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Abstract Previous assessments of the PUFA biosynthesis
pathway have focused on DHA and arachidonic acid synthe-
sis. Here, we determined whole-body synthesis-secretion ki-
netics for all downstream products of PUFA metabolism,
including direct measurements of DHA and n-6 docosapen-
taenoic acid (DPAn-6, 22:5n-6) turnover, and compared n-6
and n-3 homolog kinetics. We infused labeled a-linolenic
acid (ALA, 18:3n-3), linoleic acid (LNA, 18:2n—62, DHA, and
DPAn-6 as "Hy-ALA, C - LNA, "*Cy,-DHA, and °Cy,-DPAn-6.
Eight 11-week-old Long Evans rats fed a 10% fat diet were
infused with the labeled PUFAs over 3 h, and plasma enrich-
ment of labeled products was measured every 30 min. The
DHA synthesis-secretion rate (94 + 34 nmol/day) did not dif-
fer from other PUFA products (range, 21.8 = 4.3 nmol/day
to 408 + 116 nmol/day). Synthesis-secretion rates of n-6 and
n-3 PUFA homologs were similar, except 22:4n-6 and DPAn-6
had lower synthesis rates. However, daily turnover from
newly synthesized DHA (0.067 = 0.023%) was 56-fold to 556-
fold slower than all other PUFA turnover and was 130-fold
slower than that determined directly from the total plasma
unesterified DHA pool.Bll In conclusion, n-6 and n-3 PUFA
synthesis-secretion kinetics suggest that differences in turn-
over, not in synthesis-secretion rates, primarily determine
PUFA plasma levels.—Metherel, A. H., R. J. S. Lacombe, R.
Chouinard-Watkins, K. E. Hopperton, and R. P. Bazinet.
Complete assessment of whole-body n-3 and n-6 PUFA syn-
thesis-secretion kinetics and DHA turnover in a rodent
model. J. Lipid Res. 2018. 59: 357-367.
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The PUFA biosynthesis pathway consists of an n-3 and
n-6 arm, of which each arm is constituted by nine PUFAs
that share multiple biosynthetic enzymes with other fatty
acids between and within arms. To date, the majority of the
literature assessing the biosynthesis pathway has focused on
the synthesis of DHA from o-linolenic acid (ALA, 18:3n-3)
via kinetic modeling from single doses of stable isotope
tracers in humans (1-10) or kinetic modeling with stable
isotope infusions in rodents (11-16). The focus on DHA
synthesis from ALA is justifiable, as ALA is the largest
dietary source of n-3 PUFAs (17). When ALA is considered
along with DHA, the terminal n-3 PUFA in the biosynthesis
pathway, they are the two most abundant n-3 PUFAs in the
body. Despite this apparent need for DHA in the body,
DHA synthesis rates from ALA are frequently reported to
be very low in human populations (1-9, 18, 19). Further-
more, using these same conversion models, our laboratory
has shown that rats yield similarly low conversion of oral
doses of 2H;,—ALA to plasma 2H;—,—DHA (11). However, we
have demonstrated quantitatively that DHA synthesis-
secretion rates from plasma unesterified EPA are similar to
rates determined from plasma unesterified ALA (14), sug-
gesting that when considering other precursors beyond
ALA, DHA synthesis rates may be higher than previously
thought.

Abbreviations: ALA, a-linolenic acid; ARA, arachidonic acid; DPAn-

3, n-3 docosapentaenoic acid; DPAn-6, n-6 docosapentaenoic acid;
Fpyps, turnover rate; GLA, +y-linolenic acid; k pypa, synthesis-secretion
coefficient; LNA, linoleic acid; PFB, pentafluorobenzyl; SDA, steari-
donic acid; S,,,., maximal rate of synthesis; t;,9pypa, half-life; THA,
tetracosahexaenoic acid; TLE, total lipid extract; TPAn-3, n-3 tetracosa-
pentaenoic acid; TPAn-6, n-6 tetracosapentaenoic acid; TTA, tetracosa-
tetraenoic acid.
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Although the focus has primarily been on DHA synthe-
sis rates from ALA, many of the previously noted tracer
studies have also assessed synthesis of EPA and n-3 docosa-
pentaenoic acid (DPAn-3, 22:5n-3) from ALA, while syn-
thesis of arachidonic acid (ARA, 20:4n-6) from linoleic
acid (LNA, 18:2n-6) has also been explored (4, 5, 12, 13,
18, 19). Despite this, a more complete kinetic understand-
ing of the synthesis and turnover of each PUFA from the
essential fatty acids ALA and LNA is needed, as tissue and
blood levels of these PUFAs are a balance between synthe-
sis and turnover. For example, 24-carbon PUFAs such as
tetracosahexaenoic acid (THA, 24:6n-3) and its n-6 homo-
log, n-6 tetracosapentaenoic acid (TPAn-6, 24:5n-6), are
very rarely reported with fatty acid profiling, yet are con-
sidered to be immediate precursors to DHA and n-6 doc-
osapentaenoic acid (DPAn-6, 22:5n-6), respectively. DHA
turnover, as determined from an oral dose of ALA tracer,
is higher when consuming fish (8); however, DHA turn-
over from an oral dose of DHA tracer following fish oil
supplementation is lower (20). These conflicting findings
highlight the potential limitations of measuring turnover
via newly synthesized DHA from ALA. Rodent turnover of
newly synthesized DHA from ALA does not change on di-
ets ranging from 0.07% to 9.9% ALA in total fatty acids
during a 3 h infusion of 2H;)-ALA (13). Faster turnover of
newly synthesized EPA from ALA, and not higher synthe-
sis-secretion rates, explains the lower plasma EPA found
with increased dietary LNA in rats (12). However, turn-
over rates determined in real-time (during 3 h infu-
sions in rodents) from a metabolic precursor (i.e., ALA)
may not truly reflect turnover, as the tracer becomes
diluted and lost as it is metabolized to the various down-
stream products within the biosynthesis pathway. In addi-
tion, a turnover rate assessed in humans and measured in
blood over hours, days, or even weeks does not take into
account the contribution of adipose and tissue PUFA
storage.

To address these issues, we utilize a 3 h steady-state infu-
sion model developed by Rapoport, Igarashi, and Gao
(16) and modified by our laboratory into a steady-state co-
infusion model (12-14). This method minimizes the con-
tribution of adipose and tissue storage and uptake while
allowing for the determination of whole-body synthesis-
secretion rates from ALA and LNA of all metabolic n-3
and n-6 PUFA products, respectively. This is the first study
to utilize this protocol to measure synthesis-secretion rates
and other kinetic parameters of all PUFA products follow-
ing the infusion of 2H5-ALA and lSC]g'LNA, and is com-
bined with a direct real-time measure of the turnover and
half-life of the terminal PUFA products, DHA and DPAn-6,
following the co-infusion of 1‘C22-DHA and 13C22-DPA11-6.
Briefly, we determined that the synthesis-secretion rate of
DHA is not different from many other n-3 PUFAs, and that
faster turnover is the main determinant of the low plasma
abundance of fatty acids such as THA. Furthermore, a di-
rect real-time measure of DHA turnover demonstrates
that previous measures of the turnover of newly synthe-
sized DHA were significant underestimates of direct DHA
turnover.
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MATERIALS AND METHODS

Animals

All experimental procedures were performed in agreement
with the policies set out by the Canadian Council on Animal Care
and were approved by the Animal Ethics Committee at the Uni-
versity of Toronto. Two Long Evans dams, each with eight 18-day-
old male non-littermate Long Evans pups were ordered from
Charles River Laboratories (St. Constant, QC, Canada). Following
arrival at the University of Toronto, the dam and pups were accli-
mated for 3 days and then weaned at 21 days old. The dams were
placed on a DHA-free 10% fat diet with 2% ALA in total fatty acids
immediately upon arriving at the University of Toronto and the
pups were placed on the same diet for 8 weeks following weaning
until 11 weeks of age. During this time and prior to cannulation,
rats were handled frequently and housed in pairs (14).

Diets

The diet was modified from the AIN-93G custom low n-3 PUFA
rodent diet (Dyets, Inc., Bethlehem, PA) (21). The diet contained
10% lipids by weight, and the fat content of the diet by weight was
32.8% safflower oil, 63.2% hydrogenated coconut oil, and 4%
added fatty acid ethyl esters. The added ethyl esters were 2% ole-
ate ethyl ester (Nu-Chek Prep, Inc., Elysian, MN) and 2% ALA
ethyl ester (a gift from BASF Pharma Callanish Ltd., Isle of Lewis,
UK) as the only n-3 fatty acid present in the diet. Each oil was de-
termined to be >98% pure by GC-FID. The diet was determined
previously by GG-FID to be 2.07 + 0.01% (mean + SEM) by weight
ALA in total fatty acids (22). Other fatty acids present included
10:0 (4.7 £ 0.01%), 12:0 (30.8 £ 0.2%), 14:0 (12.0 £ 0.1%), 16:0
(8.5+0.02%), 18:0 (8.1 £ 0.1%), 18:1n-9 (7.7 + 0.04%), and LNA
(24.7 £ 0.1%).

Surgery and "HyALA, "°CyDHA, °Cyy DPAn-6, and

C,s-LNA infusion

At 8 weeks postweaning, 11-week-old rats were subjected to sur-
gery to implant a catheter into one jugular vein and one carotid
artery, as previously described in detail (12). Baseline plasma un-
esterified and total fatty acid concentrations were measured in
plasma and drawn from the carotid artery 1 day after surgery and 2
days prior to stable isotope infusion. Modified from the method of
Rapoport, Igarashi, and Gao (16), the first group of eight animals
were co-infused with 0.563 wmol/100 g body weight of *H;-ALA (pu-
rity >95% confirmed by GCFID and GC-MS; Cambridge Isotope
Laboratories, Inc., Tewksbury, MA), 0.281 wmol/100 g body weight
of "*Cy-DHA, and approximately 0.03 wmol/100 g body weight of
13C22—DPAn—6 (Cambridge Isotope Laboratories). The second set
of eight animals were infused with 2.25 pmol/100 g body weight of
13Clg-LNA (Cambridge Isotope Laboratories) only into the jugular
vein for 180 min. Separate animals (n = 8) were used for 13Clg-LNA
infusion, as the "Cyo-DHA also contained "Coo-DPAn-6, which could
potentially have interfered with synthesis-secretion determinations
from li)’Clg-LNA. Infusate preparation, 3 h steady-state infusions, and
blood collections from the carotid artery (0, 30, 60, 90, 120, 150, and
180 min) were performed as previously described in detail (12). All
blood samples were centrifuged for 15 min at 500 g (PC-100 micro-
centrifuge; Diamed, Mississauga, ON, Canada) and the plasma was
collected and stored at —80°C.

Determination of plasma volume

Plasma volume was determined using the method of Schrei-
hofer, Hair. and Stepp (23) and modified by our laboratory (11).
Briefly, a known amount of Evans Blue dye was injected into the
jugular vein of a separate group of rats (n = 3). Fifteen minutes
following injection, 1 ml of blood was drawn from the carotid



artery, twice. The plasma was collected as described above and
100 wl of plasma were diluted into 1 ml of saline. Absorbance of
plasma in saline was determined at 604 nm with a Nanodrop 1000
and compared with a standard curve, and the concentration of
the Evans Blue dye was determined. Concentration of the dye was
then used to determine plasma volume.

Lipid extractions from baseline serum

Total lipid extracts (TLEs) for total fatty acid and for unesteri-
fied fatty acid measurements were obtained from 10 and 40 ul of
serum, respectively, by a method modified from Folch, Lees, and
Sloane Stanley (24). Briefly, lipids were extracted with 2:1:0.75
chloroform:methanol:0.88% potassium chloride (v:v:iv) contain-
ing 1 and 4 pg of heptadecanoic acid (17:0; Nu-Chek Prep, Inc.) as
internal standard for unesterified and total fatty acids, respectively.
The mixtures were vortexed, centrifuged at 500 g for 10 min, and
the lower chloroform lipid-containing layer was pipetted into a
new test tube. TLEs for total fatty acid determinations were stored
for hydrolysis as described later. TLEs for unesterified fatty acid
determinations were evaporated under Ny gas and reconstituted in
50 wl of chloroform, plated on asilica 60 G plate (Merck Millipore,
Billerica, MA), and developed using TLC with 60:40:2 hep-
tane:diethyl ether:glacial acetic acid for separation of unesterified
fatty acids, as previously described (14). Unesterified fatty acids
were scraped from TLC plates and extracted from the silica by the
method described earlier. Isolated unesterified fatty acids were
stored until derivatization to pentafluorobenzyl (PFB) esters.

Lipid extractions from stable isotope-infused plasma

TLEs were obtained from 50 l of stable isotope-infused plasma
by the Folch method, as described earlier, containing 5 ug of hep-
tadecanoic acid (17:0, Nu-Chek Prep, Inc.) as internal standard.
Four-fifths of the TLE was stored for hydrolysis and stable isotope
enrichment of total fatty acids, and the remaining one-fifth of the
TLE was used for isolation of isotopically labeled unesterified fatty
acid by the TLC method described earlier. The isolated labeled
unesterified fatty acids were stored for later derivatization to PFB
esters.

Hydrolysis of total endogenous and isotopically labeled
total fatty acid pools

The TLE from baseline serum and infused plasma used to de-
termine endogenous and labeled fatty acid concentrations, re-
spectively, was evaporated under nitrogen and the lipids were
hydrolyzed in 2 ml of 10% potassium hydroxide in methanol
(w:v), as previously described (10, 14, 25). Hydrolyzed fatty acids
from the total lipid pool were collected and stored at —80°C for
later derivatization to PFB esters.

PFB esterification

The plasma unesterified fatty acids and hydrolyzed fatty acids
from total lipid pools were dried under nitrogen and derivatized
to PFB esters, as previously described (10). Briefly, 100 pl of acet
onitrile:diisoproplyamine:PFB bromide (1,000:10:1, v:v:v) were
added and heated at 60°C for 15 min. The reagents were then
evaporated under nitrogen, re-aliquoted in 40 pl of hexane, and
analyzed for endogenous and labeled fatty acids by GC-MS.

Endogenous and labeled fatty acid determination by GC-MS

Fatty acid PFB esters were analyzed on an Agilent 5977A quad-
rupole mass spectrometer coupled to an Agilent 7890B gas chro-
matograph (Agilent Technologies, Mississauga, ON, Canada) in
negative chemical ionization mode, as described previously (10)
and recently modified by our laboratory (25). The fatty acid PFB
esters were injected via an Agilent 7693 autosampler into a DB-FFAP

30 m x 0.25 mm i.d. x 25 pm film thickness capillary column (J&W
Scientific from Agilent Technologies) interfaced directly into the
ion source with helium as the carrier gas. Fatty acids were ana-
lyzed in selected ion monitoring mode using [M-H] for parent
ion identification with ion dwell times of 500 ps. The [M-H] par-
ent ions for endogenous and labeled fatty acids are presented in
Table 1.

Equations

To determine the synthesis rates of n-3 PUFAs from ALA and
DHA, the appearance of "Hs-PUFA and ""C,y-PUFA, respectively,
in the plasma-esterified pool were measured and fit to a Boltzmann
sigmoidal curve ([2H5/13C22-PUFA] x plasma volume vs. time)
using nonlinear regression (11) (GraphPad Prism version 4.0;
GraphPad Software, Inc., La Jolla, CA). In addition, the retrocon-
version of DHA to EPA, as measured by the appearance of P Cyg
EPA, was included in our calculations. At any point on the curves,
the slope (S) is determined by the ability of the body to synthesize
*H;-PUFA from “HyALA or Cyy-PUFA from "“Coy-DHA and the
ability of the periphery to uptake “H;-PUFA (equation 1) or '*Co,-
PUFA (equation 2), respectively. Identical calculations to deter-
mine synthesis rates of n-6 PUFAs from LNA and DPAn-6 were
also implemented (equations 3 and 4).

S = hypups | H;-ALA] ko pora [*H,-PUFA]

unesterified

esterified (Eig. 1)

S = hypura [13 Cy,-DHA ki pura [ISCZZ-PUFA]

]unesleriﬁed

esterified (Eq 2)

S =k pupa [HCls-LNA ko pura [lscls 'PUFA]

] unesterified

esterified (Eq. 3)

S= k],PUF/\ [ : Cy —DPAn—6] - k—l,PUF/\ [ . Cyy 'PUFA]

unesterified esterified Eq, 4)
where k) pypa is the steady-state synthesis-secretion coefficient for
any PUFA, representing a measure for the amount of infused la-
b]egl that is converted to d%wns[ream products, [2H5-AIIJ%A] wnesterifieds
[ \C22_DHA] unesterified» [ ‘CIS'LNA] unesterified» and [ ACQTDPAn'
6] unesterifica are the plasma concentrations of the infusate, k; pypa is
the disappearance coefficient for any individual PUFA, and
[2H5/ 13C22/ 13Clg-PUFA] esterified 18 the concentration of an individ-
ual PUFA in the plasma that has been synthesized from the re-
spective infusate, packaged into lipoprotein, and secreted into
the plasma.

The maximum first derivative or maximal rate of synthesis
(Sypax) of the curves is assumed to be the time point when the up-
take of esterified labeled PUFAs from the periphery is negligible,
i.e., zero (equations 5-8).

S = hpors [ Hy-ALA| L —0 (Eq. 5)

Suex = kipora | "Coy DHA]  —0 (Eq. 6)

S = kipora [ "G INA] —0 (Eq. 7)
Spax = Fipurs | Coy DPAD-6) -0 (Eq. 8)

unesterified

Therefore, the derivative at this point is equal to the rate of 2H5-
PUFA, "C,-PUFA, or 1?'CQQ-PUFA synthesis-secretion. By correcting
the S, by the substrate tracee:tracer ratio, the rates of actual PUFA
synthesis are determined, J,,, pura (nanomoles per minute) (11).

]m,l’UFA = Smax ([ALA]uncs[criﬁcd/[2H5 'ALA}
= k’l,PUFA [ALA}

unesterified )

(Eq. 9)

unesterified
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TABLE 1.

Detected masses of PUFA-PFB esters by negative chemical ionization

Fatty Acid PUFA H, PUFA B Cg090 PUFA B¢, s PUFA
ALA 277.4 282.4 — —
SDA 275.4 280.4 — —
20:3n-3 305.4 310.4 — —
20:4n-3 303.4 308.4 — —
EPA 301.4 306.4 321.4 —
DPAn-3 329.4 334.4 — —
DHA 327.4 332.4 349.4 —
TPAn-3 357.4 362.4 — —
THA 355.4 360.4 — —
LNA 279.4 — — 297.4
GLA 277.4 — — 295.4
20:2n-6 307.4 — — 325.4
DGLA 305.4 — — 323.4
ARA 303.4 — 323.4 321.4
22:4n-6 331.4 — — 349.4
DPAn-6 329.4 — 351.4 347.4
TTA 359.4 — — 377.4
TPAn-6 357.4 — — 375.4

Detected masses represent parent ion with a negative charge (M-1). DGLA, dihomo-y-linolenic acid;

]xyn,PUFA = S ([DHALnesterxﬂed/[lgCﬂ _DHA]uncstcriﬁcd>

(Eq. 10)
- kl,PUFA [DHA] 1

unesterified
] sm,PUFA — Smax ([LNA]uncsmriﬁcd/ [13 ClS_LNA]

= k],PUFA [LNA]uncslcriﬁcd
J;yn,PUFA = Siax ([DPAI1-6]|mesmriﬁed/[ ISC‘H -DPAn-6]
= kl,PUFA [DPAn-6}

unesterified ) (Eq. 11)

unesterified ) (Eg. 12)

unesterified

The diet consumed for this study contained no PUFAs other
than ALA and LNA, therefore it can be assumed that the plasma
total PUFAs were constant during the infusion period. Therefore,
the turnover rate (Fpypy) and halflife (t,9pyrs) of total PUFAs
in the plasma can be determined by equations 13 and 14,
respectively.

FPUFA = ] syn,PUFA / (Vplasmz\ X [PUFALgleriﬁed) (Eq 1 3)

Lo pura = 0.693/F, 0 (Eq. 14)

Statistics

Differences in n-3 PUFA synthesis rates from ALA and n-6
PUFA synthesis rates from LNA were assessed by one-way ANOVA
followed by Tukey’s HSD post hoc test. Student’s ttest was used to
compare kinetic parameters located at the same enzymatic step
between n-3 and n-6 PUFA pathways determined from ALA and
LNA precursors, respectively, as well as kinetic parameters of
DPAn-6 synthesis-secretion from LNA versus DPAn-6. Paired #test
was used to compare kinetic parameters of DHA and EPA synthe-
sis-secretion parameters from ALA versus DHA. Normality was as-
sessed by the Shapiro-Wilk test for normality and, in the case of
nonnormally distributed groups, the data were log transformed
prior to statistical analysis. All data are presented as mean + SEM.

RESULTS

Plasma PUFA concentrations

Plasma total fatty acid concentrations were determined for
all n-3 and n-6 PUFAs in the biosynthesis pathways (Fig. 1).
Plasma total n-3 PUFAs ranged from as low as 0.22 + 0.02
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nmol/ml of n-3 tetracosapentaenoic acid (TPAn-3, 24:5n-3)
and 0.44 + 0.07 nmol/ml of stearidonic acid (SDA, 18:4n-3)
to 181 = 26 nmol/ml of DHA. A similar, but larger, range
in total plasma n-6 PUFAs was shown from 0.67 + 0.03
nmol/ml of tetracosatetraenoic acid (TTA, 24:4n-6) and
1.7 + 0.2 nmol/ml of TPAn-6 to 1,498 + 88 nmol/ml and
1,473 + 112 nmol/ml of LNA and ARA, respectively. Plasma
unesterified fatty acid concentrations were determined to
be 144 + 14 nmol/ml for LNA, 3.6 + 0.4 nmol/ml for ALA,
0.8 = 0.1 nmol/ml for DPAn-6, and 1.9 = 0.2 nmol/ml for
DHA (Fig. 2A).

Blood samples collected throughout the stable isotope
infusion from 30, 60, 90, 120, 150, and 180 min were used
to determine the average exposure levels and these values
were subsequently used in equations 1-12. The average
plasma unesterified concentrations of the infused isotopes
were 3.3 + 0.3 nmol/ml for ’C,¢LNA, 0.67 + 0.09 nmol/
ml for *H;-ALA, 0.008 + 0.001 nmol/ml for Coy-DPAN-6,
and 0.05 + 0.01 nmol,/ml for “Cy-DHA (Fig. 2B). Specific
activities (Fig. 2C) determined as the ratio of the labeled
infusate to the endogenous unesterified fatty acid pool
were then determined to be 0.025 + 0.003, 0.23 + 0.06,
0.012 = 0.003, and 0.033 + 0.008 for LNA, ALA, DPAn-6,
and DHA, respectively.

The n-3 PUFA synthesis-secretion coefficients, rates,
turnover rates, and half-life

Synthesis-secretion parameters were determined for
maximal rate of synthesis (S,,,,, nanomoles per minute),
synthesis-secretion coefficient (kj,pyps, Nanomoles per
minute), daily synthesis-secretion rates (nanomoles per
day), turnover (percent per day), and half-life (days) for
all n-3 and n-6 PUFAs in the biosynthesis pathways (Table
2). Representative GC-MS chromatograms are presented
for *H;-TPAn-3 and “H;-THA (Fig. 3A) and for “H;-DHA
(Fig. 3C) and 13CQQ—DHA (Fig. 3B). Representative infu-
sion curves and maximum first derivatives (S,,,,) are also
presented for the synthesis-secretion of minor (Fig. 4A)
and major (Fig. 4B) n-3 PUFA products and for the in-
fused labeled fatty acid (Fig. 4C).
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In the n-3 PUFA pathway, SDA, TPAn-3, and THA repre-
sent the lowest synthesis-secretion coefficients and daily
synthesis-secretion rates from ALA. These synthesis-
secretion coefficients were between 8- and 72-fold lower
than those determined for 20:4n-3, EPA, and DPAn-3, al-
though SDA and THA were not different than DHA. Simi-
larly, synthesis-secretion rates from ALA for SDA, TPAn-3,
and THA were all lower (P<0.05) than EPA and DPAn-3 by
between 4- and 53-fold. Interestingly, daily synthesis-secre-
tion rates were not different between DHA, THA, and SDA.
The turnover of DHA from ALA was slower (P< 0.05) com-
pared with all other n-3 PUFAs in the pathway, and con-
versely, the halflife was longest for DHA from ALA.
However, when determining turnover and half-life of DHA
more directly from 13CQQ-DHA infusate, turnover was more
than 130-fold faster (P < 0.05) and the half-life more than
200-fold shorter than when determined from 2H5-ALA.

The n-6 PUFA synthesis-secretion coefficients, rates,
turnover rates, and half-life

Synthesis-secretion parameters were determined for
maximal rate of synthesis, synthesis-secretion coefficient,
daily synthesis-secretion rate, turnover, and half-life for all
n-6 PUFAs in the biosynthesis pathways (Table 2). In the
n-6 pathway, maximal rate of synthesis, synthesis-secretion
coefficient, and the daily synthesis-secretion rate for
DPAn-6 from LNA were lower (P< 0.05) compared with all
other downstream n-6 PUFA products of LNA, except
when compared with 20:2n-6. Furthermore, 20:2n-6 dem-
onstrates lower (P < 0.05) values for the aforementioned

kinetic parameters when compared with ARA and 22:4n-6.
Turnover from LNA was slower and the halflife longer
(P<0.05) for ARA and DPAn-6 compared with all other n-6
PUFAs. However, similar to the n-3 PUFA pathway, when
determining turnover and half-life of DPAn-6 more di-
rectly from 3C22-DPAn-6 infusate, turnover was more than
90-fold faster (P < 0.05) and the half-life 45-fold shorter
than when determined from 13H] ¢ LNA, again demonstrat-
ing how previous turnover and half-life values by this model
have been under- and overestimated, respectively. Kinetic
parameters for retroconversion of DPAn-6 to ARA and syn-
thesis-secretion of TTA and TPAn-6 from LNA were not
detectable.

A comparison of kinetic parameters between n-3 and n-6
PUFA pathways

The synthesis-secretion coefficient for all n-3 PUFAs in the
biosynthesis pathway were higher (P < 0.05) compared with
all n-6 PUFA homologs. For example, EPA and ARA, which
are located in the same position of the n-3 and n-6 PUFA
pathway, respectively, yielded synthesis-secretion coefficient
values of 0.068 + 0.013 ml/min (mean + SEM) for EPA from
ALA that were higher (< 0.05) than the 0.003 + 0.001 ml/
min for ARA from LNA. Interestingly, the daily synthesis-
secretion rates were 14- and 15-fold higher for LNA and
v-linolenic acid (GLA, 18:3n-6) compared with ALA and
SDA, respectively, and the DPAn-6 rate was lower than DHA
with no other differences between the two pathways. For all
n-3 PUFAs from ALA to EPA in the pathway, turnover was
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concentrations (B), and specific activities for infused PUFAs in male Long Evans rats following an 8 week 2%
ALA diet (C). Values are expressed as mean + SEM, n = 8.

faster and halflife was shorter compared with the respec-
tive n-6 PUFA homologs, after which DPAn-3 and DHA
turnover and half-life were not different (P> 0.05) com-
pared with 22:4n-6 and DPAn-6, respectively. The maximal
rate of synthesis, synthesis-secretion coefficient, and daily
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synthesis-secretion rate of unesterified DHA into total DHA
were 13-, 1.6-, and 6-fold higher (P< 0.05) than unesterified
DPAnR-6 into total DPAn-6; however, no differences (P> 0.05)
in turnover or halfife were determined between DHA and
DPAn-6.



TABLE 2. Kinetic parameters for all n-3 and n-6 PUFA whole-body synthesis-secretion following infusion of 2H5—ALA, 13sz—DHA, 13Cm—LNA, and
C,y-DPAN-6 over 3 h

Maximal Rate of Synthesis

Synthesis-Secretion

Daily Synthesis-Secretion Turnover (Fpyp,

Tracer Source  Fatty Acid (Spax> NMol/min) Coefficient (k; pypa, ml/min) Rate (nmol/day) %/ day) Half-Life (t; /9 pyra,days)
n-3 PUFA
pathway
ALA ALA 0.24 + 0.04* 0.37 + 0.05" 1971 + 393* 12.8 +2.1%° 0.068 + 0.013™
SDA 0.003 + 0.001% 0.004 = 0.001% 21.8 +4.3% 8.4 +25™ 0.16 + 0.05™
20:3n-3 0.012 + 0.004™ 0.019 £ 0.007° 992.8 + 24.3" 8.7+2.8" 0.19 +0.07"
20:4n-3 0.021 £ 0.007™ 0.035 = 0.012" 208 + 75" 37.3+12.8" 0.035 + 0.009°
EPA 0.040 + 0.007" 0.068 +0.013" 369 + 86" 3.9+0.9" 0.38 £0.15"
DPAn-3 0.043 + 0.009" 0.072 £ 0.017" 408 + 116" 40+1.1° 0.89 +0.67"
TPAn-3 0.001 + 0.0001° 0.001 = 0.0001° 7.6 +1.4° 51+1.1° 0.34 = 0.20"
THA 0.004 + 0.001¢ 0.007 = 0.002% 492.1 +12.9° 3.8+1.0" 0.78 + 0.50"
DHA 0.011 + 0.003 0.017 = 0.005 94 + 31.4"¢ 0.067 + 0.023° 30.4 + 11.6°
DHA EPA 0.006 + 0.001" 0.13 + 0.03" 373 + 121 43+1.6 0.31 +0.07
DHA 0.18 +0.03" 42+0.9" 11780 + 3147 8.9+ 24" 0.14 + 0.04"
n-6 PUFA
pathway
LNA LNA 0.427 + 0.044™* 0.137 = 0.018™* 28695 + 4715 2.6 + 0.4 0.31 + 0.04™*
GLA 0.005 + 0.001" 0.002 = 0.0008"* 343 + 79" 9.7 £ 1.0 0.92 + 0.59"
20:2n-6 0.0014 + 0.0003°** 0.0005 + 0.0001°** 98 + 25 0.67 + 0.22"* 2.8 +1.1%*
DGLA 0.009 + 0.008" 0.008 = 0.001* 446 + 130™ 1.7 + 0.4 0.73 + 0.23"
ARA 0.011 + 0.005"* 0.003 + 0.001"* 610 = 205" 0.056 + 0.018"* 98 + 7%
29:4n-6 0.017 £ 0.01>* 0.005 + 0.008"* 833 + 494" 2.0+1.1" 1.2+ 05"
TTA n.d. n.d. n.d. n.d. n.d.
TPAn-6 n.d. n.d. n.d. n.d. n.d.
DPAn-6% 0.0004 + 0.0001%* 0.0001 + 0.00005"* 99 + 11%* 0.067 + 0.021° 14.3 + 6.5
DPAn-6 ARA n.d. n.d. n.d. n.d. n.d.
DPAn-6 0.013 + 0.007" 1.6+ 0.6"* 1690 = 609 6.2+2.6" 0.31 +0.10"

Different superscript letters represent statistically different kinetic values between fatty acids and within a kinetic measure for each individual n-3
and 2—6 PUFA biosynthetic pathway. Values are expressed as mean = SEM, n = 8. DGLA, dihomo-y-linolenic acid.
Represents significantly different kinetic values for an individual PUFA derived from DHA versus ALA, and DPAn-6 versus LNA precursors,

P<0.05.

*Represents significantly different kinetic values compared with n-3 PUFA biosynthetic pathway homologs for all n-6 PUFAs by ttest, < 0.05.

“n = 3 for DPAn-6 kinetic parameters from LNA.

DISCUSSION

In the current study, we have demonstrated significant
similarities in the kinetic parameters of synthesis-secretion
for individual n-3 PUFAs produced from ALA, as well as n-6
PUFAs produced from LNA. Forinstance, the daily synthesis-
secretion rate of DHA from plasma unesterified ALA was
not different than SDA, 20:3n-3, 20:4n-3, EPA, DPAn-3,
or THA, despite plasma DHA levels being 413-, 129-, 265-,
13-, 11-, and 126-fold higher, respectively. The significantly
slower turnover and longer halflife of newly synthesized
DHA from ALA compared with all other products of ALA
likely explains the discrepancy between n-3 PUFA synthe-
sis-secretion rates and plasma concentrations. This suggests
varying levels of control, namely turnover, that maintains
high plasma and tissue DHA levels while minimizing the
levels of other n-3 PUFAs. However, because plasma turn-
over values may be determined by any or all tissue require-
ments (i.e., adipose, muscle, etc.) in the whole body, any
conclusions on the turnover of specific PUFAs, such as
DHA, must be made in reference to the whole body.

However, measures of downstream n-3 PUFA turnover
from ALA can be difficult to interpret, as the tracer be-
comes diluted as it travels through the pathway and may
not result in a true measure of DHA turnover. As a result,
turnover and half-life of newly synthesized DHA from ALA
by these calculations would be significantly underestimated
and overestimated, respectively (14, 15). To address this,

we co-infused 2H5-ALA and 1“‘ECQQ-DHA to compare the turn-
over rate of DHA from plasma unesterified ALA compared
with the turnover rate from plasma unesterified DHA. Ki-
netic parameters for DHA synthesis-secretion, turnover,
and halflife represent the movement of plasma unesteri-
fied DHA into the total plasma DHA pool, including incor-
poration into phospholipid, triacylglycerol, cholesteryl
ester, and free forms. As expected, turnover of DHA in
the total plasma pool from the unesterified DHA pool
was 130-fold faster and the half-life 200-fold shorter when
compared with turnover and half-life determined from un-
esterified plasma ALA. These findings were supported by
similar differences in the turnover (90-fold) and half-life
(45-fold) of total newly synthesized DPAn-6 from unesteri-
fied plasma LNA compared to when determined directly
from unesterified plasma DPAn-6. We expect this pattern
of turnover rates to apply to other PUFAs, such as THA;
however, this needs to be tested directly. Interestingly,
turnover of total plasma ALA and DHA determined di-
rectly from the plasma unesterified pool were 12.8 + 2.1%
and 8.9 + 2.4% per day, respectively, and were not statisti-
cally different. Similarly, we have previously determined
the direct turnover of EPA to be 4.9 + 0.8% per day by the
same model (14).

Plasma total DHA was 128-fold higher than total THA
and is comparable to previous plasma THA levels deter-
mined over a range of dietary ALA and DHA intakes (25).
However, synthesis-secretion rates between DHA (94 =
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Fig. 3. Representative GC-MS chromatograms during 0—180 min infusion for total plasma *H;TPAn-3 and *H;THA (A), total plasma P Cy
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31 nmol/day) and THA (42 + 13 nmol/day) were not differ-
ent, suggesting that synthesis-secretion rates are unlikely to
explain differences in plasma levels of these and other n-3
PUFAs. This identifies turnover of newly synthesized n-3
PUFAs, and not synthesis-secretion rates, as the likely
mechanism responsible for determining blood and tissue
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n-3 PUFA profiles. This is further supported by the synthe-
sis rates of SDA, 20:3n-3, and 20:4n-3 that were similar to
DHA, but with much faster turnovers (Table 2); they yield
significantly lower total plasma levels (Fig. 1).

THA is believed to be the direct precursor to DHA (26)
and any molecule of ALA converted to DHA must have
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been converted to THA first, thereby explaining the similar
rates of synthesis-secretion. The same but reverse conclu-
sion could be reached should THA actually be a product of
DHA, as has been suggested in human MCF-7 cancer cell
lines (27). In this well-designed study, cells were incubated
in the presence of 2H_L-,-ALA for between 24 and 72 h, and
the appearance of downstream n-3 PUFA products was de-
termined. The 2H5—DHA was detectable after 24 h and con-
tinued to increase until 72 h, and 2H;,—THA was detectable
beginning at 36 h and remained stable until 72 h. From this
single dose of 2H5-ALA to the cells, the appearance of la-
beled DHA prior to the appearance of labeled THA indi-
cates that THA may be a product of DHA. The 56-fold faster
turnover of newly synthesized THA compared with DHA
shown presently may help to partially explain the later ap-
pearance of THA in cell culture shown previously; however,
it is unknown how rodent plasma THA turnover relates to
human cell THA turnover and requires further testing. Fu-
ture infusion studies including isotopically labeled THA
would be vital in expanding our knowledge of how DHA
and THA kinetics are comparable in vivo.

In humans, dietary washout of plasma EPA and DHA fol-
lowing 7 days of fish oil supplementation indicates half-lives
from plasma triacylglycerols of 0.41 + 0.19 days for EPA and
0.31 £ 0.04 days for DHA (28). Halflives determined from
this washout study very closely resemble the direct half-lives
previously determined from our kinetic modeling for EPA
(0.16 + 0.03 days) (14) and in the current study for DHA
(0.14 + 0.04 days) in rodent models. Similarly, compart-
mental kinetic modeling has determined the half-life of

plasma DHA from orally dosed 2H5—ALA in humans con-
suming a beef-based diet to be 0.54 + 0.17 days (8). Inter-
estingly, turnover was higher when individuals consumed a
fish-based diet (1.8 = 0.5 days). Conversely, plasma half-
lives determined from orally administered uniformly
labeled "C-DHA in humans showed a decrease in plasma
half-life following five months of fish oil supplementation
(3.0 £ 0.2 days) compared with baseline (4.5 + 0.4 days)
(20). Relatively similar turnover rates when comparing
rodents and humans are expected, as conversion of ALA to
DHA in rodents by methodologies commonly employed in
human populations has previously been shown to closely
resemble that of humans (11). To date, human studies as-
sessing DHA turnover and half-life must be assessed over
many days following an oral dose and/or dietary manipula-
tions that make it difficult to accurately account for contri-
butions from oxidation and tissue storage. As such, future
studies utilizing our infusion and kinetic modeling tech-
niques could provide real-time measures of turnover and
half-life in response to changes in dietary n-3 PUFA intakes.
Furthermore, we recently showed that pregnant rats do not
have higher daily synthesis-secretion rates compared with
age-matched virgin controls (15). Combined with no change
in whole-body DHA stores, this suggests a potential increase
in the half-life of DHA during pregnancy as a means to
increase DHA availability to the developing fetus, a ques-
tion that could be answered with our current model.

The synthesis-secretion coefficients of all n-3 PUFAs from
ALA were higher (P<0.05) compared with each n-6 PUFA
homolog from LNA. For example, the synthesis-secretion
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coefficient for EPA of 0.068 + 0.013 ml/min was more than
20-fold higher than the value for ARA of 0.003 + 0.001 ml/
min. Although a higher preference of desaturase and elon-
gase enzymes for n-3 PUFAs over n-6 PUFAs has been
demonstrated previously in vitro (29), to the best of our
knowledge, this is the first in vivo study to demonstrate a
similar preference of these enzymes for n-3 compared with
n-6 PUFAs. However, after correcting for the much smaller
plasma unesterified ALA versus LNA pool, the daily synthe-
sis-secretion rates (nanomoles per day) of 20:3n-3, 20:4n-3,
EPA, and DPAn-3 are not different than 20:2n-6, 20:3n-6,
ARA, and 22:4n-6, respectively. Interestingly, the synthe-
sis-secretion rate of DHA was 2-fold higher than DPAn-6,
suggesting that a mechanism for downregulating the de-
saturation of 22:4n-6 to DPAn-6 exists independent of a
similar downregulation in the n-3 PUFA homologs (DPAn-3
to DHA). This was supported by our inability to detect any
13C18 labels in the 24-carbon n-6 PUFA intermediates, and
the fact that DPAn-6 synthesis-secretion kinetic parameters
were only measurable in three rodents, as 13C18'DPAH'6
was not detectable in the other five animals. Similarly, the
amount of plasma DHA being formed directly from plasma
unesterified DHA (11,780 + 3,147 nmol/day) was 5-fold
higher than plasma DPAn-6 being formed from plasma
unesterified DPAn-6 (1,690 + 609 nmol/day). As turnover
of DPAn-6 and DHA from plasma unesterified DPAn-6
and DHA, respectively, were not different, a lower rate of
synthesis-secretion of DPAn-6 compared with DHA is the
likely mechanism, and we have demonstrated this previ-
ously (13).

Elongation of very long-chain 2 (Elovl2) has a higher af-
finity for substrates of the n-3 PUFA pathway over the n-6
PUFA pathway, specifically a 2.5-fold higher affinity for
DPAn-3 over 22:4n-6 for elongation to TPAn-3 and TTA,
respectively (29). The higher synthesis-secretion coeffi-
cients for the n-3 PUFAs in our study support these find-
ings, as does the inability to detect any synthesis-secretion
of TTA or TPAn-6, and the significantly lower DPAn-6 syn-
thesis-secretion compared with DHA. Furthermore, Elovl2
has a 4.5-fold higher affinity for EPA compared with ARA
(29), suggesting that, beginning at EPA and continuing
with DPAn-3, the PUFA biosynthesis pathways are much
more capable of synthesizing DHA over DPAn-6 despite
similar synthesis-secretion rates of metabolic precursors.
Interestingly, although turnover of 22:4n-6 was similar to
DPAnR-3, the lack of significant conversion to downstream
n-6 PUFAs indicates that 22:4n-6 may be a source for
B-oxidation or 22:4n-6-derived docosanoids (30, 31). Co-
infusion of labeled n-3 and n-6 PUFA homologs in this
section of the pathway, such as EPA versus ARA or DPAn-3
versus 22:4n-6, could clearly identify the presence of a
faster turnover to DHA versus DPAn-6, respectively.

Presently, we also demonstrate 373 + 121 nmol/day ret-
roconversion of DHA to EPA that was equal to the deter-
mined 369 + 86 nmol/day synthesis-secretion of EPA from
ALA. Surprisingly, these nearly identical synthesis-secretion
rates are reached despite the approximately two times
higher synthesis-secretion coefficient of EPA from DHA
(0.13 + 0.03 ml/min) compared with EPA from ALA (0.068 +
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0.013 ml/min). However, it must be noted that we detected
some 13CQO—EPA contamination in the infusate equal to
each rat receiving approximately 8 nmol of the 13CQO-EPA
contaminant (data no shown). Therefore, although the
relative contribution of EPA from DHA of 50% is very close
to the 39% contribution previously determined by isotope
ratio MS (22), the 1.3 times higher EPA synthesis-secretion
rates determined from DHA presently may be explained
by the 13C20 contaminant. Therefore, due to this impu-
rity, we are unable to establish direct evidence of retro-
conversion in this model, as it is possible that all that
was measured is an artifact. Conversely, retroconversion
of DPAn-6 to ARA was not detectable under the current
study parameters and is supportive of our previous find-
ings (22). Future studies assessing the contribution of
DHA compared with ALA to increases in plasma EPA fol-
lowing dietary DHA in a co-infusion model could quan-
tify the rates of EPA synthesis-secretion from the two
plasma unesterified sources.

In conclusion, despite similar rates of synthesis-secretion
from ALA, we demonstrate large differences in turnover of
DHA compared with other low plasma level n-3 PUFAs,
such as THA, SDA, and others. These differences suggest
that turnover and not synthesis may be a primary determi-
nant for tissue and blood n-3 PUFA levels. In addition,
comparing the kinetic parameters between n-3 and n-6
PUFA homologs supports the relatively higher affinity of
elongase enzymes for 22-carbon n-3 PUFAs, and may ex-
plain the higher synthesis-secretion rates of DHA versus
DPAn-6. Finally, by including both '*Cyy-DHA and *H;-ALA
in a co-infusion model, we were able to show that previous
estimates of DHA turnover from ALA were significant un-
derestimates of true DHA turnover, and this co-infusion
model will allow for real-time direct determinations of
DHA turnover and half-ife values under numerous experi-
mental conditions. B
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