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Abnormal fatty acid composition and human atherosclerosis

K. J. KINGSBURY, C. BRETT, R. STOVOLD, A. CHAPMAN,
J. ANDERSON, D. M. MORGAN

St Mary's Hospital, London, W.2

Summary
Eighty patients with aorto-iliac/ femoro-popliteal
atherosclerosis were collected to examine in detail
their plasma cholesteryl ester fatty acid compositions
and to compare them with the incidence of ischaemic
heart disease through a 4-year follow-up. Various
other biochemical and rheological parameters were
also measured to see if these might explain any
association between the abnormal fatty acid pattern
and ischaemic heart disease.
The abnormal fatty acid pattern was specifically and

generally similar to that found in essential fatty acid
(EFA) deficient animals and children as shown by the
increase of the specific trienoic acid (C.20 : 3o9) by
reduced linoleic acid concentrations, and by an increase
of C.18 and C.16 monoenoic acids (oleic and palmit-
oleic), but not of their corresponding saturated forms,
stearic and palmitic. The results suggest that the
abnormal fatty acid composition resulted from an
increased synthesis of monoenoic acids and mono-
unsaturase activity, coupled with a relative inadequacy
of linoleic acid.
The patients with a reduced concentration of linoleic

acid (<35 %) subsequently had a higher incidence of
myocardial infarction. No significant correlations
were found between the fatty acid concentration and
various other biochemical or rheological parameters
except marginally between linoleic acid and platelet
adhesiveness. Only the linoleic acid concentration dis-
tinguished between the patients with and without myo-
cardial infarction.
A marked inverse correlation was found, however,

between the monoenoic and linoleic acid concentration,
without parallel changes in other fatty acids. It seems
that as in animals, a balance exists between EFA and
monoenoic pathways which are known to compete for
the same desaturase systems and acyl sites. It appears
that human EFA requirements and effects need to be
considered not only by their intake and metabolism,
but also through individual factors which vary the
monoenoic concentrations and monounsaturase acti-
vity. Since these factors include several currently
associated with human atherosclerosis the question
arises of whether the EFA-monoenoic balance is one

Correspondence and requests for reprints- K. J. Kings-
bury, 11 South Road, Amersham, Bucks.

link between them and the pathology of the arterial
occlusions and myocardial infarction.

Introduction
A reduced concentration of linoleic acid in the

plasma cholesteryl esters is one biochemical abnor-
mality found in patients with ischaemic heart disease
(Lewis, 1958), or aorto-iliac/femoro-popliteal athero-
sclerosis (Schrade, Boehle and Biegler, 1960; Kings-
bury et al., 1962b). It also occurred in the depot fats
of similar patients (Kingsbury et al., 1962b; Antonini
et al., 1969). Since the depot fat composition varied
little with the site sampled (Kingsbury et al., 1961'
Heffernan, 1963), it appeared that these patients had a
widespread reduction oflinoleic acid in their body fats.

It was not known if this abnormality was related to
the arterial disease, or was simply an associated but
unimportant phenomena. The eventual classification
of the arterial lesions in terms of their mural irregu-
larities, occlusions and stenoses (Kingsbury, 1969),
revealed that the plasma cholesteryl linoleic acid
concentrations but not the plasma cholesterol or
blood sugar levels were related to the number of
arterial occlusions shown by arteriograms or pulses
(Kingsbury et al., 1969a). This appeared important
to the patient since those with the low linoleic acid
concentrations then showed a marked rise in the
subsequent incidence of myocardial infarction at all
disease levels (Kingsbury et al., 1969b). In contrast,
no separate relation was found between the plasma
cholesterol or blood sugar levels and myocardial
infarction when the extent of the arterial disease was
taken into account (Kingsbury, 1969; Kingsbury
et al.. 1969b).
To investigate the abnormal fatty acid composition

in more detail three studies (Lewis, 1958; Kingsbury
et al., 1962b; Kingsbury et al., 1969a) had reported
an increase of trienoic fatty acids (fatty acids with
three unsaturated bonds) together with the reduction
of the dienoic-linoleic acid. This combination also
occurred in animals and children deficient of essen-
tial fatty acids (Wiese, Hansen and Adam, 1958;
Holman, 1968); in which case the increased trienoic
acid was a specific isomer synthesized from oleic
acid (Fulco and Mead. 1959). It appeared crucial to
see which trienoic acid was responsible for the par-
ticular increase in the patients.

copyright.
 on M

ay 17, 2023 by guest. P
rotected by

http://pm
j.bm

j.com
/

P
ostgrad M

ed J: first published as 10.1136/pgm
j.50.585.425 on 1 July 1974. D

ow
nloaded from

 

http://pmj.bmj.com/


426 K. J. Kingsbury et al.

TABLE 1. Ages, plasma cholesterol, and 2-hr blood sugar levels and %O of patients in the irregularity and occlusion groups in
previous and present series of patients

Mean values ± standard errors % of patients in groups
Series of patients Plasma 2-hr blood Irregularity Occlusions

Age cholesterol sugar -
No. (years) (mg/100 ml) (mg/100 ml) Slight Moderate Extensive 0 1 >2

Previous series (a) 338 59 0-54 260 ± 3-12 107 - 3-52 36 36 28 29 41 30
(b) 146 57 ± 0-49 262 ± 6-09 105 ±: 3-01 38 38 24 28 43 29

Present series 80 59 ± 0-92 255 ± 5-26 101 4 5-19 42 39 19 35 36 29

(a) Kingsbury, 1966; (b) Kingsbury et al., 1969a, b.

Gas-liquid chromatographic techniques had first
to be developed which could separate and measure
the different trienoic acids (some in trace quantities)
directly and routinely. This then allowed the follow-
ing questions to be examined: (a) which trienoic
acids increased, did they represent a particular
metabolic pathway? (b) what were the main features
of the abnormal fatty acid pattern, and (c) which
part showed the clearest relation to the subsequent
occurrence of myocardial infarction and various
other parameters, e.g. platelet adhesiveness, fibrino-
lysis, etc. The results are reported here.

The patients
Collection

Eighty* male patients presenting with claudication
from aorto-iliac/femoro-popliteal atherosclerosis,
who had not recently altered their diet, were not
receiving drugs and had not had symptoms of heart
disease were collected as previously described (Kings-
bury, 1971). As shown in Table 1 their ages, plasma
cholesterol, '2-hr' blood sugar concentrations
(Kingsbury, 1968), and the extent and type of their
disease, were similar to those of previous series
(Kingsbury, 1968; Kingsbury et al., 1969a). The
proportion of patients with extensive arterial irregu-
larities (Kingsbury, 1971) was slightly, though not
significantly, lower than had been found previ-
ously.

Sampling and experimental design
The plasma cholesteryl linoleic acid concentrations

of the eighty patients had been determined using
alkaline conjugation when the patients attended for
their initial arteriograms. The samples for the
analyses of the present study were then collected
during a planned experimental period in which
three patients were sampled on each of 3 mornings a
week, on mornings convenient to them, but in the
rough order of their first attendance at hospital, and

* This number had to be collected before there were at
least two patients in each irregularity by occlusion disease
category (data with K.J.K.).

making sure that each morning included patients
whose linoleic acid concentrations were in the upper
and lower halves of the group range. Blood samples
were taken by clean venepuncture without venous
compression after the patients had fasted overnight;
the first 5 ml was discarded. All parameters were
estimated from the same fasting blood samples
except the blood glucose which was analysed in a
sample collected 2 hr after 50 g of glucose by mouth.

Methodst
Fatty acid composition ofplasma cholesteryl esters4
The plasma was extracted with solvents and the

cholesteryl esters isolated by silicic acid chromato-
graphy (Kingsbury et al., 1969a) on the day of collec-
tion together with a solvent blank and normal plasma
as controls. The prepared cholesteryl esters contained
no glycerides, lipid phosphorus, or free cholesterol
as shown by thin-layer chromatography and colori-
metric tests. Completeness of isolation was con-
firmed by examining the lipids remaining on the
column (methanol-chloroform eluate) by thin-layer
chromatography. The ferric chloride colour (Henly,
1957), between 300 and 580 miL, showed that no
other sterol peaks were present. The concentration of
cholesteryl ester in the final solution was determined
from both the cholesterol and esterified fatty acid
content.
The cholesteryl fatty acid composition was then

estimated in three ways.
(1) Thick-layer chromatography
The preparations of the previous day were run on

thick silicic acid fluorescein layers, each divided
longitudinally into halves, one half containing 5%
silver-nitrate. Equal aliquots from each patient's
sample were run in each half simultaneously (2% di-
ethylether in petroleum ether 40-60° BP). This was

t The standard deviations given for each method were
calculated from the differences between the replicate estima-
tions of the samples in this study.

I Fatty acid notation as usual: C.20 equals 20 carbons,: 3
equals three unsaturated bonds, and co9 means that the first
unsaturated bond occurred after the ninth carbon from the
methyl end of the fatty acid chain.
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Abnormal F.A. composition and atherosclerosis 427

repeated giving two plates per patient. The mono-
enoic and dienoic ester bands separated on the
silver-nitrate, and the total cholesteryl ester band
from the plain half of the plate, were scraped off
under UV light, and the amount of esters they con-
tained determined from their cholesterol content
(Henly, 1957).

This provided an estimate of fatty acid composi-
tion without using any form of fatty acid analysis.
The results are expressed as % dienoic esters in
cholesteryl ester fraction (standard deviation:
[+1:22%) and ratio of monoenoic to dienoic ester
amounts (standard deviation: ±0-018).

(2) Alkaline conjugation
As summarized previously (Kingsbury et al.,

1969a), this provided the total of each polyunsatur-
ated fatty acid class against which the amounts of
the individual components, determined by gas-liquid
chromatography (GLC), could be checked.
The samples were conjugated (Holman and Hayes,

1958) the day after collection, in batches of twelve
per run-three subject samples, one solvent blank
(from extraction and column), one bulked normal
plasma, and a conjugation standard of diluted cod
liver oil, each in duplicate. The highest and lowest
dienoic acid values in each run were checked again
at the end of the series. The UV absorption peaks of
the patients' samples were compared with cholesteryl
esters from normal controls: no unusual peaks were
found. The percentage of dienoic (standard devia-
tion: t±1-08%), trienoic (±0-14%) and tetraenoic
acids (±0-22 %) are considered here.

(3) Gas-liquid chromatography (GLC)
Automated gas-liquid capillary* chromatographic

techniquest were developed to separate and measure
directly the fatty acids between C. 1 and C.23
saturated external markers, including the two C.18
and the three C.20 trienoic acid isomers. Replicate
analyses of normal samples had established a con-
sistent fatty acid pattern, and demonstrated that the
smaller peaks were not artefacts. The identities and
retention times of the peaks had been determined
precisely by overlaying them with methyl ester
standardst (including the C.18 and C.20 trienoic
acid) and natural samples$ (including the fats from
EFA deficient rats) on four different polar capillary
columns* which varied the relative positions of the
saturated and unsaturated fatty acids. The identity

* Perkin Elmer Ltd.
t Perkin Elmer Ltd-F. 1, Parametric Amplifier, Info-

tronics C.R.S. 100 integrator. Honeywell Mark III Com-
puter, G.P.O. Terminal System.

t Standards obtained from: The Hormel Institute, Applied
Science Laboratories, Sigma Ltd. Professor Van Dorp,
Unilever Laboratories, Vlaardingen.

of the peaks in the cholesteryl ester samples allo-
cated as C.20: 3o6 and C.20 : 3co9 in the C.20:
3Xo9 and C.20: 2o6 area had been confirmed by
mass spectroscopy§. No differences were found be-
tween the quantitative response of the three different
C.20: 3 or between the two C.18: 3 trienoic acid
isomers (calculated by triangulation or integration)
when mixtures of equal amounts were injected into
the columns. Hence, any difference between them in
the patients' samples would not appear due to
differences in detector response or to losses on the
columns. The method studies will be published in
full elsewhere.
Low then high trienoic acid samples (to be de-

scribed), a bulked normal plasma, and a mixed
standards were run in sequence 5. A run ofthe mixed
standards is shown in Fig. 1.
The carbon numbers and percentage composition

of all peaks, identified by their exact retention times
and areas, were calculated by computer programme
using the known C.14, 16 and 18 internal and the
C. 11 and C.23 external markers to establish the
logtime-mass curve for each sample (to be pub-
lished). The fit of all retention times to the standard
curve was good (index of determinations all greater
than 0-996).

For every sample the emergence time of all peaks
(as shown by the integrator and used and printed
out by the computer) was written over each peak as
it appeared on the trace. In this way, there could be
no question of which area and percentage composi-
tion applied to which peak.
The coefficient of variation (CV) determined for all

peaks from the differences between the replicate
estimations varied with peak size. For fatty acids in
concentrations over 5% the CV was less than 2%,
from 1 % to 5% concentration the CV was less than
7% and under 1% concentration, the CV of the
majority was less than 10%.
Other analytical methods
Other parameters were estimated as follows:

plasma cholesterol by modification of Henly's pro-
cedure (1957) (standard deviation: ± 5-31 mg/100
ml), blood sugar by glucose oxidase method (Hug-
gett and Nixon, 1957) (± 2-86 mg/100 ml), platelet
adhesiveness (Hirsh, McBride and Wright, 1966)
(± 2-25%), fibrinogen concentration (Podmore,
1959) (± 16 mg/100 ml), fibrinolysis (Gallimore,
1967) ( 0-18 hr), platelet and red cell electro-
phoretic mobility (Bangham et al., 1958) in buffer

§ Dr W. Kelly, Unilever Ltd, Colworth.
5 Perkin Elmer 50 m capillary FFAP column, isothermal at

205°C. Flow rate, O2 free nitrogen, 0-8 ml/min: split 80 : 1.
Baseline variation < 0-2% of recorder span.

Injection 5 l ethyl benzene solution of CE containing
5 jLg C.11 and C.23 external markers. Plate values for methyl
arachidate over 60,000.
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(Heard and Seaman, 1960) (+ 0-057 i/secv); plate-
let count, ESR (Westergren) and haematocrit
(Wintrobe) were performed by standard methods,
and relative viscosity of the plasma was estimated by
Ostwald viscometer (Findlay, 1954).
Follow-up
The patients were followed until the fifth year

after their first appearance at hospital (Surgical Unit,
St Mary's Hospital, London) by contact with the
patients, their relatives, General Practitioners, the
various hospitals they attended and Executive
Councils.
The Practitioners' reports, their replies to an

annual standard questionnaire on health, complica-
tions and treatments, the hospital records, laboratory
investigations, arteriograms and ECGs were collated
for all patients together with the death certificates
and post mortem reports where appropriate.
Four prognostic groups emerged as in a previous

study (Kingsbury et al., 1969a). These were: (a) alive
without symptoms of heart disease (forty); (b)
angina of effort without myocardial infarction
(eleven); (c) non-fatal acute myocardial infarction
with or without angina of effort (fourteen) and (d)
fatal infarcts, myocardial (twelve), cerebral (one),
which as previously was the major cause of death in
these patients (Kingsbury, 1966; Kingsbury et al.,
1969a).
The presence or absence of symptoms of heart

disease was diagnosed clinically by their General
Practitioners and/or the doctors of the hospitals they
attended and checked with the patients, their rela-

tives, Practitioners, the various hospitals, ECGs,
death certificates and post mortem reports as
necessary.

There were two 'non-vascular' deaths, one car-
cinoma of the lung and one from renal failure, the
analyses on these two patients are not included in the
results related to prognosis.
Angina of effort without myocardial infarction so

far (eleven). Subsequent ECGs were available in all
these patients, seven showed significant ST changes
(Blackburn et al., 1960), reported as ischaemia. One
showed QRS changes reported as infarct. Three
showed no ECG abnormality.

Non-fatal acute myocardial infarcts, with or with-
out angina of effort (fourteen). ECGs were available
in all. These showed significant QRS changes
(Blackburn et al., 1960) in thirteen, reported as
infarcts. One showed only ST changes reported as
ischaemia. Four of these patients have had more
than one non-fatal myocardial infarct since 1967.

Fatal infarcts. The cerebral infarct was confirmed
at post mortem. Of the twelve fatal myocardial
infarcts, four were confirmed both by ECG and post
mortem, three by ECG alone and one by post
mortem alone. Subsequent ECGs or post mortems
were not undertaken in four patients: there appeared
no doubt, however, that death was preceded by the
characteristic symptoms of acute infarction.

Results
Low and high trienoic acid containing samples
The total trienoic acid concentrations in the plasma

cholesteryl esters of all eighty patients were estimated
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Abnormal F.A. composition and atherosclerosis 429

TABLE 2. A comparison of the low and high trienoic acid samples by the parameters
common to the three different methods of fatty acid analysis (means with their standard

errors in parentheses)

Sample Correlation between
- different methods

Fatty acid Method Low High (correlation
trienoic trienoic coefficients)

Total Conjugation 1-48 (0-12) 3-32 (0-17) +069
trienoic (%) GLC 1-68 (0-06) 2-94 (0-13)

Total Plate 45-7 (1-37) 35-9 (1-69) +066
dienoic Conjugation 43-0 (1-12) 34-7 (1-25) +0-69 064
(%) GLC 42-6 (1-29) 34-2 (0-66)
Total Conjugation 4-88 (0-13) 4-49 (0-19) -
tetraenoic (%) GLC 4-43 (024) 4-25 (028)

Total Plate 0-59 (0-04) 0-90 (0-10)
mono/dienoic GLC 0-56 (0-03) 0-88 (0-05)
GLC Total monoenoic sum of 14 : lo5, 15 : 1, 16 : lo7, 17: 1, 18 : lc9, 20 : lc9.

Total dienoic sum of 18: 2co6, 20: 2c6.
Total trienoic sum of 18: 30o6, 18: 303, 20: 3o9, 20: 3co6.
Total tetraenoic sum of 20: 4co6.

Fatty acid notation as shown on Table 3.

by alkaline conjugation. The values showed a
normal distribution with a mean of 2-27%.* The
samples with the lowest (<1 78%) and highest
( >218 %) quarter of values were selected so that by
contrasting their fatty acid compositions the nature
of the trienoic acid increases and the features of the
abnormal fatty acid composition could be deter-
mined.
The differences between these two groups were

checked by comparing results common to the
different methods (Table 2).

Table 2 shows that the values obtained by the
different methods compared well (no significant
differences), inter-correlations were high (correlation
coefficients greater than 0-6, P< 001); and the
differences between the two groups were consistent.
Since the total monoenoic and trienoic acids deter-
mined by gas-liquid chromatography were calcu-
lated from the sum of several component acids, it
appeared that significant amounts were not being
missed. The agreement between the results of the
different methods showed that the allocation of
samples into high and low trienoic acid groups was
valid and could be accepted as the basis for the
detailed analyses.
The nature of the trienoic acid increases
The two C.18 and three C.20 trienoic acid peaks

and their parent acids are illustrated on a GLC trace
of a 'high' trienoic acid sample in Fig. 2.
The percentage concentration of the individual

trienoic acids determined by GLC in the low and
high trienoic acid samples are shown in Fig. 3.

* Data available from K.J.K.

It was found that only one trienoic acid, the
C.20: 309 isomer, increased consistently. In all but
one of the high trienoic acid samples, the concentra-
tion of this isomer was more than the mean in the
low trienoic acid samples plus twice their standard
deviation. There was no increase in any other trienoic
acid which could account for the difference in total
trienoic acid concentrations between the two groups.
The increase of this C.20 : 3 9 isomer in com-

parison to the neighbouring C.20: 3 o6, or ara-
chidonic acid was an immediately obvious feature in
the GLC traces of the high trienoic acid samples, as
shown in Fig. 4.

It appears that the increase in trienoic acid was
due to the particular isomer (C.20: 3 o9) synthesized
in vivo from oleic acid (Fulco and Mead, 1959), and
not to any of the C.18 or C.20 trienoic acids (o3 or
o6) in the linoleic or linolenic essential fatty acid
pathways (Mead, 1968).

The type of abnormal fatty acid composition
The fatty acid compositions of the low and high

(abnormal) trienoic acid groups of samples are
shown in Table 3.
GLC traces of samples with the low, intermediate

and high trienoic acid values are compared in Fig. 5.
The increase of C.20: 3 o9 acid in the high trienoic

samples were associated with a higher percentage of
C.16 and C.18 monoenoic acids (palmitoleic and
oleic) but with a marked reduction in the concentra-
tion of linoleic acid. This resulted in the oleic : lino-
leic ratio increasing from 0-46 to 0-71 (P<0-01)
and explained the higher monoenoic to dienoic acid
ratios found by plate chromatography (Table 2).
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FIG. 4. A comparison of traces from low to high trienoic acid samples
illustrating relative increase of the C.20: 3co9trienoic acid in comparison
with the C.20 : 3o)6 and arachidonic acid peaks.
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FIG. 5. A comparison of GLC traces from samples with low (bottom),
intermediate, and high (top) trienoic acid concentrations.
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The higher percentage of oleic and palmitoleic
monoenoic fatty acids were not associated with a
corresponding rise in their saturated forms, stearic
and palmitic, so that the monoenoic to saturated
ratios also increased (oleic to stearic 17-5 to 25-2 and
palmitoleic to palmitic 0-29 to 0-46). Finally the con-
centration of the C.20 dienoic acid (C.20: 2co6) was
significantly more in the high trienoic acid samples.

In the most abnormal high trienoic acid trace
shown at the top of Fig. 5, the palmitoleic/palmitic
ratio was reversed, the concentration of linoleic was
very low and the C.20: 3c6 peak had almost dis-
appeared.
The patients with the low and high trienoic acid

concentrations did not differ ('t' test, P>0-05) in
their ages (58±1-61 and 59 ±196), plasma choles-
terol (255 10-75 and 270± 10-49) or 2-hr blood
sugar concentrations (97±10-24 and 93 ±5-25,
respectively). The fatty acid differences therefore
could not be attributed to these factors.*

Interrelationships between thefatty acid concentrations
The GLC results for the whole eighty patients

were examined by correlation analysis to see if the
main features of the abnormal fatty acid pattern (the
significant fatty acid differences between low and
high trienoic acid samples P<0-01) were linked
together or were unrelated (Table 4).
The changes in the concentrations of oleic and

palmitoleic acids (C. 18 and C.16 monoenoic acids)
correlated well (P<0-01). There was a marginally
significant relationship between the concentration of
oleic acid and its product C.20: 3co9 (P< 005).
A new and highly significant inverse relationship

appeared, however, between the concentrations of
oleic and linoleic acids ('r' - 0-58, P< 0-001) (Fig. 6).

This was not simply the result of an increased per-
centage of monoenoic acids, in particular oleic,

* There were no significant differences (P< 0-01) between
these two groups of samples in any of the variates shown in
Table 5. (Data available from K.J.K.)

TABLE 3. The mean percentage of the main fatty acids in the
low and high trienoic acid group of samples by GLC
analysis (standard errors of the means are given in paren-
theses)

Percentage composition of
samples

Fatty acids
Low trienoic High trienoic

14 0 Myristic 1-17 (0-17) 1-77 (0-46)
14 1(,5 Myristoleic 0-59 (0-14) 0-63 (0-23)
15 0 0-32 (006) 0-33 (0-08)
15 1 0-41 (0-07) 0-36 (0-09)
F,§ 0-57 (0-11) 0-57 (0-13)
16 0 Palmitic 11-47 (0-32) 10-52 (0-65)
16: 1()7 Palmitoleic 3-35 (0-19) 4-87 (0-44)t
F2§ 0-31 (0-05) 0-56 (0-08)*
17 0 0.10 (0-01) 0-18 (0-09)
17 1 0-52 (005) 0-47 (003)
F3§ 0-31 (0-06) 0-63 (0-13)*
18 0 Stearic 1 11 (0-09) 0-97 (0-07)
18: 1(o9 Oleic 19-37 (071) 24-06 (089)$
18: 2c6 Linoleic 41-96 (109) 33-79 (1-04):
18 3co6 y-Linolenic 0-52 (0-05) 0-64 (0-08)
18 3c)3 Linolenic 0-40 (003) 0-54 (008)
20 0 0-18 (0-05) 0-31 (0-07)
20: 1I)9 0-25 (0-08) 0-33 (0-09)
20: 2o6 0-32 (0-05) 0-94 (0-28)*
20: 3o9 0-34 (004) 1-29 (020)$
20: 3()6 0-42 (0-02) 0-47 (0-04)
20 4()6 Arachidonic 4-43 (0-24) 4-25 (0-28)
20: 33
20: 5)3 0-66 (0-07) 0-84 (0-12)

Differences between columns: 't' test, * P< 0-05
t P< 0-01
t P< 0-001

Fatty acid notation example 18 : 10)9= 18 carbon atoms
:1 unsaturated bond
o9 unsaturated bond

after 9th carbon
from the methyl
end of the fatty
acid.

Trienoic acids underlined.

§ Structure of F,, F. and F3 uncertain but consistent with
C. 15, 16, 17 dienoic acids.

TABLE 4. The correlation between the fatty acid concentrations in all the eighty
patients for those fatty acids which differed significantly (P< 0-01) between the

low and high trienoic acid samples (* P< 0.05, t < 0.01, :< 0-001)

Non-essential

Monoenoic Trienoic
Fatty acids

Oleic Palmitoleic Trienoic C.20: 3c9
(Total)

Linoleic (essential) -0-58$ -0-29t -0-25* -0-22*

Non-essential
C.20: 3c)9 4 0-23* - 0 15 --029t -
Total trienoic +- 024* -+ 0 12
Palmitoleic +0-32t -
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FIG. 6. The inverse relationship between oleic and lino-
leic acid concentrations (determined by GLC) in the
eighty patients ('r'= -058, P< 0-001),

reducing the percentage of linoleic by dilution, since
parallel changes did not occur in other fatty acids.
There were also no significant correlations between
linoleic acid and the straight chain C.18, C.16 or C.14
saturated acids.*
The relationship between linoleic and oleic path-

ways (Fig. 2) appeared in the dienoic and total tri-
* Data available from K.J.K.

enoic estimation of alkaline conjugation ('r' - 0-30,
P<0-01). The samples which contained the most
abnormal (upper) quarter of total trienoic acid
values also contained over half the most abnormal
(lowest) quarter of dienoic acid levels. Conversely,
the most normal quarter of trienoic acid concentra-
tions were associated with over half the most normal
quarter of linoleic acid values (Fig. 7).

Finally, there was a clear inverse relationship
between the total dienoic acid concentrations and
the total mono-dienoic acid ratios determined by
plate chromatography (Fig. 8) (correlation coefficient
- 0-6254, P< 0-001). The six- to ten-fold change in
the mono-dienoic acid ratio shows that the mono-
enoic acids must have increased as the concentration
of dienoic acid fell.

Relationship to prognosis
The mean plasma cholesteryl fatty acid concentra-

tions of the four prognostic groups are shown in
Table 5.

Linoleic acid was the only fatty acid concentration
which distinguished between the groups of patients
with non-fatal or fatal infarcts, and those without
symptoms of heart disease. As in a previous study
(Kingsbury et al., 1969b), the incidence of acute
infarction rose sharply as the linoleic acid concentra-
tion decreased (X2 21-88 d.f.9, P< 0-01) (Fig. 9).

It can be seen that 70% of the patients with
linoleic concentrations under 35% had developed
myocardial infarction in the first 4 years of the
follow-up. Conversely none of the patients with
angina, and who had not developed an infarct, had
values under 35 %.
The oleic concentration was higher in the patients

with fatal, but not in those with non-fatal infarcts,

50-

*

40 0e

**
* * S

**

a? ****S -*. * *
5s * *

·5
30-

1I0 2-0 3-0 4.0
Total trimnr;. n.riti (%/0)

FIG. 7. A comparison of the total trienoic acid and linoleic acid concentrations in
the eighty patients (determined by alkaline conjugation).
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FIG. 8. The dienoic (linoleic) concentrations and the
monoenoic/dienoic acid ratios (estimated by plate chro-
matography) in the eighty patients.

18-

16

14

--35 38 42-- - 17-2 21 24.6
Linoleic acid (%) Oleic acid (%)Linoleic acid No) Oleic acid (%/)

FIG. 9. The relation between the concentrations of
cholesteryl linoleic and oleic acids and the proportion of
patients in the four prognostic groups. C, Alive and
well; R, angina, M, Ac. Inf.; U, Vasc. D.

TABLE 5. The mean fatty acid composition of the four prognostic groups analysed by GLC (standard
error of the mean is given in brackets)

Alive and well Angina of effort Acute infarct Vascular deaths
Fatty acids (40) (11) (14) (13)
Myristic 1-04 (0-10) 1-12 (0-25) 1-13 (0-42) 1-01 (0-15)
Myristoleic 0-60 (0-02) 0-30 (0-06) 0-62 (0-13) 0-80 (0-24)
15 0 0-31 (0-07) 0-51 (0-23) 0-48 (0-10) 0-20 (0-02)
15: 1 0-34 (005) 0-26 (009) 0-41 (0-09) 059 (0-19)

F00-49 (0-06) 0-40 (0-24) 0-47 (0-16) 0-91 (0-27)
Palmitic 10-87 (0-31) 10-87 (0-65) 9-42 (1-68) 10-13 (0-75)
Palmitoleic 3-92 (024) 3-51 (0-25) 5-04 (0-56) 4-69 (045)
F2§ 0-42 (0-06) 0-37 (0-12) 0-37 (0-20) 0-50 (0-10)
17 0 0o10 (0-01) 0-06 (0-02) 0-18 (0-09) 0-28 (0-18)
17 1 0-45 (004) 0-68 (0-11) 050 (0-06) 0-54 (003)
F3 0-55 (0-09) 0-48 (0-16) 0-52 (0-37) 0-53 (0-10)
Stearic 1-01 (0-16) 0-78 (0-14) 0-12 (0-13) 0-78 (0-11)
Oleic 21-09 (0-43) 20-16 (0-88) 21-73 (2-62) 24-56 (1-09)t
Linoleic 40-05 (0-75) 40-99 (121) 36-06 (1-21)t 31-94 (2-24)$
y-Linolenic 0-54 (0-04) 0-50 (0-03) 0-66 (0-13) 0-55 (0-11)
Linolenic 0-50 (0-04) 0-43 (0-05) 0-41 (0-04) 0-51 (0-07)
20: 0 0-27 (0-05) 0-25 (0-04) 0-24 (0-09) 0-30 (0-12)
20 : 1o9 0-25 (007) 0-25 (004) 0-32 (008) 0-28 (003)
20: 2Xo6 0-72 (0-12) 0-57 (024) 0-93 (058) 058 (0-13)
20: 3Xo9 0-75 (0-16) 0-61 (0-06) 1-12 (0-26) 1-15 (0-35)
20: 3Xo6 0-37 (0-02) 0-42 (0-06) 0-39 (0-08) 0-47 (0-06)
Arachidonic 4-56 (0-21) 4-03 (0-30) 4-79 (0-63) 3-57 (0-33)*
20: 33
20 : 5(3 0-70 (0-06) 0-84 (0-19) 0-82 (0-24) 0-84 (018)

Difference from 'Alive and well': * P< 0-05; t P< 0-01; $ P< 0-001.

§ Structure of F1, F2 and F3 uncertain but consistent with C. 15, 16, 17 dienoic acids.

than in the group without symptoms of heart
disease. The overall proportion of patients in the
different prognostic groups however did not change
significantly with the concentration of oleic acid
(X2 12-50 d.f.9 P >0-05). Neither palmitoleic and the
trienoic acid C.20: 3Xo9, nor the saturated acid

concentrations showed any significant differences
between the prognostic groups.
The concentration of arachidonic acid, however

(the product of linoleic acid-Fig. 2), was lower
(more abnormal) in those with fatal infarcts, whereas
it did not differ between the low and high trienoic acid
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436 K. J. Kingsbury et al.

samples. It appeared that although an inverse corre-
lation existed between linoleic and monoenoic acid
concentration, the changes in the linoleic pathway
still showed the clearest difference between the
patients with and without myocardial infarction.

Relationship with other parameters
The relationship between the non-fatty acid para-

meters analysed and the main fatty acid concentra-
tions (Table 6), and the values of the parameters for
the prognostic groups (Table 7) were estimated to
see if any might help to explain the different linoleic
acid concentrations in the patients with and without
infarction.
The fibrinogen concentrations, fibrinolysis, ESR,

and relative viscosities corresponded closely (P<
0-01), as did the electrophoretic mobilities in buffer
of platelets and red cells. The high ESRs were
associated with marked rouleaux formation of the
red cells observed microscopically. There was an
inverse relationship between ESR and haematocrit
(Table 6).
Between the fatty acid concentrations and other

parameters, however, only two relationships
emerged: (a) an inverse relationship between linoleic
acid and platelet adhesiveness ('r'= - 03954,
P< 0-01) and (b) an inverse correlation between total
trienoic acid and the plasma fibrinogen concentra-
tion ('r'= - 0-3904, P< 0-01).
None of the non-fatty acid parameters showed

significant differences between the prognostic groups
except that platelet adhesiveness was marginally
higher (P < 0-05) in those with fatal infarcts than in
the patients without symptoms of heart disease
(Table 7). The blood glucose levels were higher in the
patients with infarcts, but the differences between the

prognostic groups were not statistically significant
(P>0 05).
The inter-relationship between these non-fatty

acid parameters will be discussed in more detail else-
where; they are reported here to show that out of the
parameters examined and the various fatty acids, the
concentration of linoleic acid still exhibited a par-
ticularly clear relationship with the incidence of myo-
cardial infarction. This did not seem explainable in
terms of the other parameters, excepting possibly for
a marginal relationship with platelet adhesiveness.
The marked inverse relationship between the oleic

and linoleic acid concentrations indicated that their
changes were in some way linked together.

Discussion
The analyses show that the high trienoic acid con-

centrations were caused by an increase in a single
trienoic acid, the C.20: 3co9 known to be synthesized
from oleic acid (18 : lc9) (Fulco and Mead, 1959).
There was no consistent increase in the C.20 or C.18
trienoic acid intermediates of linoleic and linolenic
acid metabolism (Fig. 2).
The similarity in the characteristics of these

patients with previous series (Kingsbury, 1966, 1968,
1971; Kingsbury et al., 1969a, b) suggests that these
results would not be unusual for this type of patient.
It is believed that the range of disease extent and type
and biochemistry would have exposed different types
of trienoic acid increases if they had existed. It
appears therefore that the increased trienoic acid
concentrations did not arise from a blocked step in
either the linoleic or linolenic essential fatty acid
pathways. Since the C.20 : 3o9 isomer has a high
turnover rate (Mohrhauer and Holman, 1965), its
accumulation in these patients would seem to result

TABLE 7. General parameters of the four prognostic groups (means with their standard errors in brackets)

Non-fatal
Variates Alive and well Aneina of effort acute infarct Fatal infarcts

(40) (11) (14) (13)

Age in years 58-61 (0-79) 56-05 (1.26) 57-58 (4-51) 58-83 (2-02)
Systolic 152-34 (8-71) 168-77 (6-33) 146-61 (6-68) 163-54(17-40)
BP diastolic 85-68 (5.60) 92-22 (2-62) 79-16 (8-04) 89-90 (4-56)
Plasma cholesterol (mg/100 ml) 247-36 (6-14) 265-66 (8-64) 245-76 (24-46) 256-63 (13-17)
2 hr blood sugar (mg/100 ml) 92-58 (5-42) 100-55 (12-91) 115-00 (16-49) 114-45 (12-06)
Fibrinogen concentration (mg/100 ml) 459-06 (23-40) 512-66 (40-23) 405-66 (31-40) 475-36 (26-10)
Fibrinolysis (hr) 5-26 (0-49) 7-17 (1-38) 6-55 (1-05) 5-50 (0-62)
Relative viscosity 1-72 (0-16) 1-75 (0-06) 1-73 (0-04) 1-71 (0-03)
Haematocrit 44-17 (0-59) 43-66 (0-84) 43-66 (1-25) 44-36 (1-32)
ESR(mm/hr) 10-53 (1-51) 14-10 (3-00) 10-75 (2-40) 14-27 (3-20)
Platelet count (1000/mm3) 243-68 (7-45) 240-33 (20-10) 206-16 (20-82) 251-81 (17-31)
Platelet % adhesiveness 39-15 (1-80) 36-21 (6-20) 42-63 (2-85) 48-79* (3-26)
Mobility in buffer

Platelets (u/sec/V) 0-98 (0-03) 0-89 (0-03) 0-93 (0-02) 0-96 (0-02)
Red cells (/sec/V) 1-14 (0-03) 1-05 (0-04) 1-10 (0-03) 1-11 (0-02)

* Difference from 'Alive and well': P< 0-05.
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from an increased formation of oleic acid pro-
ducts.

Fulco and Mead (1959) showed that the C.20: 3 o9
was the specific trienoic acid which increased in
animals deficient in essential fatty acids. Its appear-
ance has been accepted as an early sign of EFA
deficiency (Holman, 1960) and its concentration as
an assay of an animal's 'EFA status' (Holman, 1968,
1970). The increased ratio of C.20: 3co9 to arachi-
donic acid, an obvious feature of the high trienoic
acid samples reported here, has also been used to
estimate EFA deficiency (Holman, 1968, 1970). The
accumulation of C.20 : 39 therefore raises the
question of whether an essential fatty acid deficiency
could exist in these patients.
The cholesteryl ester fatty acids are derived from the

p position of phospholipids (Glomset, 1962) by a
generally non-specific transferase (Portman and
Sugano, 1964), so that changes in the composition of
the cholesteryl esters reflect underlying changes in
the phospholipids. One exception is that relatively
little of an increased phospholipid C.20: 3 o9 (where
the concentration is particularly high in EFA
deficiency-Holman, 1968) is transferred to the
cholesteryl ester (Sand and Schlenk, 1968). Hence
the abnormal cholesteryl ester pattern would seem
likely to understate rather than over-emphasize the
extent of the C.20: 3 o9 accumulation.
The main features of the abnormal fatty acid

pattern in addition to the specific increase of
C.20 : 3 w9 and decrease in linoleic acid, were raised
amounts of oleic and palmitoleic acids. These
changes and the increased ratio of arachidonic to
linoleic acid (Mead, 1968) are also found in animals
deficient ofessential fatty acids (Holman, 1968, 1970).
The percentage of straight chain C.18 and C.16

saturated acids, stearic and palmitic, respectively,
did not increase with their monoenoic forms (oleic
and palmitoleic). This implies an increase of C.18
and C. 16 mono-unsaturase activity which again is a
feature of EFA deficiency (Allmann and Gibson,
1965). The observed rise in oleic and palmitoleic
acids is also consistent with the increased synthesis
of fatty acids found in EFA deficient animals (All-
mann, Hubbard and Gibson, 1965).

Finally, although there does not appear to be any
published work which explains the increase of
C.20: 2 6, the slower initial elongation of linoleic
acid (18: 2---20: 2o6) is favoured at the
expense of the usually faster initial desaturation
(18: 2-> 18: 3 6) in EFA deficient animals
(Marcel, Chistiansen and Holman, 1968). Whether
this could result in an accumulation of C.20 : 2co6
remains to be determined.
Thus whereas the composition of the main fatty

acids in the low trienoic acid samples was similar to
that published for 'normal' subjects (Schrade et al.,

1960; Smith, 1962; Goodman, 1965), the high
trienoic abnormal fatty acid pattern was specifically
and generally consistent with an EFA deficiency.

It has seemed difficult to accept that the low linoleic
concentrations result simply from an absolute
deficiency of EFA when they existed in patients who
were known to have varied and comprehensive diets.
Animal studies (reported by Holman, 1968, 1970),

however, show that the concentration of linoleic acid
in vivo is influenced by various factors, particularly
the calorie intake. In many animal species (Holman,
1964, 1968, 1970) and children (Wiese et al., 1958)
the calorie intake had to be less than 25 to 50 times
the calorie value of the dietary linoleic to prevent a
reduction in linoleic, and an increase in trienoic acid
concentrations.
On this basis and taking an average linoleic intake

of approximately 8 g (Hudson, 1965) the linoleic
acid concentrations might fall if the total calories
exceeded about 2500/day. There appears some
evidence to support this possibility. When students
were given diets of 3000-3600 calories, without
changing their activities or living conditions, their
plasma cholesteryl linoleic acid concentrations fell
rapidly from normal to 'atheromatous' levels unless
supplements of linoleic acid were also given (Kings-
bury et al., 1962a).

In adult man, the calorie balance would also be
modified by different physical (Passmore and
Durnin, 1955; Astrand and Rodahl, 1970; Kings-
bury, 1972), and hormonal activities (for example,
degrees of hyper- and hypo-thyroidism). Further-
more, as in animals the requirement for EFA could
vary with the protein and carbohydrate intake
(Inkpen, Harris and Quackenbush, 1969; Brenner,
1971), androgen, insulin, and steroid levels (Lyman,
1968), hypercholesterolaemia (Holman, 1968) and
perhaps with 'stress' (Smith and Sodergren, 1966),
high calcium and low zinc (Holman, 1968) or low
magnesium diets (Hill et al., 1957). Hence it appears
that if the dietary EFA was marginally adequate,
various nutritional and metabolic factors could have
precipitated the low linoleic acid concentrations
observed in the patients.

In animals, many factors which increase the lino-
leic acid requirement also increase the formation of
oleic from stearic, and palmitoleic from palmitic acid
by stimulating A9 desaturase activity; for example,
overfeeding (Gurr, 1973), carbohydrate diets (Inkpen
et al., 1969), insulin (Brenner, 1971) but not proteins
or saturated fats (Inkpen et al., 1969; Gomez Dumm,
Alamiz and Brenner, 1970). Low linoleic acid con-
centrations facilitate this since the inhibition by
EFA of fatty acid synthesis (Allmann, Hubbard and
Gibson, 1965) and A9 desaturase activity (Mead,
1968; Brenner, 1971) is then reduced. In contrast,
the requirement for EFA fatty acid synthesis, and
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A9 desaturase activity, are decreased by fasting
(Inkpen et al., 1969; Gomez Dumm et al., 1970;
Holman, 1968, 1970).
Thus the concentration of monoenoic and essen-

tial fatty acids are affected-usually conversely-by
nutritional and metabolic factors. This may explain
the inverse relationship between the monoenoic and
linoleic concentrations observed in the patients. This
relationship appears specific and not simply the di-
lution of one by the other, since proportional
changes did not occur in the saturated or other
unsaturated fatty acids.

In animals an increase of dietary oleic acid (ethyl-
oleate) precipitated the symptoms of an EFA defi-
ciency and a high mortality, whereas the animals'
health was unaffected by large amounts of saturated
fats (Dhopeshwarkar and Mead, 1961). Similarly an
increase of oleic acid in vivo (Dhopeshwarkar and
Mead, 1961), in tissues (Lowry and Tinsley, 1966), or
in sub-cellular fractions (Mead, 1968; Brenner, 1971)
interfered with EFA metabolism by competing for
the necessary desaturases. These were unaffected by
the saturated acids (Brenner, 1971). It appeared that
the saturated fats had no anti-EFA effect other than
a non-specific contribution to calories (Holman,
1964). Thomasson et al. (1966) also found that
dietary hydrogenated saturated fats produced no
abnormal changes in a wide variety of parameters in
rats including coagulability, platelet adhesiveness, and
post mortem findings. Oleic acid (triolein), however,
caused a high plasma cholesterol level and high
mortality (Thomasson et al., 1960).

These toxic effects are associated with the replace-
ment of EFA by other fatty acids, in the blood and
tissue lipids-including those necessary for enzyme
and membrane function (Klein and Johnson, 1954;
Tupule and Williams, 1955; Leven, Johnson and
Albert, 1957; Fleischer et al., 1962; Johnson and Ito,
1965; De Pury and Collins, 1966; Green and Baum,
1969). The monoenoic acids and their products,
unlike the saturated acids, can additionally impede
the metabolism of the remaining linoleic and lino-
lenic acids (Mead, 1968; Holman, 1968) and displace
them from the p position of the phospholipids (Leat,
1962). It seems likely that these competitions could
be more effective when the monoenoic acids are
synthesized within the cells, than when they are fed
by mouth in which case only a small proportion may
reach the intracellular sites of desaturation and
esterification. There is some evidence that the
changed compositions would then affect at least
coagulation and thrombosis since the dioleyl ester
was the most coagulant phosphatidyl ethanolamine
(Billimoria, Irani and Maclagen, 1965) and satura-
tion of the phospholipid tissue factor reduced its
coagulant activity (Nemerson, 1968). In fact, Evans
and Irvine (1966) reported a relationship between
low linoleic acid concentrations, platelet adhesive-
ness and arterial graft thrombosis. It seems possible
that these changes at least contributed to the associa-
tion between the low linoleic acid concentration,
aorto-iliac/femoro-popliteal occlusion and myo-
cardial infarction reported previously (Kingsbury et
al., 1969a, b).

Overfeed Adrenaline
corticoid fasting
carbohydrate EFA
insulin

Intake

LINOLEIC! |MONOENOIC A 9 desaturase SAT. FATTY
CONC. CONC.OENO,IC ACIDS

Protein Intake- -

androgen
oxidation

mpetiio Overfeeding
desaturases esterification decrease Oxidation

t / CALORIE
/ i\. BALANCE

18 2w6, ,18:1 w9 phospholipid c

18w3 6186 2 9 chol.ester L glycerides etc. exercise
increase Oxidation

202 w6, 2091 I EFA

20:3 w- :2-9 MEMBRANES
20:4 zw6 20:3 w 9 ENZYMES COAGULATION

t ?
prostaglandin THROMBOSIS

FIG. 10. A tentative illustration of factors affecting the linoleic-oleic balance.
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Finally, as the desaturation of oleic acid to C.20:
3o9 is normally inhibited by the much stronger de-
saturase affinity of linoleic or linolenic acids and
their products (Mead, 1968), the pronounced fall of
linoleic concentration in some patients, and the
accumulation of C.20 3Xo9 itself, suggests that at
least an element of EFA inadequacy existed. It
appears therefore that the abnormal fatty acid com-
position resulted from an increased monoenoic
'drive' (fatty acid synthesis and monounsaturase
activity)-and perhaps the use of EFA-with which
the intake of EFA had not kept pace.

In animals the balance between EFA and mono-
enoic 'pools' is influenced in the former by intake,
oxidation, polyunsaturase activity and in the latter
by intake, oxidation, fatty acid synthesis and mono-
unsaturase activity, varied by calorie balance, other
aspects of nutrition and metabolism (Holman, 1968;
Inkpen et al., 1969; Gomez Dumm et al., 1970;
Brenner, 1971; Gurr, 1973). Since many of the
factors which increase their monoenoic to linoleic
acid ratio (e.g. excessive calories, high insulin levels,
diabetes, hypocholesterolaemia, androgens and stress)
are widely associated with human atherosclerosis
(Leading Article, British Medical Journal, 1973), the
question arises of whether the EFA-fatty acid, par-
ticularly monoenoic, balance is one link between
these factors and the pathology of the occlusive
disease.
These interrelationships are tentatively outlined in

Fig. 10. They seem to provide a common basis for
both fat and carbohydrate theories of atherosclerosis
(McGandy, Hegsted and Stare, 1967) and may
explain the low incidence of atherosclerosis in the
saturated fat-eating Masai tribe, since their low
calorie balance (Mann et al., 1972) would inhibit
both fatty acid synthesis and monounsaturase
activity (Brenner, 1971; Gurr, 1973).
The interrelationships appear to open up the

consideration of EFA function not simply in terms
of intake but in relation to whole nutrition and
metabolism. The relative contribution of the various
factors to the low linoleic concentrations in the
patients now needs to be determined.
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