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Competition between the (n —3) and (n — 6) types of highly unsaturated fatty acids can diminish the abundance of (n — 6)
eicosanoid precursors in a tissue, which in turn can diminish the intensity of tissue responses that are mediated by (n — 6)
eicosanoids. The mixture of 20- and 22-carbon highly unsaturated fatty acids maintained in the phospholipids of human plasma is
related to the dietary intake of 18:2 (n — 6) and 18:3 (n — 3) by empirical hyperbolic equations in a manner very similar to the
relationship reported for laboratory rats (Lands, W.E.M., Morris, A. and Libelt, B. (1990) Lipids 25, 505-516). Analytical results
from volunteers ingesting self-selected diets showed an inter-individual variance for the proportion of (n —6) eicosanoid
precursors in the fatty acids of plasma phospholipids of about 5%, but the variance among multiple samples taken from the same
individual throughout the day was less (about 3%), closer to the experimental variance of the analytical procedure (about 1%).
The reproducibility of the results makes it likely that analysis of fatty-acid composition of plasma lipids from individuals will
prove useful in estimating the diet-related tendency for severe thrombotic, arthritic or other disorders that are mediated by
(n — 6) eicosanoids. Additional constants and terms were included in the equations to account for the effects of 20- and
22-carbon highly unsaturated (n — 3) fatty acids in the diet. A lower constant for the 20- and 22-carbon (n — 3) fatty acids
compared to that for the 18-carbon (n — 3) fatty acid in decreasing the ability of dietary 18:2 (n — 6) to maintain 20:4 (n — 6) in
tissue lipids confirmed the greater competitive effectiveness of the more highly unsaturated »n — 3 fatty acids in the elongation /
desaturation process. Also, a lower constant for direct incorporation of 20-carbon fatty acids of the n — 6 vs. the n — 3 type
indicated a greater competitive effectiveness of 20:4 (n — 6) relative to 20:5 (n — 3) in reesterification after release from tissue
lipids. The equations may be used in reverse to estimate the dietary intakes of the (n — 3) and (n — 6) fatty acids by using the
composition of the fatty acids that had been maintained in plasma lipids.

Introduction award to Drs. Bergstrom, Samuelsson and Vane em-
phasized the importance to human health of cellular
mediators (prostaglandins, thromboxane and leuko-
trienes) formed from dietary (n — 6) fatty acids. The
1988 award to Drs. Brown and Goldstein emphasized
the importance of a receptor-mediated suppression of
the HMG-CoA reductase that converts dietary materi-
als into mevalonate, isoprenoids and cholesterol. Many
research reports have documented the quantitative
correlations of plasma cholesterol with dietary satu-

Interpretations of the well-documented fact [1] that
dietary fats may precipitate human pathophysiology
need to incorporate research results and concepts rec-
ognized by two recent Nobel Prize awards. The 1982
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Abbreviations: HUFA, 20- and 22-carbon highly unsaturated fatty
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rated fatty acids; TG, triglycerides; PL, phospholipids; S.D., standard
deviation.

rated fats and cardiovascular mortality, but the cellular
mechanisms linking plasma cholesterol to mortality
need further clarification. In contrast, many research
reports document the cellular mechanisms whereby
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eicosanoid mediators cause morbidity and mortality,
but the quantitative correlations linking tissue levels of
eicosanoid precursors to dietary fats need further clari-
fication. Because the precursors of (n — 3) and (n — 6)
eicosanoids can only be obtained from dietary sources,
their relative abundance in tissues is linked to their
abundance in the diet.

Eicosanoids are generally synthesized discontinu-
ously in pulsatile responses to intermittent signals. The
frequency of the signals may be relatively independent
of nutritional factors, but the intensity of an n— 6
eicosanoid-mediated response, once initiated, will be
limited by the proportions of precursors and inhibitors
in the tissue lipids. The intensity of formation of active
(n — 6) eicosanoids in response to extracellular signals
can have an important rate-limiting role in many
pathological situations (thrombotic heart attack and
stroke, chronic immune-inflammatory conditions, dys-
menorrhea, headache, etc., reviewed in Ref. 2). As a
result, major research efforts have been expended to
define pharmacological agents that help diminish the
intensity of that formation. Also, considerable biomedi-
cal research is now under way to examine the degree to
which dietary (n — 3) fatty acids may moderate the
pathological actions of the (n — 6) eicosanoids [2-4].

Detailed studies of the proportions of (n — 3) and
(n — 6) fatty acids that are maintained in tissue lipids
of rats have described the degree to which they can be
influenced by dietary supplies of (n —3) and (n — 6)
polyunsaturated fatty acids [5-9]. The fatty-acid com-
position of tissue lipids is influenced by competitive
metabolic interactions of fatty acids of endogenous
((n —7) and (n — 9) types) and exogenous ((n — 3) and
(n — 6) types) origin. Analytical results for the fatty-acid
composition of circulating plasma lipids of rats reflects
those metabolic interactions and they, therefore, pro-
vide insight into the composition of intracellular lipids
in other tissues [10]. Two algebraic relationships have
been shown to describe quantitatively the principal
interactions of the exogenous dietary 18:3 (n — 3) and
18:2 (n — 6) in rats [10], a linear equation for incorpo-
ration into tissue triglycerides, and a hyperbolic equa-
tion for conversion into the 20- and 22-carbon highly
unsaturated fatty acids (HUFA) of phosphospholipids.
For a wide range of dietary intakes of 18:3 (n — 3) and
18:2 (n — 6), these two general relationships success-
fully reflect the recognized general metabolic selectivi-
ties that maintain fatty-acid composition in tissue lipids
{4,11,12].

Published data on average world-wide compositions
of fatty acids in the lipids of human plasma (sum-
marized in Refs. 3, 4, 12) indicate that about 80% of
total fatty acids are the endogenous type of fatty acids
(14:0,16:0,18:0,16:1(n —7),18:1 (n — 7) and 18:1
(n — 9)) with the exogenous fatty acids in typical sam-
ples showing a prevalence of the (n —6) type (18:2

(n—6),20:3(n—06), 20:4 (n—06) and 22:4 (n — 6))
over the (n — 3) type (18:3 (n — 3), 20:5 (n — 3), 22:5
(n —3) and 22:6 (n — 3)). The general patterns of fatty
acids in lipids of human plasma (esp. in the USA [4]
resemble those for the lipids of rat plasma [10], sup-
porting the concept that the general metabolic selectiv-
ities for fatty acid esterification into glycerolipids may
be similar in rats and humans [12]. Quantitative nutri-
tion studies with rats indicate that the proportions of
(n —6) HUFA maintained in the HUFA of plasma
phospholipids and other tissue phospholipids have sim-
ilar relationships to dietary supplies [10]. Other reports
indicate that the magnitude of the proportions in tissue
lipids relate to the intensity of forming (n — 6)
eicosanoids (e.g., Refs. 7, 8, as discussed in Ref. 13). If
a quantitative hyperbolic relationship were demon-
strated for humans, as it was for rats [10,13], we could
use that relationship to estimate the average dietary
intake of (n —3) and (n — 6) acids and to predict a
probable intensity of formation and function of (n — 6)
eicosanoids. For this reason, we tested the degree to
which the quantitative metabolic insights developed
from the study of experimental animals [10] might be
applied to data from humans.

This report describes empirical quantitative rela-
tionships between the abundance of dietary (n — 3)
and (n — 6) fatty acids and the proportions of (n — 6)
eicosanoid precursors maintained in the plasma phos-
pholipids of humans. We examined the fatty-acid com-
position in plasma from three separate groups of indi-
viduals who were participating in on-going nutrition
studies. In this way, the plasma samples were associ-
ated with known dietary intakes, allowing a test of the
limits of applicability of the equations for estimating
the effect of the intake of (n —3) and (n — 6) poly-
unsaturated fatty acids upon the levels of eicosanoid
precursors that are maintained in the phospholipids of
humans.

Materials and Methods

The research blended detailed lipid-analytical meth-
ods with the professional efforts of nutritionists, dieti-
cians, phlebotomists and physicians in interviewing,
determining nutrient intake and acquiring plasma sam-
ples from the human subjects under carefully con-
trolled conditions.

Subjects for group A. The study population consisted
of 17 male and 4 female outpatients with a dyslipi-
demia most consistent with Frederickson’s type Ila
hyperlipoproteinemia (triglycerides < 300 mg/dl, LDL
cholesterol > 175 mg/dl and HDL cholesterol < 45
mg/dD. This determination was made within the year
prior to screening and while the patients discontinued
taking any anti-hyperlipidemic drugs or nutritional sup-



plements for at least 8 weeks prior to enrollment in the
study. All members of this group were between 37 and
68 years old (mean =55) and living in the Chicago
area. The study protocol was approved by the Rush-
Presbyterian-St.Luke’s Medical Center Institutional
Review Board.

Subjects for group B. A group of 14 volunteer women,
aged 33 +5 years (mean + S.D.), premenopausal,
healthy as evaluated by the UIC health service physi-
cian or the advisory commitee physician were recruited
to the study from the population of women (faculty,
staff and students) on the UIC campus and nearby
educational and medical institutions. The group had an
average body mass index (BMI) of 28 + 6 kg/m? and
were in the range of 25th to 90th percentile of body
weight for women in the USA.

All subjects in this group were consuming a daily
minimum of 1600 kcal and had fasting serum choles-
terol levels above the 50th percentile for their age and
race using the Lipid Research Clinics Data as a refer-
ence population [14]. All were willing to forego use of
aspirin during the period of study, willing to consume
only the meals and snacks provided for the 6 month
experimental period and willing to provide blood sam-
ples at regular intervals (and provide other samples
and measurements as per protocol) The study was
approved by the Human Subjects Institutional Review
Board of the University of Illinois at Chicago.

Experimental design and diet protocols. As part of the
study protocol for Group A, patients were instructed
by a registered dietician to adhere to the American
Heart Association Diet which contained less then 300
mg of cholesterol /day, saturated fatty acids represent-
ing less than 9% of the total daily calories energy (< 9
en%), polyunsaturated fatty acids representing at least
10 en% with total fat at about 30-32 en%. Dietary
compliance was assessed using diet diaries collected for
all food and beverage consumption for four days (Mon-
day, Wednesday, Saturday and Sunday) prior to their
scheduled visit when plasma specimens were collected
for fatty acid analysis. The diaries were analyzed for
calories (kcal), protein (g), fat (g), percent of calories
from fat (en%), saturated fat (g), polyunsaturated fat
(g) including 18:2 (n —6), 18:3 (n —3), 18:4 (n — 3),
20:4(n—06),20:5(n—3),22:5(n—13),22:6 (n-23),
and cholesterol (mg), using the University of Min-
nesota Nutrient Data System Version 2.1. Although
variability was large, the group’s mean daily intake
conformed to the instructions, with cholesterol at 200
mg (125-301); total fat at 30 en% (14-49); 18:2 (n — 6)
at 6.8 en% (2-15) and 18:3 (n—3) at 0.68 en%
(0.2-2.0).

For Group B, the Health Habits Questionaire [15]
was used to assess the level of energy and nutrient
intake in the self-selected pre-study diets and the con-
trolled, weighed diets (B38 and B30). Only samples
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from women with reliable dietary questionnaires (n =
14) were used in the analytical work. The diets con-
sumed during the controlled diet period were devel-
oped using the Nutrition Data System Version 20D
(University of Minnesota School of Public Health Nu-
trition Coordinating Center). All meals and snacks
were prepared in the Nutrition and Metabolism Labo-
ratory of the University of Illinois at Chicago and
homogenized aliquots (500-700 g) of individual meals
and 4-day composite samples were collected in plastic
containers, labeled, dated and frozen at —20°C. The
frozen aliquots were packed in solid CO, and trans-
ported by air to Hazleton Laboratories in Madison,
WI, where total calories were determined by bomb
calorimetry, fat content by acid hydrolysis and fatty-acid
composition by gas chromatography.

During enrollment into the study, subjects in Group
B described in detail their daily food intake with their
customary self-selected diet, which included an average
of 2064 kcal, 37 en% total fat, 13.6 en% saturated fat,
59 en% 18:2 (n—6), 0.64 en% 18:3 (n —3) and 0.1
en% (n — 3) HUFA.

During the first 28 days of the study with Group B,
subjects ate a controlled reference diet consisting of
about 38% fat with a P/S ratio of 0.5. This reference
diet was designed to approximate the average diet
typical of USA. Three sets of diets were prepared to
meet different caloric needs and maintain body weight.
The en% of linoleate and linolenate, respectively, was:
1600 cal diet, 5.60 and 0.71; 1900 cal diet, 5.84 and
0.48; 2200 cal diet, 7.52 and 0.57. Meal aliquots were
collected for monitoring fat, fatty acid, and approxi-
mate nutrient composition of the meals served during
the study.

From 29 days to 141 days, the subjects in Group B
were fed an experimental diet of around 30% fat (P/S
1.0). The en% of linoleate and linolenate was as fol-
lows: 1600 cal diet, 7.44 and 0.79; 1900 cal diet, 7.54
and 0.84; 2200 cal diet, 7.56 and 0.79.

Supplemented diets. Group C consisted of eight pa-
tients (2 females, 6 males; average age 59 years) with
hyperlipoproteinemia of either type IIb (5 persons) or
type IV (3 persons) were studied as outpatients while
consuming marine oil as part of their prescribed lipid-
lowering therapy. At the time of analysis, the patients
had been consuming 3, 6 or 9 1-g capsules per day of
Superepa (52% (n —3) HUFA; Pharmacaps, Eliza-
beth, NJ) for at least 12 months. Three-day dietary
records from each patient, collected within one week
prior to the plasma specimen collection, confirmed that
mean nutrient intakes for the group were in compli-
ance with the National Cholesterol Education Program
Step 1 diet for which all patients had been previously
instructed by a registered dietician. The average diet
contained 30 en% fat (of which 1/3 or less was satu-
rated) and < 300 mg of cholesterol. The study protocol
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was approved by the Rush-Presbyterian-St. Luke’s Hu-
man Subjects Institutional Review Board.

Plasma preparation. Blood was drawn prior to the
diet intervention and at specified dates afterward. Fast-
ing blood samples obtained after a 12-14 h overnight
fast were routinely collected. Another series of 16
sequential samples was collected at 30-60 min inter-
vals throughout the day while subjects maintained a
normal meal schedule. At the University of Illinois,
blood was placed in plastic tubes containing citrate as
anticoagulant, mixed and centrifuged for 15 min at
room temperature. Thereafter plasma was transfered
to the plastic vials, frozen at —20 or —40°C and kept
in this form until analysis. At the Chicago Center for
Clinical Research, the blood was placed in plastic
tubes containing EDTA as anticoagulant, mixed, and
centrifuged at 1500 X g for 15 min at room tempera-
ture. Plasma was then transfered to smaller tubes for
storage at —70°C until analysis.

Fatty-acid analysis. A mixture of standards in 10 ul
[16] was spotted on a 5-cm wide lane of the TLC plate,
and then 100 w1 of plasma was applied and allowed to
air dry. Plates were partially developed to 1.5 cm first
in methanol, then in chloroform/methanol (1:1), to
extract lipids from the plasma protein that remained at
the origin [16]. After evaporating these solvents, each
plate was fully developed to 18 cm in hexane/ diethyl
ether /acetic acid (80:20:1). The resulting lipids bands
were visualized by spraying the plate with rhodamine
(0.02% in 95% ethanol). Lipid fractions were scraped
into tubes and methyl esters were prepared by transes-
terification with BF, /methanol. The hexane solutions
of methyl esters (with 25 ul of decane to prevent
spontaneous evaporation to dryness) were placed on an
autosampler and analyzed by gas-liquid chromatog-
raphy on a Hewlett Packard Model 5890A chromato-
graph fitted with a split injection system and a flame
ionization detector using a silica capillary column
Durabond-225 (30 x 0.25 mm i.d., 0.25 um thickness).
Hydrogen was used as carrier gas at a flow rate of 1.3
ml/min and the oven temperature was programmed
from 140-240°C as described earlier [10,16]. Peak ar-
eas were integrated, stored on hard disk of a Hewlett
Packard Vectra AT and the stored results were con-
verted electronically to a final spreadsheet format
(Lotus 1-2-3) for display [10]. Mean values are given
with standard deviations (noted S.D. in the tables).

Results and Discussion

Fatty-acid composition of plasma triglycerides

Table I provides results for plasma triglycerides of
the volunteers in Group A and Group B (diets B38 and
B30). In accord with previously described general acyl-
group selectivities in the formation of glycerolipids [11],
saturated fatty acids (SFA), which are esterified at
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position 1 of the three glycerol hydroxyls, were approx.
one-third (36%) of total fatty acids in plasma triglyc-
erides. In contrast, the 16- and 18-carbon unsaturated
fatty acids (UFA), abundant at positions 2 and 3, were
about 60% of the triglyceride fatty acids and the 20-
and 22-carbon highly unsaturated fatty acids (HUFA)
were only about 3.4%: The values are similar to the
31% SFA, 65% UFA, and 4.7% HUFA reported for
plasma triglycerides of rats raised on corn oil-supple-
mented diets [10]. The average linoleic acid content
(Table 1) was 20% (range of 17.9 to 25.5) and linolenic
acid averaged only about 0.9% (range of 0.7 to 1.1).
The average ratio for the weight percentage (wt %) of
each of these two acids in plasma triglycerides relative
to its percentage of daily caloric intake (en%) is shown
in the two bottom rows): 2.84 for 18:2 (n — 6) and 1.31
for 18:3 (n —3). These ratios are similar, but not
identical, to those reported for rats: 2.95 and 1.84,
respectively. Such similarity was not expected initially,
but it was subsequently joined by many other experi-
mental results that repeatedly confirmed an apprecia-
bly similar metabolic selectivity for fatty acid esterifica-
tion in humans and rodents.

The controlled diets, B38 and B30, were developed
to provide nutrient intakes typical for Americans. As a
result, the fatty-acid compositions maintained in the
plasma lipids for the group with the self-selected diets
were very similar to the overall combined average
results obtained with all dietary regimens. Although
the average values for groups of individuals were simi-
lar, there was among the individual subjects an appre-
ciable interindividual variance in the amounts of spe-
cific fatty acids, regardiess of the diet. These large
inter-individual variances were evident in the 18:2
(n —6) and 18:3 (n — 3) of plasma triglycerides for all
diet groups even though less variance occurred with
controlled diets than self-selected diets. The differ-
ences may reflect individual metabolic differences of
genetic origin, as well as the cumulative effects of
different prior diets that would have affected the adi-
pose tissue stores of 10 to 20 kg of fat per person,
which are continuously mixing with the other precur-
sors of the plasma lipids produced by the liver. The
overall variance among different individuals and differ-
ent diets for the ratio of the weight percent of a
polyunsaturated fatty acid in triglycerides to the en%
of that acid in the diet was about 15% for 18:2 (n — 6)
(2.84 + 0.37) and about 25% for 18:3 (n —3) (1.31 +
0.32).

Postprandial variance in fatty-acid composition

To see if intra-individual sampling variances might
make a significant contribution to the range of values
obtained, three subjects in Group B were examined at
16 to 17 different times throughout the day. In this
way, the differences between the values for the plasma
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triglycerides obtained throughout the day for each indi-
vidual (Table II) reflected food influx and different
metabolic stages as well as the variances due to the
analytical techniques employed. The variance in
triglyceride fatty acids was low for the eight sequential
samples obtained throughout the morning (0 to 4.5 h),
before the absorbed dietary fat began to influence the
composition of the circulating triglycerides. The intra-
individual variance for the morning samples ap-
proached that expected for the analytical method [16].
The ratio of 18:3 (n — 3)/18:2 (n — 6) in the morning
samples was also reproducible with little intra-individ-
ual variance. The eight samples obtained in the after-
noon (4.5 to 9 h) had lower percentages of (n —7)
UFA and total HUFA, whereas the percent of 18:3
(n — 3) tended to be slightly higher in the afternoon
compared to the morning samples. Also, the afternoon
values for the fatty-acid composition tended to have
higher variances, indicating the influence of changing

TABLE 1V

Fatty-acid composition of plasma phospholipids

levels of exogenous fat entering the plasma triglyc-
erides during this time period. The combined overall
results that included both intra- and inter-individual
differences (right-hand column in Table II) had the
greatest variance.

Intra-individual variations in fatty-acid composition
of plasma phospholipids (Table III) were less than
those for triglycerides (Table II), although differences
among individuals were significant. For example, (n —
7) acids as a percent of phospholipid UFA and 22:6
(n — 3) as a percent of (n — 3) HUFA differed among
the three subjects, irrespective of the time of day.
However, relatively small difference among these indi-
viduals (who were ingesting the same diet) was noted
for the two parameters that were selected to interpret
the dietary effects on eicosanoid precursors: 20:5 +
22:5(n—3) and 20:3 +20:4 (n — 6) as a percent of
total phospholipid HUFA. The low variance for thesc
parameters supports the concept that they may be

Diet: A B B38 B30 Overall average
en% 18:2(n —6) 7.62 3.29 5.98 0.30 5.94 0.32 7.49 0.05
en% 18:3(n —3) 0.74 0.40 0.73 0.03 0.72 0.03 0.81 0.02

n=21 n=18 n=16 n=18 n=73
Fatty acid Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
14:0 0.75 0.30 0.65 0.16 1.39 0.47 0.72 0.19 0.87 0.41
16:0 34.25 1.52 32.99 1.42 37.54 3.11 32.62 243 34.22 2.87
18:0 14.20 1.44 13.15 0.96 13.49 1.03 14.69 1.45 13.91 1.44
16:1(n—=7) 1.00 0.36 0.84 0.16 .66 0.15 1.19 0.47 0.93 0.37
18:1(n—-9) 10.89 2.52 9.95 1.52 8.05 0.86 10.44 1.38 9.94 2.02
18:1(n—7) 1.53 0.30 1.64 0.14 1.54 0.13 1.55 0.19 1.57 0.21
18:2(n—6) 23.06 3.07 23.25 3.32 22.86 2.62 24.03 2.92 23.29 2.97
18:3(n—6) 0.18 0.09 0.08 0.03 0.09 0.07 0.15 0.12 0.13 0.10
18:3(n—-3) 0.23 0.09 0.16 0.04 0.26 0.05 0.21 0.06 0.21 .07
20:1(n—-9) 0.17 0.05 0.20 0.07 0.16 0.10 0.19 0.05 0.18 0.07
20:3(n—-9) 0.08 0.08 0.00 0.00 0.07 0.06 0.09 .02 0.06 0.06
20:2(n—6) 0.31 0.07 0.31 0.07 0.23 0.04 (.28 0.07 1.29 0.07
20:3(n—6) 2.23 0.57 2.37 0.81 1.80 0.34 1.98 (147 2.13 0.60
20:4(n—6) 7.56 1.62 10.30 2.12 8.10 1.31 8.14 1.19 8.54 1.92
22:4(n—6) 0.25 0.07 0.37 0.13 0.34 0.22 0.28 0.09 0.30 0.14
20:5(n—3) 0.42 0.14 0.31 0.17 0.41 0.14 0.40 0.10 0.39 0.14
22:5(n—-3) 0.56 0.20 0.57 0.12 0.46 0.15 0.64 0.38 0.56 0.25
22:6(n—-3) 1.84 0.50 2.34 0.49 2.03 0.60 1.84 0.39 1.97 .53
240 0.49 0.30 0.51 0.23 0.53 0.27 0.47 0.35 (.49 0.29
Total SFA (%) 49.20 2.35 46.79 1.02 52.42 3.22 48.04 2.26 49.12 3.25
Total UFA (%) 36.91 4.16 35.92 3.28 33.46 3.10 37.57 333 36.11 3.80
Total HUFA (%) 13.23 2.25 16.57 2.54 13.94 2.14 13.66 1.68 14.24 2.55
20:4 as 96 (n —6)

HUFA 72.94 4.37 76.68 7.71 77.36 2.50 76.02 5.38 75.61 5.35
22:6as % {(n—3)

HUFA 65.05 5.98 72.97 3.72 69.45 5.10 64.68 6.66 67.31 7.23
(n—-7)as % of UFA 6.96 1.48 6.96 0.85 6.64 0.77 7.37 1.81 6.98 1.35
20:5+22:5as %

HUFA 7.54 2.44 5.21 0.96 6.53 1.39 7.45 2.11 6.77 212
20:4+20:3 as %

HUFA 73.64 5.26 76.50 2.31 73.77 3.73 74.28 311 7472 4.11




reliable indices, useful in estimating the relative abun-
dance of eicosanoid precursors and the potential inten-
sity of eicosanoid-mediated responses for an individual
as discussed earlier [13]. The low variance means that a
gas chromatographic analysis of the fatty acids main-
tained in plasma lipids may give more reliable insight
into the average proportions of ingested (# — 3) and
(n — 6) fatty acids than is available from less reliable
dietary recall procedures that have high variance
[17,18].

Fatty-acid composition of plasma phospholipids

The average composition of fatty acids in the phos-
pholipids in human plasma followed the general pat-
tern of metabolic selectivity for fatty acids reviewed
earlier [4,11], averaging approx. 49% SFA, 36% UFA,
and 14.6% HUFA (Table 1V). This distribution follows
the widely recognized metabolic selectivity that places
SFA at one of the two phospholipid hydroxyls (position
1) and UFA and HUFA at the other (position 2),
giving 50% SFA and 50% UFA + HUFA. No signifi-
cant differences were observed for the proportions of
these general categories of fatty acids for the four
different groups of subjects in this study and the pat-
tern was similar to that seen with rats [10]: 45% SFA;
29% UFA; 27% HUFA. In addition, the four sets of
data in Table IV showed no significant difference in
either the proportion of 20:4 (n — 6) in the (n —6)
HUFA or the proportion of 22:6 (n — 3) in the (n-3)
HUFA, confirming the reproducibility of the selectivi-
ties for elongation, desaturation and esterification. The
average proportion of phospholipid HUFA in the form
of 20:5 + 22:5 (n — 3) rose steadily for Group B as the
subjects sequentially ingested the controlled diets, B38
and B30, reaching a final value close to that for Group
A. Average intakes of (n —3) HUFA were well-docu-
mented for the controlled diets, whereas the self-
selected diets had a high intra-individual variance in

TABLE V
Predicted composition of HUFA in phospholipids

Average values (Wt%; n =18): 18:2(n—6) in TG, 19.3; 18:3 (n ~3) in TG,

(n=3)/1.31, 0.6.
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the intake of (n — 3) HUFA as well as a well-recog-
nized imprecision in reporting actual intakes. Perhaps
this slow shift originated from traditionally low intakes
of (n—3) fatty acids in the self-selected diets for
Group B prior to the controlled feeding study which
systematically included modest amounts of tuna and
salmon. Patients in Group A had been counselled
previously by nutrition specialists and the resulting
self-selected diets appeared to contain slightly more
seafood than the self-selected diets of uncounselled
individuals who enrolled in Group B.

Predictions of fatty acids in phospholipids

Two different types of equations relate the fatty acid
compositions of diets with those in plasma lipids: a
linear relationship for triglycerides and a hyperbolic
relationship for phospholipid HUFA (10). Since each
type of equation relates to the en% of 18:2 (n — 6)
and 18:3 (n — 3) in the diet, the composition of fatty
acids in plasma triglycerides can be used to predict the
composition of (n —3) and (n — 6) HUFA in plasma
phospholipids. The values obtained from such predic-
tions can be compared to the experimentally deter-
mined values to test the appropriateness of the four
constants (C;, Cq, C, and K) employed in the empiri-
cal hyperbolic equations [10]

(n—3)as %HUFA

100

= 1
1+ C; /en%3(1 +en%6/C, +en%0O/ Cy +en%3/Kg) 1)

(n—6) as %ZHUFA

100

= 2
1+ Cy /en%6(1+en%3/Cy+en%0/Cy, +en%6/Kg) 2

These equations include constants, C; and C,, that
characterize the competitive interactions of dietary

0.8. Estimated supply (en%; n =18): 18:2 (n —6)/2.84, 6.8 and 18:3

HUFA composition (% HUFA)

Predicted in PL observed in predicted based on
based on constants * plasma PL new constants °
20:34+20:4(n—06) 73.1 77.1 77.1
20:54+22:5(n-3) 5.0 53 53
Sum 82.5 82.4

& Cq = 0.0400; C3 = 0.0600; Cg, = 5.0000; K = 0.1500.
P C, = 0.0405 0.0357 0.0305 0.0215 0.0325 0.0590

Cy =0.0580 0.0510 0.0435 0.0310 0.0475 0.0850

Co = 5.0000 5.0000 5.0000 5.0000 9.0000 9.0000

K =0.2100 0.1800 0.1500 0.1000 0.1500 0.3000
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18:3 (1 —3) and 18:2 (n — 6) during elongation, de-
saturation and incorporation into the HUFA of phos-
pholipids. The values of C; and C, represent a stan-
dard effective concentration of dietary 18:3 (n —3)
and 18:2 (n — 6) expressed as a percent of total calo-
ries (en%). Additional constants, C, and Kg, were
included to adjust for a small effect of other dietary
fatty acids (C,) and for shape fitting (K), respectively,
as explained in detail in an earlier publication [10]. The
equations do not include terms for dietary HUFA
which were not provided in the diets of the rats [10]
and are also not appreciable components of the aver-
age self-selected diets of typical Americans or the
subjects in this study (being near 0.1 en% for (n —3)
and (n — 6) HUFA [19)]).

Eqgns. 1 and 2 provided a close estimate of the
observed and predicted values for an independent set
of samples (Table V) by first using the proportionality
constants from Table I (2.84 and 1.31) and the weight
percent values of 18:2 (n—6) and 18:3 (n —3) in
plasma triglycerides to estimate an approximate dietary
influx. The unexpectedly close similarity of the values
for the two constants to those obtained earlier for rat
data [10] helps emphasize the similarity in the general
selectivities for fatty acids in the synthesis of glyc-
erolipids with rats and humans. The values for the
estimated supply of 18:2 (n—6) and 18:3 (n —3)
were then used with Eqgns. 1 and 2 and the constants
from the rat study (C,, 0.04; C;, 0.06; C, 5.0; Ky,
0.15) to predict the proportion of 20:3 +20:4 (n — 6)
and 20:5 +22:5 (n —3) in the phospholipid HUFA.

TABLE VI

Relationships between triglycerides and phospholipids of human plasma

For example, in Table V the experimentally deter-
mined average compositions of HUFA in plasma phos-
pholipids of early morning samples obtained on day 28
of the study for 18 subjects in Group B are compared
with the values predicted by the hyperbolic equations
and constants that were used in the dietary studies
with rats [10]. The average predicted values (column 1)
were similar to those experimentally determined by gas
chromatography (column 2). The similarity indicated
that the dietary 18:3 (n — 3) and 18:2 (n - 6) were
exerting an influence on the levels of (n —3) and
{(n — 6) HUFA maintained in phospholipids of humans
that was very similar to that for rats. Although the fit
of observed and predicted values was close, an empiri-
cal adjustment of the constants to fit this set of data
more closely was achieved by starting with the values
for rats [10] and then selecting new values by trial and
error that fit best. For example, values that fit data in
Table V were: C, 0.0405; C5, 0.0580; C,. 5; Kg 0.21.
This set of values, however, was not a unique solution
to the equations and several other sets of constants
that are shown in Table V also permitted the same
good fit to this set of data.

The applicability of this empirical approach was
confirmed for all four dietary groups in this study as
demonstrated for fatty acids in the HUFA of plasma
phospholipids in Table VI, which compares the aver-
age values observed and the values predicted using the
analyzed fatty acid composition of plasma triglycerides
and equations and constants similar to those noted
above. Table VI indicates that the linear equation and

Constants for PL of human plasma: C5, 0.0555; C,. 0.0441; Cg, 5.00; K, 0.20.

Diets

Diets self selected

Controlled diets

Group A (n=21)

Group B(n=18)

Group B38 (n =18) Group B30 (n =18)

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Diet composition

en% 18:2(n—6) 7.62 3.20 - - 5.94 0.32 7.49 0.05

en% 18:3(n —3) 0.74 0.40 - - 0.72 0.03 0.81 0.02
Plasma triglyceride composition

wt% 18:2 (n—6) 20.31 3.82 17.29 5.08 18.51 2.29 20.48 4.45

wt% 18:3 (n —3) 0.99 0.35 0.73 0.28 0.9 0.23 0.81 0.15
Predicted diet composition

en% 18:2(n—6) 7.23 1.36 6.06 1.91 6.59 0.8t 7.29 1.58

en% 18:3(n—3) 0.75 0.27 0.69 0.25 0.69 0.17 0.62 0.11
Predicted HUFA composition in PL

(n—3)as % HUFA 7.57 1.54 8.16 1.55 7.94 1.73 6.6 1.42

(n—6) as % HUFA 73.38 0.93 68.37 0.92 75.11 1.23 74.04 1.41
Observed HUFA composition in PL.

(n—3) as % HUFA 7.36 2.39 5.88 1.43 6.33 1.73 7.27 1.76

(n—6) as % HUFA 73.57 4.94 76.17 2.33 73.84 1.23 73.88 2.96




the constants from Table I, relating the weight percent
of 18:2 (n—6) and 18:3 (n —3) in plasma triglyc-
erides to the dietary energy percent of these acids
performed well for Groups A and B30. The predicted
amounts of 18:2 (#n — 6) and 18:3 (n — 3) in the self-
selected diets for Group A (7.23 and 0.75) closely fit
the actual dietary intake (7.62 and 0.74). For Group
B30, after weeks of consistent dietary intake, the fit for
18:2 (n — 6) was 7.29 compared to 7.49 in the diet.
Predicting the proportions of (n — 3) and (n — 6) in the
HUFA of plasma phospholipids using the constants
from Table V permitted estimates that were close to
observed proportions, but trial-and-error fitting gave
slightly modified values that fit better for the larger
overall combined set of data in Table VI: C,, 0.0441;
C;, 0.0555; Cq, 5; K, 0.20. These constants resemble
those that fit Table V (C,, 0.0405; C,, 0.0580; Cq, 5;
K¢ 0.21) and are similar to those used to describe
results from rats [10]: Cq, 0.04; C;, 0.06; Co, 5; K,
0.15.

The diets consumed by the subjects in this study
were typical of those consumed by US populations
which include very small quantities of (n —3) fatty
acids and relatively little HUFA [19]. Therefore, it is
likely to be difficult to test the equations further by
finding large numbers of people in the USA who are
habituated to diets that cover a wide range of (n —3)
fatty acids and total en% of fat. In contrast to this
experiment with a narrow range of data available for
humans on different diets, the equations and constants
developed for predicting results with rats were gener-
ated using a wide range of diets with the rats habitu-
ated to these diets through their lifetime (the corre-
sponding dams were even fed the same diets before
gestation). That experimental design ensured that the
liver, adipose and plasma fatty acids in the animals that
were analyzed were probably in dynamic equilibrium
with the dietary supply of fatty acids. Although such an
equilibrated state seems less likely with human sub-
jects, the similarity of analytical values in Tables I-V
indicate that Diet B was similar to the typical self-
selected diet in the USA and that the plasma and
adipose fatty acids were in near equilibrium with re-
gard to the diet.

Fatty-acid composition maintained with fish oil supple-
ments

An important consideration in relating the average
fatty-acid composition of diet with the average compo-
sition maintained in tissues is the period of time over
which the average diet has been ingested. The animal
studies discussed in this report had maintained diets
for a major portion of the life of the animal so that
tissue lipids were probably in dynamic equilibrium with
the dietary supply of fatty acids. Other studies for
shorter periods produced similar trends, although a
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lesser degree of change suggests that equilibration had
not yet been achieved (e.g., Ref. 20) reviewed in Ref.
10). Results in this report for humans ingesting supple-
mental (n —3) HUFA were only from patients who
had maintained the prescribed supplementation for at
least 12 months. Other studies for shorter periods (e.g.,
Refs. 21, 22) reported similar trends with supplemental
(n —3) HUFA, although the extent of equilibration
may have been less than achieved with the greater than
12-month regimen in this study.

The average overall composition of fatty acids in
triglycerides of human plasma in this (n —3) HUFA
study resembled a typical American average (from sev-
eral studies tabulated in Ref. 4), containing about 33%
SFA (vs. 34.1), 61% UFA (vs. 60) and 5% HUFA (vs.
3.2). Although the total HUFA in triglycerides re-
mained low when supplemental HUFA were ingested,
the dietary (n —3) HUFA caused a several-fold in-
crease in the average ratio of (n —3)/(n — 6) HUFA
(from 0.6 to 2.8). Linoleic acid (18:2 (n —6)) and
linolenic acid (18:3 (n — 3)) were both at higher levels
in the triglycerides of patients than observed for con-
trol subjects, reflecting a greater-than-typical intake of
dietary polyunsaturated fatty acids by the patients in
the prescribed ongoing lipid-lowering therapy. All val-
ues for 18:2 (n—6) in plasma triglycerides in this
study exceeded those obtained in 1973 to 1975 [23],
reflecting rising intakes of 18:2 (n —6) in the USA
(discussed in Ref. 16).

For the patients taking fish oil supplements, the
average overall fatty-acid composition of plasma phos-
pholipids resembled the USA averages, including about
48% SFA, 35% UFA and 18% HUFA. However, the
HUFA in phospholipids of the patients contained ap-
prox. 51% 20:3+20:4 (n —6) and 25% 20:5+22:5
(n — 3), whereas average results typical of the USA are
75% and 10%, respectively. The proportion of 20:5
within the (n — 3) HUFA of phospholipids increased
from 19% to about 40% with supplemental fish oil in
the diet while the proportion of 22:6 (n —3) in the
(n — 3) HUFA remained at about 50%. In contrast, the
proportions of 20:3 and 20: 4 within the (n — 6) HUFA
(22% and 77%, respectively) were not appreciably in-
fluenced by supplementation with (n — 3) HUFA. This
stability in the proportions of two major (n — 6) HUFA
helps simplify the considerations of forming (n — 6)
eicosanoid precursors and competition between the
(n —3) and (n — 6) types of fatty acids is the predomi-
nant consideration. The accumulation of 18:2 (n — 6)
and the near exclusion of 18:3 (n — 3) in phospholipids
in all tissues (while both are accumulated in triglyc-
erides) has been observed consistently in all reports of
rats and humans, but the metabolic basis for this
discrimination between the two fatty acids remains
unknown. Because this discrimination occurs, it is im-
portant to separate the phospholipids from the trigly-
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cerides when attempting to use plasma lipid composi-
tion to estimate the amounts of 18:2 (n — 6) and 18:3
(n — 3) in the diet.

New equations for predicting phospholipid HUFA

The weight percent of 18:2 (n — 6) and 18:3(n — 3)
in plasma triglycerides listed in Table VII and the
proportionality constants obtained earlier (2.84 and
1.31; Table 1) to relate those values to dietary supply
for humans were used to estimate a probable average
proportion of dietary calories of these two fatty acids
for each person’s daily intake (Rows 3 and 4 in Table
VII). These estimates, with the hyperbolic equations 1
and 2 and the constants (Cy, 0.0441; C;, 0.0555; Co,
5.00; K, 0.20) that were used successfully in the ear-
lier studies of this report were then employed to pre-
dict the proportion of 20:5+ 22:5(n —3) and 20:3 +
20:4 (n — 6) in the HUFA of plasma phospholipids of
the patients (Rows 7 and 10, Table VII). Control
values averaged from reports of subjects eating typical
American diets are shown in the right-hand column of
Table VII for comparison. Although the predicted
values for the USA subjects for (n — 3) and (n — 6) in
HUFA (rows 7 and 10) were similar to the experimen-
tally measured values (determined by gas chromatogra-
phy; rows 9 and 12), the predicted values for (n — 3)
HUFA were not at all similar for the patients taking
fish oil supplements. This discrepancy indicated that
the supplementary (n — 3) HUFA (H;) were exerting a
competitive effect that did not occur with typical
American dietary fatty acid intakes for which the two
18-carbon UFA, 18:3 (n — 3) and 18:2 (n — 6) (P; and
P.), were the predominant polyunsaturated fatty acids

TABLE VII
Estimates of HUFA and PUFA intake for human subjecis

(about 0.6 en% (n—3) and 5.6 ¢en% (n —6)) and
HUFA are minor components (< (.1 en% (n — 3) and
< 0.1 en% (n - 6), Ref. 19).

To accommodate the influence of dictary (n —3)
HUFA (H;), terms were included in Eqgns. 3 and 4 to
account for the competitive interactions of the HUFA
(H, and H,) in direct esterifications, as well as in the
elongation / desaturation process.

(n—3)as %HUFA
= [100][1 + PC, /en%P(1 +en%P, /PC,

+en%H, /HI, +en%0/ Co, +en%Ps /K)]

100

* 1+HC, /en%H (1 +en%H, /HC,) (9
(n —6)as %HUFA
=[100][1+PC, /en%P(1+en%P, /PC,
+en%H, /HI, +en%0/ Cq, +en%P, /Kg)] !
100
(4)

+
1+HC, /en%H (1 +en%H, /HC;)

The new empirical equations include constants (HC,
and HC,) for the efficiency of direct esterification of
dietary (n — 3) and (n — 6) HUFA (H; and H ) as well
as constants (H/; and H ) for the competitive inhibi-
tion by the dietary HUFA in elongation and desatura-
tion of the (n — 3) and (n — 6) dietary UFA. Assign-
ment of the values of the constants was achieved by
starting with the values obtained from the study of

Subject: 1 2 3 5 6 7 8 USA
(D) wt% 18:2(n—6)in TG 17.0 224 4.5 27.4 24.4 26.9 13.0 279 210
(2wt 18:3(n =3)Iin TG 1.3 0.7 1.1 2.6 1.4 1.3 1.0 1.6 (1.9
(3) est.en% 18:2(n —6) 6.0 7.9 5.1 9.6 8.6 9.5 4.6 9.8 7.4
(4)est. en% 18:3 (n —3) 1.0 0.5 0.8 2.0 1.1 1.0 0.7 1.2 0.7
(5) est. en% (n —6) HUFA 0.08 0.06 0.08 0.04 0.09 0.15 0.13 0.03 0.05
(6) est. en% (n —3) HUFA 1.89 1.89 2.84 0.95 0.95 1.89 1.89 2.84 0.05
20:5+22:5(n-3)as% HUFA in plasma PL
(7) Pred. Eqn. 1 10.6 4.9 10.4 13.4 8.4 7.5 10.6 8.5 6.5
(8) Pred. Eqn. 3 26.3 211 322 22.4 16.7 21.7 25.0 32.0 7.0
(9) obs. (n —3) as % HUFA 242 20.6 30.1 28.6 13.2 20.7 25.4 36.6 71
20:3+20:4 (n —6) as% HUFA in plasma PL
(10) Pred. Eqn. 2 71.4 76.1 71.0 70.5 73.9 74.7 70.5 74.0 74.8
(11) Pred. Eqn. 4 42.7 46.3 326 57.2 64.8 60.0 443 379 80.5
(12) obs. (n —6) as % HUFA 46.2 52.3 46.6 44 .4 62.7 58.3 499 32.7 76.9
Estimates of (n —3) HUFA intake based upon fatty-acid analyses
(13) Estimated en% H; 1.74 2.02 2.70 1.98 0.55 1.66 1.92 4.25 0.08
(14) Estimated capsules 6 6 9 6 2 5 6 13 0
(15) Prescribed capsules 6 6 9 3 3 6 6 9 0




unsupplemented diets and adjusting the new constants
by trial and error to fit the specific data set in this
report.

Estimates of values for constants

Empirical fits of the fatty-acid composition of diets
with those maintained in tissue lipids were obtained
with sets of inter-related constants without providing
absolute or unique values to be assigned (Table V).
Successive approximation of appropriate values for the
additional constants of Eqns. 3 and 4 was achieved
following initial estimates of the dietary intake of (n —
3) and (n — 6) fatty acids. The average value for the
supplemented intake of (n — 3) HUFA (en% H,) was
set initially at the prescribed therapeutic level, since
the supplements greatly exceeded the 0.05 en% (n — 3)
HUFA obtained in the foods. Dietary (n — 6) HUFA
(en% H,) was set at the values estimated by nutrient
assessment questionairre for each individual (ranging
from 0.03 to 0.15 en%). The ‘other’ (non-polyun-
saturated fatty acids) dietary fatty acids were set at 25
en% and the intakes of 18:2 (n—6) (en% P,) and
18:3 (n —3) (en% P,) were estimated from the com-
position of plasma triglycerides using the factors of
2.84 and 1.31 from Table I. These estimates permitted
Eqgns. 3 and 4 to be used for empirical trial-and-error
estimates of values for the constants. From this pro-
cess, a set of suitable values was identified for the
constants: PC,, 0.0555; PC,, 0.0441; Cg,, 5.00; K,
0.175; HC;, 8.75; HC,, 0.5; HI;, 0.008; HI,, 0.040.
These constants with the expanded Eqns. 3 and 4
provided much better predictions of the HUFA com-
position for the individuals in this study (rows 8 and 11,
Table VII) than did Egns. 1 and 2.

The usefulness of the newly derived equations and
constants became evident when they were applied to
interpreting results from an independent diet-
eicosanoid study of rats [24] which included both (n — 3)
UFA and (n# —3) HUFA in the diet and a study of
mice ingesting supplemental (n — 3) HUFA [25]). There
was excellent agreement of the observed formation of
thromboxane by rat platelets with values predicted
using the same equations and constants that describe
fatty acid maintenance in the lipids of human plasma
(setting the numerator to 175 ng TXB/ml rather than
100). The close agreement in Fig. 1 for the formation
of thromboxane, the principal eicosanoid formed by
platelets, demonstrates an unexpected ability of the
new equations and constants to predict the effects on
eicosanoid formation by diets that contain (n — 3) acids
of either the UFA or HUFA type. It also confirms the
utility of employing the analytically determined propor-
tion of 20:3 + 20:4 (n — 6) in the phospholipid HUFA
as a predictor of the probable intensity of (n — 6)
eicosanoid formation. As in Fig. 1, a good fit of ob-
served and predicted values over a wide range of
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Fig. 1. Predicted and observed formation of thromboxane by rat

platelets. The predicted thromboxane formation (open bars) was

obtained using published diet information [24] with Eqn. 4 and the

same constants developed in Table VII for humans with a numerator

value of 175 ng thromboxane per ml. Values for the measured
thromboxane are indicated by solid bars.

dietary (n — 3) HUFA was obtained in Fig. 2, although
it required Kg to be adjusted to 0.090 and H/,, 0.03.
The good prediction indicates that the general
metabolic selectivities that maintain tissue HUFA in
rats and humans also prevail in mouse peritoneal cells.
Expressing the (n — 6) HUFA as a proportion of the
total phospholipid HUFA provided a better fit than
expected, irrespecfive of different types of glycerophos-
pholipid that are contained within the total tissue
lipids. The lower values for H/; needed to fit the
results in Figs. 1 and 2 compared to that for PC,
(0.0555 en%) confirm earlier estimates {13,24] that the
(n — 3) HUFA are more effective than (n — 3) UFA as
competitors in diminishing the entry of dietary 18:2
(n —6) into the (n —6) HUFA of tissue lipids. The
successful independent tests of the suitability of the

n-3 &n-6 as %HUFA in
Mouse Peritoneal
Phospholipids

60

20 4

1 2
Spict 5 6 7

Fig. 2. Predicted and observed levels of eicosanoid precursors in
mouse peritoneal cells. The predicted proportions of 20:3+20:4
(n —6) (light stippled bars) and 20:5+422:5 (n —3) (hatched bars) in
the HUFA of cellular phospholipids were calculated using published
diet information [25] and Eqns. 3 and 4 with constants similar to
those developed for humans as described in the text. The corre-
sponding observed analytical values are solid bars and dark stippled
bars, respectively.
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hyperbolic equations indicates that further refinement
and use of this approach will probably improve our
ability to interpret diet-eicosanoid relationships in ani-
mals and humans. Although a unique assignment of
the absolute values for the constants is not yet possible
at this time, the empirically derived equations and sets
of values provided in this report are useful ways to
assemble and summarize the existing knowledge about
human metabolism in ways that predict future results
in studies of lipids in humans and that may indicate the
probable intensity of (n — 6) eicosanoid-mediated
events,

Future controlled studies of humans with a wide
range of en% fat and a widely varied intake of (n — 3)
and (n — 6) fatty acids could provide data that might
permit a unigue solution for the constants. However,
recruiting volunteers for rigorously controlled long-term
human studies with a wide range of en% fat, en%
{(n — 3) HUFA and en% (n — 6) HUFA seems not very
feasible at this time with the low general level of
awareness of the utility of such information. Fortu-
nately, this report adds to the growing evidence of
extensive similarities between rats and humans in the
selectivity of fatty-acid metabolism. The similarities will
eventually permit some of the broader range-finding
studies with rats to develop more certain knowledge of
the absolute values for the constants involved. Those
values can then be applied to human studies to help
define more precise limits for the constants when ap-
plied to humans.

Estimation of dietary intake for humans

Once an approximate set of constants was assigned,
they were tested with a rearranged form of Eqn. 3
using the observed analytical results and starting with
an arbitrary rough estimate of typical HUFA intake of
0.12 en% (n — 6) HUFA and 0.1 en% (n — 3) HUFA
to calculate a probable amount of dietary (n—3)
HUFA (en% H ). The calculated value (row 13, Table
VII) was then used to calculate the probable number
of capsules ingested (row 14, Table VII) by the patients
(and the typical USA controls). The result agreed
closely with the prescribed dosage for all patients ex-
cept subjects 4 and 8. Subject 8 was the lightest female
in the study (148 pounds, 77 years old) who had been
advised to ingest 9 capsules per day for two years. We
remain uncertain as to whether she had taken extra
supplements. Subject 4 was the lightest male in the
study (138 pounds) and he had higher than typical
amounts of 18:3 (n — 3) in plasma triglycerides. The
values for (n — 3) as %HUFA in plasma phospholipids
fitted an ingestion of 6 fish oil capsules per day, even
though he claimed only three per day was the regular
supplement. When this individual was questioned fur-
ther by the nutritionist in the study, he confirmed that
he was taking only 3 fish oil capsules daily, but admit-

ted that he was including two additional slices of
flax-bran bread (Manitowoc Ovens, Manitowoc, WI)
that contained 950 mg 18:3 (n — 3), explaining the
elevated 18:3 (n — 3) in plasma triglycerides. He was
also supplementing his diet with non-marine oil sources
of extra (n — 3) HUFA (e.g., seaweed, etc.) that had
not been declared in the dietary records because it was
not fish oil. This interaction illustrates the well-known
difficulty of standard recording procedures for obtain-
ing valid estimates of dietary intake by free-living indi-
viduals on self-selected diets [17,18]. The ability of the
gas chromatographic analysis to detect non-compliance
not reported by standard nutritional assessment inter-
view methods illustrates the usefulness of the equa-
tions and constants and the power of the direct gas
chromatographic method for assessing dietary intake of
(n —3) and (n — 6) polyunsaturated fatty acids. This
successful application of the equations, combined with
the recently developed ability to perform the analysis
on 50 ul samples of blood [16], opens the possibility of
a large-scale study of diet-disease relationships such as
were proposed recently for Japan [16,26].

Interpreting the equations and constants

The extensive set of data with rats that was provided
by Mohrhauer and Holman [5,6] was confirmed and
extended by the recent set from this laboratory [10].
The results consistently indicated a competitive hyper-
bolic interaction of dietary 18:2 (n —6) and 18:3
(n — 3) in forming tissue HUFA [10,12,13]. The con-
stants (about 0.05 en%) employed in fitting the dietary
(n—3) and (n —6) fatty acids are analogous to
Michaelis constants used in describing the hyperbolic
interactions of substrates with enzymes. As a result,
the magnitude of the constant represents the dietary
supply that achieves a standard degree of effectiveness.
With supplies of material at 10-times that value (about
0.5 en%), the system can be expected to approach a
maximal response. The low values of the constants
confirm the long-standing evidence that a biologically
adequate level of 18:2 (n — 6) in the diet of rats is 0.3
en% [5,6]. In fact, the corresponding adequate dietary
level for human infants was indicated in 1965 to be
near 0.5 en% (Ref. 27, as discussed in Ref. 13).

Application of equations to diet-disease relationships
Because many chronic disease processes are associ-
ated with an overproduction of (n — 6) eicosanoids [2],
it is appropriate to consider carefully what level of
(n — 6) eicosanoid precursors is desirable to be main-
tained in human tissues. The equations and constants
developed in this report were used to predict the
multiple curvilinear patterns for (n —6) eicosanoid
precursors that we should expect for humans with
different dietary intakes of 18:2 (n —6) and (n —3)
HUFA (see Fig. 3). The same proportion of (n — 6)
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Fig. 3. Proportion of {n —6) eicosanoid precursors in the HUFA of
plasma phospholipids. The curves represent values calculated by
Eqn. 4 using the constants developed for Table VII. The three values
on the ordinate axis for populations in the USA, Japan and Green-
land were reviewed in Ref. 4. This figure was modified from a similar
one in FASEB J. [28].

eicosanoid precursors in phospholipid HUFA can be
achieved by different combinations of (n — 3) and (n —
6) acids without changing the total fat intake. As
dietary 18:2 (n — 6) increases from 0 to 2 en%, the
proportion of 20:3 + 20:4 (n — 6) that is accumulated
in tissue phospholpids rises to near maximal values
when (n — 3) fatty acids are minor components of the
diet. Increasing the amotint of dietary (n —3) fatty
acids diminishes the accumulation of (n — 6) eicosanoid
precursors. The equation predicts that Greenlanders
with diets of about 2 en% 18:2 (n—6) and 4 en%
(n — 3) HUFA would have about 20% of their phos-
pbolipid HUFA as 20:3+20:4 (n — 6). This agrees
well with the value of 22% reported in the literature
(reviewed in Refs. 4 and 13), confirming the applicabil-
ity of the equations and constants in this report. Simi-
lar confirmation came from results for adult Japanese
with diets averaging about 5 en% 18:2 (n—6), 0.6
en% 18:3 (n—3) and 2 en% (n—3) HUFA who
would be expected to have about 50% of their phos-
pholipid HUFA as (n — 6) eicosanoid precursors. This
agrees well with the 50% reported (reviewed in Ref.
13). However, the rapid shift towards lower (n —3)/
(n — 6) ratios in the diet of younger Japanese [26]
means that a future rise can be expected for the
proportion of (n —6) HUFA in the total HUFA of
plasma phospholipids of typical Japanese. Finally,
Americans with an average intake of 6 en% 18:2
(n—26), 0.7 en% 18:3 (n—3) and < 0.1 en% (n —3)
HUFA [20] would be expected to have about 75% of
their phospholipid HUFA as (n — 6) eicosanoid pre-
cursors, as confirmed by the average analytical values
for USA (Table VII). The successful fit for a wide
range of dietary levels of (n — 3) HUFA for these three
groups of humans demonstrates the validity of the
quantitative approach described in this report.
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The quantitative metabolic link between diet and
accumulated (n — 6) eicosanoid precursors in tissues
can now be applied to interpreting the impact of di-
etary polyunsaturated fatty acids upon the frequency
and severity of pathological disorders that are known
to be mediated by (n — 6) eicosanoids (for example,
thromboxane mediating thrombotic death or
prostaglandins and leukotrienes mediating rheumatoid
arthritis; reviewed in Ref. 2). When tissue HUFA are
mobilized during pathological processes in these disor-
ders, the intensity of the process will be dependent
upon the proportion of (n — 6) fatty acids in the non-
esterified HUFA pool from which the oxygenases ob-
tain the substrates for eicosanoid biosynthesis (Ref. 29,
reviewed in Ref. 4). Since 1973 [30], it is evident that
competition with (n — 3) HUFA for these enzymes can
diminish the conversion of the (n —6) HUFA into
active eicosanoids and thereby diminish the pathophys-
iology. The present report provides an algorithm for
evaluating quantitatively the influence of dietary fatty
acids upon the physiology and epidemiology of diseases
that are mediated by (n — 6) eicosanoids. In this man-
ner, the values on the ordinate axis in Fig. 3 reflect the
probable intensity of an (n — 6)-mediated process, and
the curves indicate its dependency upon dietary sup-
plies of 18:2 (n — 6) and (n — 3) HUFA.

An extensive longitudinal study [19] showed that
Americans in the upper quintile of (n —3) HUFA
intake (about 0.66 g per day, approx. 0.3 en%) had only
60% of the relative risk for cardiovascular death for
men in the USA. Similarly, Japanese ingesting approxi-
mately 5-10-times more (n — 3) HUFA had 20% of the
typical USA rate for ischemic heart disease mortality
[26). Finally, the corresponding mortality rate for
Greenlanders was only 10% that for typical Danes
(reviewed in Ref. 2), who have diets and cardiovascular
mortality rates similar to those for Americans. Simi-
larly, the incidence of rheumatoid arthritis in Japan is
much less than would be expected on the basis of HLA
genotypes [31]. Recent intervention trials have con-
firmed the tendency for supplemental (n — 3) HUFA
in the diet to diminish the rate of cardiovascular mor-
tality [32] and diminish the severity of rheumatoid
arthritis [33].

Our understanding of diet-disease relationships has
now evolved so that the quantitative impact of dietary
(n — 3)/(n — 6) fatty acids upon the probable synthetic
capacity of (n — 6) eicosanoids can be added to our
knowledge of the (n — 6) eicosanoids in detailed cellu-
lar mechanisms for the disease processes. Important in
interpreting these events, is the fact that tissues in rats
[10,34] and humans [16] have a tendency to maintain
higher ratios of (n —3)/(n —6) HUFA in the non-
esterified fatty acid eicosanoid precursor pools than is
maintained in tissue phospholipids. This tendency pro-
vides a downward adjustment in the probable (n — 6)
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eicosanoid synthetic capacity that is predicted from the
proportions of (n — 3) /(n — 6) eicosanoid precursors in
the phospholipids. This downward adjustment of the
(n — 6) eicosanoid synthetic capacity from the phos-
pholipid precursors that can be predicted from dietary
(n —3)/(n — 6) data permits an even closer correlation
of dietary intake with the observed epidemiological
data, and it emphasizes the physiological importance of
dietary (n — 3) fatty acids. The combined use of the
knowledge of cellular signalling mechanisms of
eicosanoids and the knowledge of quantitative relation-
ships of eicosanoid precursor abundance with diet now
puts us in an improved position to interpret the proba-
ble impact of our daily intakes of (n — 3)/(n — 6) fatty
acids upon the quality of daily life, which is so strongly
influenced by (n — 6) eicosanoids.
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