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Abstract

A previous study showed that long-chain n-3 polyunsaturated fatty acids (LCh-3PUFA,; >18
carbons n-3) exert an anabolic effect on protein metabolism through the upregulation of insulin
sensitivity and activation of the insulin signaling pathway. This study further delineates for the first
time whether the anabolic effect of LCn-3PUFA on metabolism is dose responsive. Six steers were
used to test three graded amounts of menhaden oil rich in LCn-3PUFA (0%, 2% and 4%; enteral
infusions) according to a double 3 x 3 Latin square design. Treatment comparisons were made
using iso-energetic substitutions of control oil for menhaden oil and using 6-week experimental
periods. The LCn-3PUFA in muscle total membrane phospholipids increased from 8%, 14% to
20% as dietary menhaden oil increased. Feeding graded amounts of menhaden oil linearly
decreased plasma insulin concentration (49, 35 and 25 pU/ml, P = 0.01). The insulin-stimulated
amino acid disposal rates as assessed using hyperinsulinemic—euglycemic—euaminoacidemic
clamps (20, 40 and 80 mU/kg per h) were linearly increased by the incremental administrations of
menhaden oil from 169, 238 to 375 pmol/kg per h (P = 0.005) during the 40 mU/kg per h clamp,
and from 295, 360 and 590 mmol/kg per h (P = 0.02) during the 80 mU/kg per h clamp. Glucose
disposal rate responded according to a quadratic relationship with the incremental menhaden oil
amounts (P < 0.05). A regression analysis showed that 47% of the amino acid disposal rates
elicited during the hyperinsulinemic clamp was related to muscle membrane LCn-3PUFA content
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(P = 0.003). These results show for the first time that both protein and glucose metabolism respond
in a dose-dependent manner to menhaden oil and to muscle membrane LCn-3PUFA.
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Implications

The developmental physiology shows that the sensitivity of the musculature to insulin
decays exponentially during the neonatal period and this decline continuously progresses
throughout life. This suggests that there is a large ‘natural’ potential for improving insulin
sensitivity as the animal matures. A previous study using a growing steer model showed that
muscle membrane long-chain n-3 poly-unsaturated fatty acids (LCn-3PUFA) can augment
the sensitivity of protein anabolism to insulin. This study delineates for the first time that the
anabolic effects of LCn-3PUFA are dose responsive. The current results contribute to
developing feeding approaches that promote sustainable agricultural practices.

Introduction

The prominent role of the insulin sensitivity of muscle in metabolic health and growth has
generated numerous investigations to develop interventions that can improve insulin
sensitivity (Palmquist, 2009). Certain studies have shown that when insulin resistance is
induced through high-fat feeding, the sensitivity of glucose metabolism to insulin in muscle
can be improved by increasing the LCn-3PUFA content in muscle membranes (Storlien et
al., 1987; Liu et al., 1994). Certain mechanisms upregulated by LCn-3PUFA during the
high-fat feeding-induced insulin resistance (Storlien et al., 1987; Liu et al., 1994) are in part
similar to those downregulated with age (Eisemann et al., 1997; Davis et al., 2003; Yang et
al., 2008). Therefore, we previously investigated the potential of LCn-3PUFA to blunt the
age-regulated decline in insulin sensitivity of protein metabolism during the neonatal period
using neonatal pigs (Bergeron et al., 2007) and growing steers (Gingras et al., 2007). An iso-
energetic substitution of 4% of control oil (60% cotton : 40% olive oils) with menhaden oil
rich in LCn-3PUFA enhanced the insulin sensitivity of both glucose disposal (+37%) and
amino acid utilization (+108%), as measured using hyperinsulinemic—euglycemic—
euaminoacidemic clamps (Gingras et al., 2007). The improvement in insulin sensitivity with
menhaden oil feeding was further demonstrated by an increased whole-body (WB) protein
retention (+41%; Bergeron et al., 2007). Reduced amino acid oxidation and a
downregulation of WB protein breakdown (Bergeron et al., 2007; Gingras et al., 2007) with
menhaden oil feeding were indicative of reduced catabolic conditions. The increased activity
of the PKB-mTOR-S6K pathway and of the abundance of muscle GLUT4 (Gingras et al.,
2007) likely contributed to a more anabolic environment.

In the light of these data, the question that this second study addressed was to establish
whether the insulin-regulated metabolism would respond in a dose-dependent manner. Long-
chain n-3 PUFA are known to be incorporated into membranes according to dynamic
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acylation and deacylation reactions for which the extents vary between phospholipid
fractions (Moelker, 1991). These acylation and deacylation dynamics result in different fatty
acid compositions between membrane phospholipid fractions, and between tissues (Stubbs
and Smith, 1984). The membrane fatty acid composition is a regulated characteristic, which
impacts on cell metabolism potentially through changes in membrane fluidity, hydrocarbon
and protein transmembrane motions and organelle reorganization. These changes may
impact ATPase, adenylate cyclase, cellular interaction, insulin action and transmembrane
transport (Stubbs and Smith, 1984; Else and Hulbert, 2003). This study directly examined
for the first time the regulation of a dose—response to menhaden oil on both insulin-regulated
protein and glucose metabolism in parallel to muscle membrane LCn-3PUFA composition
using growing steers.

Material and methods

Animals, treatments and feeding

Six Red Angus x Simmental crossbred steers were divided into two groups based on body
weight (BW) and were used to compare the effects of three graded amounts of menhaden oil
rich in LCn-3PUFA on insulin-regulated metabolism over three experimental periods of 42
days according to a double 3 x 3 Latin square design. Steers weighed 272 kg (s.e. = 11 kg)
at the onset of the study and 458 kg (s.e. = 20 kg) at the end of the study. They aged from 8
to 12.5 months on average during the study. Their physiological state can be compared to an
adolescent stage. Steers were maintained in air-conditioned rooms at 16°C, in tie-stalls
equipped with rubber mats and bedded with wood shavings. Steers were not implanted with
growth promoters. They were fed a basal total mixed ration typical of the growing stage,
programmed for 1.38 kg/day of BW gain (Table 1). The latter was composed of 58%
concentrates; net energy for gain and crude protein were fed at 103% and 113%,
respectively, of requirements to avoid net energy and protein limitations in response to
treatments Protein was mainly supplied through soybean meal. The basal diet provided more
than 97% of daily requirements of essential amino acids with the exception of histidine that
was supplied at 92% (Fox et al., 1992); total histidine requirements were met by injecting 2
g of histidine (feeding grade; ACP Chemicals Inc., Quebec, Canada) into the abomasum
daily during morning meals throughout the experiment to avoid essential amino acid
limitation. Steers were fed ad /ibitum twice daily, allowing a minimum of 10% refusals.
Refusals were weighed daily and sampled twice a week throughout the experiment. A
constant ratio of ingredients was maintained by determining weekly dry matter of silages
and pelleted concentrates. From days 28 to 42 of each experimental period, steers were
restricted to 98% of the previous average 7-day ad /ibitum intake and fed every 2 h with
automated feeders. The use of 2% restriction allowed avoiding refusal and helped maintain a
similar nutritional steady state throughout the measurement days. Steers were equipped with
chronic catheters implanted into the abomasum for oil infusions and histidine administration
and into a mesenteric artery for sampling as described previously (Thivierge et af., 2002).
Four to five weeks were allocated for surgical recovery of intake and BW gain before the
study onset. The patency of the abomasal catheter failed for two steers during the
experiment. Those animals were fitted with a rumen fistula. Oil infusions were then
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performed into the abomasum through the sulcus omasi, allowing for a 4-week period of
post-surgical recovery.

Three oil treatments were compared using iso-energetic substitutions of oils on a dry matter
basis (Table 2): (i) 0% menhaden oil + 4% control oil; (ii) 2% menhaden oil + 2% control
oil; and (iii) 4% menhaden oil + 0% control oil. In a pilot study, the maximal oil infusion
rate was initially tested at 6% of dry matter intake, and than decreased to 5% and finally set
to 4%. Infusion rates greater than 4% significantly reduced intake, which would interfere
with the objectives of this study. To test a dose-response curve to menhaden oil in this study,
an intermediate dose between 0% and 4% was set at 2%. The control oil was a mixture
composed of 60% cotton seed oil (Cedar Vale Natural Health Products; Cedar Vale, KS,
USA) and 40% extra virgin olive oil (first-cold press, Olivia; Imperial Foods Inc., Québec,
QC, Canada). The control oil had a similar fatty acid profile to beef to allow not to denature
the animal receiving the control treatment, but was less saturated in order to assist
liquefaction for infusion, as used previously (Gingras et al,, 2007). Menhaden oil was alkali
refined, bleached and pressed, and was supplemented with 500 p.p.m. of ethoxyquin (Omega
Protein Inc., Reedville, VA, USA). Dietary oils were continuously infused into the
abomasum via an abomasal catheter at a constant proportion of 4% dry matter intake using
peristaltic pumps (Patrol Enteral Pump; Abbott Laboratories, Chicago, IL, USA) over the 42
consecutive days of each experimental period. Because of the fundamental nature of the
current research, abomasal infusion approach was selected to administrate the oil treatments
instead of using a dietary incorporation to bypass the rumen metabolism of oils and to
minimize the variation in response to treatments. The oil infusion rate was individually
adjusted on days 1, 14 and 28 of each experimental period according to actual dry matter
intake (National Research Council, 2000). If an animal ate more than the predicted dry
matter intake (National Research Council, 2000), this adjustment was set according to the
predicted rather than actual dry matter intake in order to minimize fattening. Menhaden and
control oils were kept in N-flushed amber bottles. Peroxide index (amount of hydrogen
peroxide produced through oxidation) was determined weekly to control the quality of both
dietary oil treatments administrated to the animals (Chapman and Mackay, 1949), and the
latter were kept lower than 13 mEq O»/kg throughout the experiment.

Each 42-day experimental period allocated days 1 to 14 to enrich muscle membrane
phospholipids in LCn-3PUFA, days 15 to 27 to monitor performance, and days 28 to 42 to
perform measurements such as a dose—response to insulin and WB phenylalanine kinetics
with muscle biopsies. Five weeks of enteral administration of LCn-3PUFA were sufficient to
achieve large response to treatments, as shown previously (Gingras et al, 2007). That study
has highlighted that a 5-week experimental period on the control treatment following a 5-
week experimental period on the menhaden oil treatment did not allow to reduce the
LCn-3PUFA amount in muscle membranes to the baseline value (i.e. 3.9%, s.e. = 0.7, A. A.
Gingras, unpublished data). The experimental period of this study was extended to 6 weeks
to assist substitution of LCn-3PUFA for control dietary fatty acids in muscle phospholipids.
In this connection, the animals were transferred directly from one treatment to another
between experimental periods to rapidly start modifying the fatty acid profile of membrane
phospholipids, as managed previously (Gingras et al., 2007). To this end, the first 14 days of
each experimental period were allocated to an adaptation to treatments. The phenylalanine
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kinetics and muscle biopsies were performed on day 31 (following a 3-day period where
steers were fed every 2 h). A 20 mU/kg per h clamp was performed between days 35 and 36;
a 40 mU/kg per h clamp was performed between days 37 and 38, and an 80 mU/kg per h
clamp was performed between days 41 and 42 of each experimental period. This schedule
respected a minimum of 36 h separating the 20 and 40 mU/kg per h clamps, and a minimum
of 72 to 96 h, separating the 40 and 80 mU/kg per h clamps. This study was designed to
investigate basic regulations of sensitivity of protein and glucose metabolism to insulin using
growing steers. In this study, the performances are presented for informative purpose. Larger
number of animals would be required to assess performance due to the elevated variability of
these measures. The performances were not assessed during the /n vivo measure period
conducted over days 29 to 42, because the normal behavior of the animal would be altered
over the course of these measures.

The experimental proposal and procedures were approved by the Animal Care and Use
Committee of UniversitéLaval and were conducted in accordance with the Canadian Council
on Animal Care guidelines (Canadian Council on Animal Care, 1993).

In vivo assays

Hyperinsulinemic—euglycemic—euaminoacidemic clamp procedure—Clamps
were performed during steady-state feeding conditions achieved through 98% restricted 2-h
feeding as used previously (Gingras ef a/., 2007). Hyper-insulinemic—euglycemic—
euaminoacidemic clamps were conducted according to the procedures described previously
(Gingras et al., 2007) based on the approach of Wray-Cahen et al. (1997). Insulin sensitivity
was assessed using a dose—response curve to insulin by conducting three hyperinsulinemic
clamps at 20, 40, 80 mU/kg per h. Individual basal concentrations of glucose and amino
acids, using branched-chain amino acids (BCAA) as an index, were established early in the
morning using four blood samples harvested every 10 min and immediately analyzed. Blood
glucose was quantified by peroxidase reaction (YSI 2300 STAT Plus analyzer; Yellow
Springs Instruments, Yellow Springs, OH, USA). Plasma concentration of total BCAA was
measured by analysis of leucine, isoleucine and valine deamination by leucine
dehydrogenase with stoichiometric reduction of NAD measured by spectrophotometry
(Genesis 10 UV; Thermo Scientific, Ottawa, Ontario, Canada). Dextrose (50% sterile;
CDMV, St-Hyacinthe, Quebec, Canada) and a complete sterile solution of L-amino acids
(Gingras et al., 2007) were infused into a jugular vein to maintain circulating glucose and
branched-chain amino acid concentrations at £10% baseline values. An amino acid profile
similar to muscle-mixed proteins was selected to match to a certain extent the requirement in
amino acids during the insulin stimulation, because muscle is the main tissue using amino
acids, as induced through the clamp technique. This approach previously allowed to
maintain euaminoacidemia (Gingras et al,, 2007). Clamps were conducted over a 180-min
period on average; steady-state disposal rate of glucose and amino acids were monitored
during the last 60 min of the 3-h period. During the last 60 min of each clamp, four blood
samples were collected at 20-min intervals, analyzed for glucose and centrifuged. Plasma
was harvested and frozen at —20°C until later determination of insulin and amino acid
concentrations. In this study, three insulin doses were tested (20, 40 and 80 mU/Kkg per h) in
combination with the three concentrations of menhaden oil (0%, 2% and 4%) to obtain a
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complete overview of the regulation of graded amounts of menhaden oil on components of
insulin sensitivity and responsiveness (nine combinations). The clamp data for the 40 mU/kg
per h insulin dose performed for the menhaden oil amounts of 0% and 4% (two out of nine
combinations) have been reported previously (Gingras et al., 2007).

Fed steady-state WB amino acid tracer kinetics followed by muscle biopsies—
L-[1-13C]phenylalanine kinetics were conducted during steady intake of nutrients achieved
through 98% restriction feedings at 2-h intervals. The kinetic data are independent from
those of the clamp and expand the response to LCn-3PUFA to a feeding-induced
stimulation; the latter were performed at least 4 days before clamps. Tracer infusion onset
was preceded by four background samplings of blood to determine the natural abundance of
isotope. WB irreversible loss rate (WB ILR) of phenylalanine was measured using a
continuous 8-h infusion of L-[1-13C]phenylalanine (2.00 pmol/kg per h; 98% mol percent
excess (MPE); Cambridge Isotopes Laboratories, Andover, MA, USA), preceded by a pulse-
dose injection (2.00 umol/kg). During 6 to 8 h of the tracer-infusion period, five blood
samples were taken at 30-min intervals. Blood samples were centrifuged at 4°C and plasma
kept frozen at —20°C until further analyses for amino acids and phenylalanine isotopic
enrichments. At 8 h of the tracer infusion, steers were sedated with a mixture of
acepromazine (AtravetQR 0.1 mg/kg; Ayerst Veterinary Laboratories, Guelph, Ontario,
Canada) and Butorphanol (TorbugesicQR 0.05 mg/kg; Ayerst Veterinary Laboratories). After
30 min, a biopsy of the /ongissimus dorsiwas performed under local anesthesia (8 ml
Lidocaine HCI 5%; Bioniche Pharma Canada Ltd, Belleville, Ontario, Canada), and the
tracer infusion was then stopped. Muscle samples were rapidly weighed and immediately
frozen in liquid nitrogen. They were kept at —80°C until analyzed for membrane
phospholipid and intramuscular triglyceride fatty acid profiles and insulin signaling.
Sedatives used were chosen to minimize hyperglycemia and alteration of metabolism after
their administration (Adams, 2001). This sedation protocol has been previously shown not to
alter metabolism (Gingras et al., 2007).

Laboratory assays

Feeds were analyzed for total nitrogen, ether extract, acid detergent fibers and neutral
detergent fibers using standard procedures (Association of Official Analytical Chemists,
1990). Plasma insulin was analyzed by radioimmuno assay using 1251-labeled porcine
insulin and a guinea pig antibovine insulin serum (intra-assay coefficient of variation (CV)
6%; inter-assay CV 3%) as performed previously (Gingras et al., 2007). Plasma amino acid
concentrations were determined by HPLC (Waters, Alliance system, Mississauga, Ontario,
Canada) according to the Pico-Tag procedure as detailed previously (Thivierge et al., 2005).
Isotopic enrichment of phenylalanine in plasma was determined after the conversion of
phenylalanine into the n-propyl ester heptafluorobutyramide derivative and analyzed by gas
chromatography mass spectrometry as described previously (Gingras et al., 2007).

The fatty acid composition of the total phospholipids was measured according to the method
Counil et al. (2009). The composition of total phospholipids instead of individual
phospholipid fractions was analyzed because we previously observed that the effects of
LCn-3PUFA on insulin action were not specific to either phosphatidylcholine,
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phosphatidyethanolamine, phosphatidylinositol or phosphatidylserine (Gingras et al., 2007).
The total phospholipids include plasma and organelle membranes; enrichment dynamic in
LCn-3PUFA varies among these structures, but the fatty acid composition of total
phospholipids relates to insulin sensitivity (Liu et al., 1994; Pan et al., 1995). Approximately
70 mg of frozen fongissimus dorsi sample was analyzed. Briefly, total lipids were extracted
along with internal standards for total phospholipids (C:15, Avanti Polar Lipids, Alabaster,
AL, USA) and triglycerides (C:17, Sigma, St Louis, MO, USA) with a chloroform—methanol
mixture (2 : 1) (Counil et al.,, 2009). Extracted lipids were separated by thin layer
chromatography and fatty acid methyl esters of phospholipids and triglycerides were
analyzed by capillary gas chromatography using an HP-88 column (100 m x 0.25 mm,
internal diameter x 0.20 um thickness; Agilent Technologies, Oakville, Ontario, Canada) in
a Hewlett-Packard 5890 GC chromatograph (Hewlett Packard, Toronto, Ontario, Canada)
coupled with a flame ionization detector; the carrier gas used was He. Fatty acids were
identified according to their retention time using standard individual or mixtures of fatty
acids as a basis for comparison (FAME 37 mix: Supelco Inc., Bellefonte, PA, USA;
GLC-411 fatty acid mix: NuChek Prep Inc., Elysian, MN, USA; 22:5n-6: Larodan AB,
Malmd, Sweden; 22:5n-3: Supelco Inc.) (Counil et af., 2009). Fatty acids are expressed in
milligrams of fatty acids per 100 g of wet tissue or in percentage of total fatty acids. Fatty
acid methyl esters of enteral oils were prepared by base-catalysed transmethylation
(Chouinard et al., 1999), and presented as percentage of peak areas.

Calculations

WB ILR of phenyl alanine was calculated by isotopic dilution of the tracer corrected for the
tracer infusion rate:

WB ILR (umol/kg per h) = [Phe inf. rate (pmol/kg per h)
[XIE infusate/IEp,] — Phe inf. rate

where 1Ep, represents phenylalanine isotopic enrichment in the arterial plasma precursor
pool. Isotopic enrichments are presented as MPE.

Statistical analyses

Mean effect of graded amounts of menhaden oil on the different parameters were analyzed
according to a double 3 x 3 Latin square design using the mixed procedure of SAS (SAS
Institute Inc., 2000). The model included square, period and treatment as fixed effects and
steer tested within square as a random effect. One steer died after the first experimental
period, his data for periods 2 and 3 were estimated using predicted values of the model.
Polynomial contrasts were used to compare treatment effects. Nonlinear regression
modeling was performed using the regression procedure of SAS. Least square means with
standard error of means are presented in tables and figures. Statistical difference is declared
at P<0.05.
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Results

Fatty acids of membranes and intramuscular triglycerides

The substitution of control oil for menhaden oil increased the concentration of LCn-3PUFA
in the infusate from 2% to 15% and to 33% of total fatty acids (Table 2). The total long-
chain n-3 fraction (>18 carbons n-3) in muscle total membrane phospholipids was quite
responsive to menhaden oil amounts: C20:5n-3 (+208%) and C22:6n-3 (+302%) were
linearly increased (P = 0.001) as LCn-3PUFA in the enteral administration increased (Table
3). Less noticeable changes were observed within the long-chain n-6 fraction: C20:4n-6
content remained unaltered, but C20:3n-6 was decreased in a quadratic manner by 13% (P<
0.05). Changes in unsaturated fatty acids of the 18-carbon series were mainly led by
alteration in C18:2n-6 that were linearly decreased by 36% (~< 0.001), whereas other fatty
acids such as C18:1n-9 and C18:3n-3 remained unaltered. Graded menhaden oil
administration did not impact muscle membrane content in saturated fatty acids such as
C16:0 and C18:0, but did linearly increase C16:1n-7 from 0.81% and 0.88% to 1.27%.

When the fatty acids are summed, the percentage of total n-3 fatty acids linearly increased (P
< 0.001; Table 3), but this increment was mainly driven by the LCn-3PUFA. Total n-6 fatty
acids were linearly decreased by 30% (P < 0.001). The saturated fatty acid fraction was not
altered by the menhaden oil feeding. When the sums of fatty acids were compared on a
quantitative basis, and further comparisons were made between phospholipid and
intramuscular triglyceride compositions, large differences in lipid dynamics are noted (Table
4). On an absolute basis, the phospholipids contained about 10 times the amount of
LCn-3PUFA found in intramuscular triglycerides. The triglyceride n-6 fraction was not
altered by the graded menhaden oil administration, whereas membrane phospholipids
exhibited a simultaneous depletion in the latter. As for phospholipids, triglyceride saturated
fatty acid content remained unaltered, but their content was four- to five-fold greater than the
amount found in phospholipids. The total amount of fatty acids in intramuscular
triglycerides was calculated for each treatment as an estimate of the compartment size of
intramuscular fat (i.e. marbling; Table 4). Total fatty acids in intramuscular fat increased
over the first, second and third experimental periods, along with the maturity of the animals,
from 515 to 1211 and to 1435 mg/100 g muscle, respectively.

Growth performance

This study was planned to assess specific mechanistic aspects of LCn-3PUFA regulation of
metabolism, and was not designed to evaluate animal performance, as the latter requires a
large number of animals due to measurement variability. Feed intake tended to decrease
(-10%; P= 0.10) with the graded menhaden oil amounts while BW gain remained similar
(1.22 kg/d) (Table 5). The conversion of dietary crude protein into body protein gain were
not different between treatments.

Hyperinsulinemic—euglycemic—euaminoacidemic clamps

The sensitivity of glucose and protein metabolism to insulin was assessed during graded
insulin infusions of 20, 40 and 80 mU/kg per h. The average baseline insulin concentration
was linearly decreased from 49 to 25 pU/ml (P = 0.01; Table 6) with the incremental
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amounts of menhaden oil, suggesting improvement in insulin sensitivity. The insulin
concentrations obtained during the clamps were linearly reduced as menhaden oil
administration increased; however, this reduction was mainly driven by the insulin baselines,
as the resulting insulinemia corrected for background concentration was similar during the
clamp. Insulin concentrations during clamps were increased above baseline 1.6-fold between
clamps 20- to 40- and 2.1-fold between clamps 40 to 80 mU insulin/kg per h. Graded
amounts of menhaden oil linearly increased the amino acid disposal rate during the 40
mU/kg per h clamp, whereas plasma insulin concentration was elevated to 144 pU/ml (P<
0.01; Figure 1). Similarly, graded amounts of menhaden oil linearly increased amino acid
disposal rate during the 80 mU/kg per h clamp, whereas plasma insulin concentration was
elevated to 267 pU/ml. The insulin dose of 20 mU/kg per h, which produced an insulin
concentration of 103 pU/ml was insufficient to generate difference between menhaden oil
treatments. Finally, when amino acid infusion rates are regarded within one treatment but
across insulin doses, a linear increase in amino acid disposal is seen with the increase in the
insulin dose. Similarly to the amino acid disposal rate, treatment effect on glucose disposal
rate was not detected at twice the baseline insulin concentration generated with the 20
mU/kg per h clamp. However, at 144 pU insulin/ml, there was a quadratic response in
glucose disposal rate with the graded amounts of menhaden oil (P < 0.05), with a maximal
disposal rate achieved with 2% menhaden oil. Greater insulin stimulation to 267 pU
insulin/ml induced through a 80 mU/kg per h clamp apparently induced a maximal glucose
disposal rate and steers receiving the control, 2% or 4% menhaden oil showed similar
glucose disposal rates.

The net disposal of amino acids and glucose were regressed against the amount of
LCn-3PUFA in muscle membrane phospholipids to further delineate the role of membrane
fatty acid composition on the insulin-regulated metabolism (Figure 2). The net amino acid
disposal can be explained using a linear model. The use of individual data shows that the net
amino acid disposal relates to LCn-3PUFA with an /2 value of 0.50 (2= 0.0003). When
treatment data are averaged, this relationship explains 0.97 of the variation. Glucose disposal
appears to be regulated by membrane LCn-3PUFA according to a quadratic relationship.
The regression model using individual data shows that membrane LCn-3PUFA explains
42% of glucose disposal (P=0.007). A similar regression analysis was made using
C16:1n-7 fatty acid (Figure 3). Its amount varied marginally from 0.81% to 1.27% in muscle
membranes across the three treatments. The regression models show that the /2 values
ranged from 0.02 to 0.11 using this fatty acid. When intramuscular triglycerides were used
in the model, although the later lipid depot is not recognized to play a role in the insulin-
regulated metabolism, no relationship was established with A2 values varying between 0.003
and 0.04. Similarly, when the quantitative amounts of C16:1n-7 (mg/100 g) in phospholipids
and triglycerides were assessed using regression approach, similar low A2 values to those
observed for C16:1n-7 presented as percentage of total were observed (data not presented).

WB amino acid kinetics and plasma amino acids

Kinetics were measured at the WB level during a fed steady state achieved through feeding
at 2-h intervals while labeled phenylalanine was continuously infused (Figure 4). Under
those conditions, the graded amounts of menhaden oil rich in LCn-3PUFA were associated
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with linear reductions in the plasma concentrations of isoleucine (-25%; P < 0.01), leucine
(-22%; P< 0.01), lysine (-17%; P< 0.05), threonine (-31%; P< 0.01), valine (-21%; P<
0.01) (Figure 4a) and aspartic acid (—7%; P < 0.01; Figure 4b). Glutamic acid, which is
mainly produced by the liver and used by peripheral tissues in the fed state was increased in
a quadratic manner (+21%; P < 0.05) with menhaden oil feeding. The summation of the
amino acids provides additional information highlighting that the arterial essential amino
acids were reduced by 17% (P < 0.01; Figure 4c) and the BCAA were in part responsible for
this observation with a 23% reduction (£ < 0.01) in their arterial concentration. Amino acids
involved in the inter-organ nitrogen movements were not different between graded amounts
of enteral oils. Amino acids with lower metabolism and that are oxidized at low rates in
cattle, such as phenylalanine, histidine and methionine (Black et a/., 1990), remained
unaltered with menhaden oil feeding. Similarly, phenylalanine isotopic enrichments were
unaltered (3.4 MPE; Figure 5). In this study, WB total flux of phenylalanine was
numerically reduced from 60 to 58 umol/kg per h, but did not reach significance.

Discussion

A previous study using growing steers showed the regulatory role of LCn-3PUFA on protein
anabolism through improvement of insulin sensitivity and activation of the insulin signaling
pathway (Gingras et al., 2007). This study further investigated whether the regulation of the
sensitivity of both protein and glucose metabolism to insulin are altered in a dose-dependent
manner by the membrane content in LCn-3PUFA when graded amounts of menhaden oil are
infused enterally over 6 weeks according to a Latin square design. The sensitivity and the
responsiveness to insulin were investigated by performing hyperinsulinemic—euglycemic—
euaminoacidemic clamps at three different insulin doses (20, 40 and 80 mU/kg per h). The
use of healthy growing steers provided a model to examine whether the LCn-3PUFA
upregulate protein anabolism during a period when muscle insulin sensitivity continues to
decline due to the progression of maturity (Eisemann et al., 1997).

Skeletal muscle membranes are known to be sensitive to dietary LCn-3PUFA alterations
along with heart and liver membranes (MacDonald and Sprecher, 1991; Jones et al., 1995).
The regulated enzymatic process that alters the fatty acyl composition of phospholipids once
these are transported to organelles and plasma membrane after their synthesis in the
endoplasmic reticulum is a multistep mechanism not fully understood (Stubbs and Smith,
1984). However, this study contributes to provide evidences on how finely can be regulated
the fatty acid composition of membranes. A linear increase in the enteral administration of
LCn-3PUFA administrated over 42 days resulted in a linear increase in the content of muscle
membrane LCn-3PUFA, with a parallel decrease in n-6 fatty acids. This suggests that
LCn-3PUFA could exert a functional role in membrane function and cellular metabolism
regulation through this substitution and through their content in membrane phospholipids
(Stubbs and Smith, 1984; MacDonald and Sprecher, 1991; Voelker, 1991; Daveloose ef al.,
1993; Liu et al., 1994; Abel et al,, 1997). To our knowledge, this study is the first
investigation studying a dose—response effect of menhaden oil simultaneously on muscle
total phospholipids and intramuscular triglycerides. The polar property of phospholipids
potentially plays a role on the large affinity of phospholipids for highly unsaturated n-3 fatty
acids that is highlighted through the quantitative comparison with non-polar triglycerides.
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LCn-3PUFA were incorporated into intramuscular triglycerides only at 2%, 4% and 7% of
their inclusions into the phospholipid fraction. This preferential inclusion of LCn-3PUFA in
phospholipids on a quantitative basis occurred even if the intramuscular triglyceride
compartment size was increased over time in the steers (marbling), which is a normal
physiological process that accompanies ageing along with a change in body composition in
these animals (Dudouet, 1999). In parallel, the degree of saturation of membrane
phospholipids being not sensitive to dietary oils in this study, which is consistent with
observations for non-muscle tissues in other species (MacDonald and Sprecher, 1991;
Simopoulos, 1991) excludes the role of saturated fatty acids in the current metabolic
responses. However, the amount of saturated fatty acids in muscle membranes appears to be
highly regulated as it represented 1/5 of the amount found in intramuscular triglycerides.
The regulation of membrane phospholipid composition would occur in accordance with
membrane fluidity, carbohydrate and protein transmembrane motions and organelle
reorganization, and these have been shown to impact ATPase, adenylate cyclase, cellular
interaction, transmembrane transport and insulin action (Stubbs and Smith, 1984; Else and
Hulbert, 2003). The arginine-activated nitric-oxide pathway in muscle could also be part of
the basic regulation (Jobgen et al., 2006; Li et al., 2008a and 2008b). Previous studies
showed a maximal LCn-3PUFA threshold of 22% in muscle membranes in newborn piglets
(Bergeron et al., 2007) and in rat liver plasma membranes (Abel et a/,, 1997). In this study, a
maximal LCn-3PUFA threshold was not detected in non-neonate skeletal muscle membranes
at the inclusion levels and for the time of supplementation investigated. The changes in
membrane composition induced through enteral oil administration were reversible, as
observed previously (Innis and Clandinin, 1981; Gingras et al., 2007). Although these
changes in membrane composition are reversible, 6-week experimental periods did not fully
impoverish the muscle phospholipids in LCn-3PUFA to the initial baseline value (4.9%;
average control treatment period 1, M. Fortin, unpublished data). The phospholipids are
recognized for their affinity for highly unsaturated fatty acids (Stubbs and Smith, 1984;
MacDonald and Sprecher, 1991). The LCn-3PUFA turnover involves their recycling within
the phospholipid structure and they are exchanged between the phospholipid fractions within
the membrane structures (Stubbs and Smith, 1984; Voelker, 1991). This recycling of specific
fatty acids within the membrane phospholipid structure would play a functional role in
regulating membrane fluidity and functions of the cell (Stubbs and Smith, 1984).

Feeding increasing amounts of menhaden oil resulted in a linear reduction in basal insulin
concentrations indicating a dose-dependent effect. In a similar manner, a linear improvement
in insulin sensitivity of protein metabolism occurred. The linear increase in the amino acid
infusion rates measured with an average insulin concentration of 267 pU/ml (four-fold above
baseline; clamp 80 mU/kg per h) may be explained by two distinct phenomenon — the
increased amino acid infusion rate may result from a reduced endogenous amino acid entry
into plasma as a result of a marked reduction in protein breakdown and absorption; and/or an
increase in amino acids exiting plasma as a result of an increase in the amino acid disposal
through protein deposition and amino acid oxidation. This study does not allow
differentiating between entries and via the plasma pool; however, phenylalanine oxidation
was largely decreased by LCn-3PUFA feeding in steers studied in similar conditions
(Gingras et al., 2007). Because the steers used in this study were insulin resistant due to the
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progression of maturity, the current observations support the hypothesis that LCh-3PUFA
feeding enhances the sensitivity of proteolysis and/or protein synthesis to insulin, both of
which are downregulated with development and age in different animal models including the
human (Eisemann et al., 1997; \olpi et al., 1998; Combaret et al., 2005; Bergeron et al.,
2007). During hyperinsulinemic clamp, muscle uptake of amino acids accounts for about
half of the whole body disposal rate in human (Gelfand ef a/., 1988), so we can speculate
that the amino acid disposal rates measured in this study were mainly driven by the muscle
insulin sensitivity. When the insulin stimulation was increased seven-fold above baseline, the
linear effect of enteral menhaden oil on the net amino acid disposal rate was still largely
effective. As the sensitivity of muscle and responsiveness to insulin decrease with maturity
and age across species (Fink et al., 1983; Eisemann et al., 1997; Davis et al., 1998), the
current results highlight two key age-related aspects of the regulation of protein metabolism:
first, insulin sensitivity of protein metabolism is improved through the increase in net amino
acid disposal rate during hyperinsulinemia (i.e. right shift of the insulin sensitivity curve);
second, this increase in amino acid disposal had not reached a maximal rate at an insulin
level of seven-fold above the baseline concentration. The improvement in the responsiveness
of protein metabolism to insulin may then potentially occur with menhaden oil feeding;
however, this is in part speculative as supraphysiological insulin doses have not been tested.
We previously published that the improvement in the sensitivity of muscle protein
metabolism to insulin with menhaden oil is regulated at the post-receptor level with
phosphorylation and activation of the Akt-mTOR-S6K pathway (Gingras et al., 2007). The
latter observation is likely to relate to the improvement in insulin responsiveness (Fink et al.,
1983).

The regulation of the sensitivity of glucose metabolism to insulin in response to the linear
increase in enteral menhaden oil differs from that of protein metabolism. Glucose net
disposal rate responded quadratically to the menhaden oil feeding. The maximal glucose
disposal rate was achieved with the administration of 2% of menhaden oil, which suggests
that the steers exhibited a greater sensitivity to improve the insulin-mediated glucose
metabolism with the graded amounts of menhaden oil. A greater sensitivity of insulin-
mediated glucose metabolism to LCn-3PUFA feeding could be consistent with the
improvement in insulin resistance of non-lactating and non-gestational dairy cows enterally
infused linseed oil (C18:3n-3) over a short period of 5 days, as assessed using glucose
tolerance test (Pires et al., 2007). In this study, the lack of further increment in glucose
disposal rate at 80 mU insulin/kg per h between the 2% and 4% menhaden oil
administrations suggests that the elevated insulin stimulation at seven-fold above baseline
was sufficient to achieve maximum glucose disposal rate in the control animals and no
further increment occurred between 2% and 4% menhaden oil feeding. A maximal
stimulation of glucose utilization during elevated insulin stimulation was also observed
when performing supraphysiological insulin clamp in ageing humans (Fink et af., 1983).
Insulin sensitivity of muscle glucose metabolism through LCn-3PUFA feeding is known to
be maintained during high-fat feeding through an increase in insulin receptor content,
augmentation in phosphorylation of the IRS-1 and PI3 kinase pathways and an increase in
GLUT4 abundance in muscle (Taouis et al.,, 2002). Increased insulin receptor number and
affinity were also previously shown (Liu et a/,, 1994) with LCn-3PUFA feeding. One or both
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of these regulatory pathways were likely maximally stimulated during the 80 mU/kg per h
insulin clamp in this study.

Regression analyses between amino acid or glucose infusion rates monitored during the 40
mU/kg per h clamp and LCn-3PUFA in muscle total phospholipids, using individual data
and average treatment data, provide an additional support to the hypothesis that membrane
LCn-3PUFA regulate the insulin-regulated metabolism of both amino acids and glucose.
Protein metabolism is linearly regulated by the LCn-3PUFA amount in muscle membranes
as shown by the plot of individual data against LCn-3PUFA in muscle total membranes. The
linear model shows that for an increment of one unit percentage of LCn-3PUFA in muscle
membranes, the amino acid disposal increases by 13 umol/kg per h. When treatment data are
averaged, this relationship explains 0.97 of the variation. Glucose metabolism appears to be
regulated by membrane LCn-3PUFA according to a quadratic relationship. In this regard,
glucose metabolism is more sensitive to membrane LCn-3PUFA content than protein
metabolism and achieved a maximal stimulation at 14% LCn-3PUFA in membranes with no
further improvement in glucose disposal achieved at 20% LCn-3PUFA in muscle
membranes. The current data does not allow delineating whether the improvement in insulin
sensitivity of glucose metabolism involves changes in sensitivity of liver, muscle or a
combination of both. However, the current data set complements the observations made
previously using high-fat-fed rats, which showed that quadriceps membrane LCn-3PUFA
linearly relate to glucose insulin sensitivity within the interval of 1% to 14% of LCn-3PUFA
in membranes (Storlien et al,, 1991), i.e., a higher content of these fatty acids in membranes
in this study does not further improve glucose metabolism sensitivity to insulin.

C16:1n-7 was recently identified as a functional fatty acid with a lipokine activity that
stimulates insulin action in dietary-induced obese mice (Cao ef al., 2008; Olefsky, 2008).
The impact of this fatty acid on the net amino acid and glucose disposal rates was
investigated to delineate whether the improvement in insulin sensitivity through LCn3PUFA
could be explained in part through the presence of C16:1n-7 in membrane phospholipids
and/or muscle intramuscular triglycerides. The current data highlight that the modest
changes in C16:1n-7 in muscle membranes and intramuscular fat that arise from
supplementing 2% and 4% of menhaden oil in healthy normal (lean) steers and from
endogenous synthesis do not explain the changes in amino acid and glucose disposal rates.
Menhaden oil is not a suitable oil to test whether C16:1n-7 do exert any effect on insulin
sensitivity as there is that large confounding effect with the LCn-3PUFA. Furthermore, the
discrepancy between this study and the previous one (Cao et al., 2008) may arise from the
differential regulation of lipid metabolism of mice as stated by the authors. Furthermore, the
model in that study used dietary-induced obese mice, which involve further alteration of
metabolic health than simply a reduction in insulin sensitivity due to age, such as elevated
inflammation and oxidative stress, which are absent in our young and normal lean healthy
steers.

Under the conditions of a stable insulinemia obtained through a steady-fed state, arterial
concentrations of many essential amino acids were linearly decreased with increasing
amounts of enteral LCn-3PUFA, accompanied by a lower ratio of essential to non-essential
amino acids. As suggested for the increased amino acid disposal rates along with menhaden

Animal. Author manuscript; available in PMC 2017 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fortin et al.

Page 14

oil feeding monitored during the clamps, the reduction in amino acid arterial concentrations
potentially mirrors an increased sensitivity of protein metabolism to insulin with the
menhaden oil feeding. Increased amino acid utilization rates for protein synthesis and
oxidation, combined or not with reduced appearance from breakdown and absorption could
allow for these decreased arterial concentrations. The mild 10% decrease in intake would
have a minor contribution to the decreased appearance rate of amino acids in plasma as the
latter represents only 30% of inflow from protein breakdown (Harris et al.,, 1992). As the
isotopic enrichments of phenylalanine were not increased along with the menhaden oil
feeding as observed previously, reduced appearance from breakdown may not be the main
pathway responsible for the current observation. A more anabolic environment and increased
exit from the central plasma pool could be sustained through activation of protein synthetic
apparatus, which was shown for the current animals through activated PKB-mTOR-S6K
pathway with the 4% menhaden oil feeding (Gingras et al,, 2007). WB ILR of phenylalanine
was marginally decreased in this study, but not significantly, while it was reduced by 23%
previously (Gingras et al,, 2007). The reason for unaltered WB ILR of phenylalanine in this
study is unknown. Phenylalanine arterial concentration remained unaltered as previously
measured, but increases in isotopic enrichments were not seen in this study. We speculate
that BCAA, such as leucine, may be a more sensitive marker to consistently measure
changes in WB protein metabolism in response to LCn-3PUFA feeding. This statement is
supported by the large variation in branched-chain amino acid arterial concentration with
enteral menhaden oil administration. Furthermore, these are the most sensitive markers of
essential amino acid concentration for maintaining euaminoacidemia during clamps as they
exhibit the most extensive decline in arterial concentration during the hyperinsulinemic—
euaminoacidemic clamp procedure (Wray-Cahen et al., 1997). Furthermore, the central role
of leucine in protein synthesis regulation of the insulin resistant elderly musculature (Rieu et
al., 2006) supports the speculation that leucine would be a more sensitive and reliable
marker of this regulation. The number of animals used in this study was small, further
evidences collated with previous studies conducted on the topic (Bergeron et al., 2007;
Gingras et al., 2007) will help to further understand the involvement of muscle membrane
fatty acid composition on muscle insulin action.

In conclusion, this study shows that the enteral administration of incremental amounts of
menhaden oil rich in LCn-3PUFA induces a linear increase in the insulin sensitivity of
protein metabolism with a maximal response achieved with 4% menhaden oil.
Augmentation in responsiveness of protein metabolism to insulin may also be a feature of
the anabolic response. Insulin sensitivity of glucose metabolism was differentially regulated
with a quadratic increase in insulin sensitivity with the menhaden oil feeding; a maximal
glucose utilization rate was achieved with only 2% menhaden oil. During a stable insulin
stimulation obtained through a fed-steady state, many essential amino acid concentrations in
arterial plasma were reduced, and this effect is consistent with a more anabolic environment
with a greater amino acid use for metabolic purposes, although WB ILR of phenylalanine
remained unaltered. BCAA, such as leucine, may be a reliable sensitive marker to assess
amino acid metabolism sensitivity to insulin when membrane fatty acid composition is
altered, as these are profoundly altered by insulin and menhaden oil feeding. These current
findings complement previous studies highlighting LCn-3PUFA as fatty acids that can
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indirectly exert anabolic regulation of protein metabolism through improvement of insulin
sensitivity once these are incorporated in muscle membranes. This study specifically shows
that this regulation is dose-dependent. The role of membrane fatty acids on insulin action
and on protein metabolism needs further investigations to establish whether functional
nutrition could strategically be used to improve performance and further improve the
knowledge of development, growth and potentially old age.
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Regression analyses between net disposal rates of amino acids and glucose measured during
a 40 mU/kg per h clamp and long-chain n-3 polyunsaturated fatty acids (LCn-3PUFA)
content (% total) in muscle total membrane phospholipids. Panel a presents individual amino
acid disposal rates, £=0.003; Panel b presents average treatment effects on amino acid
disposal rate as a function of membrane LCn-3PUFA (% total), error bars represent standard
errors of mean; Panel c presents individual glucose disposal rates as a function of membrane
LCn-3PUFA content, A= 0.007. Panel d presents average treatment effects on glucose
disposal rates as a function of LCn-3PUFA in membranes, error bars represent standard
errors of mean. LCn-3PUFA, C20:5n-3 + C22:5n-3 + C22:6n-3.
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Regression analyses between net disposal rates of amino acids and glucose measured during

a 40 mU/kg per h clamp and the C16:1n-7 content (% total) in muscle total membrane

phospholipids and triglycerides.
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Plasma concentrations of amino acids as measured during steady-fed state and whole-body
phenylalanine kinetics. Panel a presents individual essential amino acid concentrations;
Panel b presents individual non-essential amino acid concentrations; Panel ¢ presents
different sums of amino acids. Total EAA, total essential amino acids; BCAA, branched-
chain amino acids; Nox, amino acids the most preserved from oxidation in the bovine, i.e.
His, Met, Phe; NEAA, non-essential amino acids; N-Shut, amino acids shuttling N between
tissues of the body, i.e. Ala, Asp, Glu; Glyco, glycogenic non-essential amino acids, i.e. Ala,
Asp, Glu, Gly, Pro, Ser. *Linear P< 0.05; **linear £< 0.01; Tquadratic 2< 0.05. Least

square means x s.e.; 1= 6.
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Isotopic enrichments of arterial plasma phenylalanine as assessed during steady-fed state
and whole-body phenylalanine kinetics. MPE = mol percent excess, IE = isotopic
enrichment, WB flux = whole body flux. Least square means + s.e.; 7= 6.
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Table 1

Feed and chemical composition of the basal diet onadry matter basis

Ingredient Percentage of DM
Corn silage 30
Grass silage 12
Pelleted concentrates 58
Wheat 34
Cracked corn 31
Soybean meal 13
Soybean hulls 16
Dried molasses 1.2
Urea 0.87
Vitamins and minerals 3.32
Lignosol 0.61
Rumensin® . (p.p.m.) 28
Chemical composition %
DM (%, as fed basis) 54
CPZ 15
Ether extract 2.7
Acid detergent fibers 17
Neutral detergent fibers 31

DM = dry matter.
Elanco Animal Health Division, Eli Lilly, Ontario, Canada Inc.

2 .
In all, 66% rumen-degradable and 34% rumen-undegradable proteins.
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Fatty acid composition of experimental oils

Treatment

Control oil (%) 4 2 0
Menhaden oil (%) 0 2 4
Fatty acid % total
C14:0 0.9 4.2 9.0
Cl4:1 0.0 0.2 0.3
C16:0 189 187 16.8
C16:1n-7 15 6.0 13.0
C18:0 2.8 3.2 3.2
C18:1 384 271 115
C18:2n-6 344 192 15
C18:3n-3 0.6 1.2 1.6
C18:4n-3 0.2 1.8 29
C20:3n-6 nd nd 03
C20:3n-3 nd 0.2 0.5
C20:4n-6 nd 0.1 1.0
C20:5n-3 0.8 6.2 156
C22:0 nd nd nd
C22:5n-3 nd 1.2 25
C22:6n-3 nd 74 146
SAT 229 264 29.2
PUFA 369 389 437
PUFA/SAT 1.6 15 15
n-3 25 191 399
n-6 344 198 38
n3/n6 0.1 1.0 105
LCn-3PUFA 16 148 326

Table 2

Page 24

SAT = total saturated fatty acids; PUFA = total polyunsaturated fatty acids; n-3 = total n-3 fatty acids; n-6 = total n-6 fatty acids; n-3/n-6 = ratio of

total n-3/total n-6 fatty acids; LCn-3PUFA = 20:5n-3 + 22:5n-3 + 22:6n-3; nd = not detected.
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Table 3

Page 25

Fatty acid composition of total membrane phospholipids of the longissimus dorsi (% total) of steers infused

for 42 days with enteral-graded amounts of menhaden oil rich in LCn-3PUFA’

Treatment

Control oil (%) 4 2 0 Contrast P-value
Menhaden oil (%) 0 2 4 s.e. Lin Quad
16:0 198 197 198 04 0.99 0.77
16:1n-7 081 088 127 0.12 0.02 0.27
18:0 166 163 171 04 0.36 0.26
18:1 115 99 104 09 0.24 0.19
18:2n-6 342 311 218 15 <0.001 0.06
18:3n-3 0.48 048 1.05 0.16 0.07 0.22
20:3n-6 136 112 118 0.07 0.04 0.05
20:4n-6 55 5.3 56 05 0.5 0.37
20:5n-3 4.4 83 136 1.1 0.0003 0.62
22:0 042 041 041 002 0.79 0.93
22:5n-3 2.8 2.7 26 01 0.35 0.83
22:6n-3 096 29 39 04 0.0003 0.3
LCn—3PUFA2 81 139 200 14 0.0003 0.93
Total n-3 86 144 211 15 0.0004 0.82
Total n-6 414 379 291 16 <0.0001 0.11
Saturated 374 371 379 07 0.72 0.58

Lin = linear effect of Menhaden oil amounts; Quad = quadratic effect of Menhaden oil amounts; LCn-3PUFA = long-chain n-3 polyunsaturated

fatty acids; LS = least square.
1
LS means £ s.e.; n=6.

2LCn-3PUFA =20:5n-3 + 22:5n-3 + 22:6n-3.
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Table 4

Sums of fatty acids in total membrane phospholipids and in intramuscular triglycerides of the longissimus
dorsimuscle expressed on a quantitative basis (mg/100gfresh tissue) of steers infused for 42 days with enteral-

graded amounts of menhaden oil rich in LCn-3PUFA’

Treatment
Control oil % 4 2 0 Contrast P-value
Menhaden oil % 0 2 4 s.e. Lin Quad
Total phospholipids
LCn-3PUFA2 22.8 379 56.2 3.6 0.0001 0.71
Total n-3 23.9 39.0 59.2 3.8 0.0002 0.60
Total n-6 116.2 104.1 79.3 6.4 0.002 0.39
Saturated 105.1 100.1 104.7 29 093 0.16
Intramuscular triglycerides
LCn-SPUFA2 0.44 15 39 1.0 0.03 0.56
Total n-3 2.2 3.6 6.9 14 0.02 0.52
Total n-6 48.3 51.6 46.2 93 083 0.6
Saturated 406 464 506 66 0.16 0.9

Period effect on total fatty acid amount in intramuscular triglycerides (index of marbling) mg/100 g fresh tissue3

Period 1 2 3 se. P

515 1211 1435 210 0.02

Lin = linear effect of Menhaden oil amounts; Quad = quadratic effect of Menhaden oil amounts; LCn-3PUFA = long-chain n-3 polyunsaturated
fatty acids; LS = least square.

'ZLS means = s; 7= 6.
2LCn-3PUFA =20:5n-3 + 22:5n-3 + 22:6n-3.

3LS means and AP-value of the period term of the mixed procedure model.
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Table 5
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Performance of steers infused for 42 days with enteral-graded amounts of menhaden oil rich in LCn-3PUFA’

Treatment

Control oil % 4 2 0 Contrast P-value
Menhaden oil % 0 2 4 s.e. Lin Quad
BW (kg) 406 392 399 19 0.62 0.46
DM intake (kg) 78 75 70 03 010 0.90
CP intake (kg/day) 118 113 1.05 056 0.20 0.87
Daily gain (kg/day) 134 119 113 0.23 040 0.83

2 88 95 93 1.0 0.80 0.75

CP conversion ratio

Lin = linear effect of menhaden oil amounts; Quad = quadratic effect of menhaden oil amounts; DM = dry matter; LS = least square.

JLS +s.e.;n=06.

2CP conversion = daily crude protein intake (kg/day)/daily weight protein gain (kg/day) using 10% body protein gain for similar steers and
performance according to the National Research Council (2000).
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Table 6

Page 28

Insulin concentrations at baseline and during hyperinsulinemic clamps and insulin stimulation during clamps
corrected for baseline in steers enterally infused for 42 days with graded amounts of menhaden oil rich in

LCn-3PUFA’

Treatment (uU/ml)

Control oil % 4 2 0 Contrast P-value
Menhaden oil % 0 2 4 s.e. Lin Quad
Overall baseline average 49 35 25 6 0.01 0.70
Individual insulin baseline

20 mU/kg per h 50 29 25 6 0.01 0.24

40 mU/kg per h 44 32 28 6 0.07 0.54

80 mU/kg per h 53 42 21 10 0.03 0.66
Clamp insulin

20 mU/kg per h 115 108 87 6 0.01 0.37

40 mU/kg per h 147 148 139 6 0.26 0.45

80 mU/kg per h 285 277 240 9 0.01 0.25
Clamp insulin corrected for baseline

20 mU/kg per h 65 79 62 6 0.80 0.11

40 mU/kg per h 101 116 109 7 054 0.30

80 mU/kg per h 231 235 218 16 0.55 0.56

Lin = linear effect of menhaden oil amounts; Quad = quadratic effect of menhaden oil amounts; LS = least square.

'ZLS means = s.e.; n=6.
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