was applied to ascertain significant differences for time-course curves
between genders within each diet. The significance level was set at a 2 value of 0.05*,
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0.01**, or 0.001***, (a/e) 2Hs-18:3n-3, (b/f) 2H5-20:5n-3, (c/g) 2H5-22:5n-3, and
(d/h) 2Hs-22:6n-3. HM (A) and HF (@) indicate male and female animals fed the LA+ALA
diet; LM (A) and LF (O) indicate male and female animals fed the LA diet.
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Figure 2.
The plasma time-course curves of the deuterated n-6 precursor (?Hs-18:2n-6) and its

metabolites in male and female rats fed the LA+ALA diet (left) or the LA diet (right).

(a/g) 2Hs-18:2n-6 and its metabolites (b/h) 2Hs-18:3n-6, (c/i) 2H5-20:3n-6,

(d/j) 2Hs-20:4n-6, (e/K) 2H5-22:4n-6, and (f/1) 2Hs-22:5n-6. See legend to Figure 1 for more
details.
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under the time-course curves over 0 to 168 h (AUCy—.168, %odose/mLxh). The gender
difference was compared in the LA+ALA diet (a) and in the LA diet (b). A two-sided,
pairwise Student’s ftest was applied to detect significant differences between genders within
each diet (P< 0.05*, 0.01**, or 0.001***). See legend to Figure 1 for more details.
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TABLE 1

Nutrient composition of experimental diets and study groups

| dient@ Amount
Agrecien (g/kg of diet)

Protein (20%)

Casein (vitamin free) 200
Carbohydrate (60%)

Cornstarch 150

Dextrose 199.5

Maltose-dextrin 150

Sucrose 100

Others (10%)

Cellulose 50
Mineral & Salt Mix 35
Vitamin Mix 10
L-Cystine 3
Choline Bitartrate 25
tert-butylhydroquinone 0.02
Fat (10%) 100

LA+ALADiet | ao Dietb

HCO 775 81
Safflower Oil 17.7 19
Flaxseed Oil 4.8 -

Fatty Acid Composition®
(Wt% of total fatty acids)

Saturates 77.2 80.85
Monounsaturates 43 3.92
18:2n-6 15.3 15.13
18:3n-3 3.12 0.04
Study Groups

HM (male) +

HF (female) +

LM (male) +
LF (female) +

aHCO, hydrogenated coconut oil.

bThe experimental diets [45, 46] were modifications of the AIN-93G [28].
(LA+ALA diet = Control diet, LA diet = n-3 Def in previous studies.)

DCZO and C22 PUFA were undetectable.
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TABLE 2

Mass over charge (m/z) of the selected pentafluorobenzyl ester ions of GC/MS NCI

Fatty acids Ialt:glzad Labeled
1, 2H,-
n-3
18:3n-3 277 282
20:5n-3 301 306
22:5n-3 329 334
22:6n-3 327 332
n-6
18:2n-6 279 284
18:3n-6 277 282
20:2n-6 307 312
20:3n-6 305 310
20:4n-6 303 308
22:4n-6 331 336
22:5n-6 329 334
Internal standards 13C,, 2Hy-
23:0 353 nla
18:3n-6 277 288
Footnote:

GC/MS NCI indicates gas chromatography/mass spectrometry negative chemical ionization
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