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         High Omega-3 Fat Intake Improves Insulin Sensitivity 
and Reduces CRP and IL6, but does not Affect Other 
Endocrine Axes in Healthy Older Adults    

naling  [21] . Thus, the attenuation of endocrine 
signaling could be related to aging changes in the 
membrane itself. It has been shown that aging is 
associated with reductions in polyunsaturated 
fatty acids (PUFA) content of phospholipids and 
accumulation of peroxidized and cross-linked 
fatty acids, trans-fatty acids, and cholesterol 
esters in biological membranes. Moreover, it has 
long been known that metabolic function is 
affected by fatty acid composition of cell mem-
branes  [22] . In 1985 Panek et al.  [23]  found that a 
diet high in saturated fatty acids impaired nor-
epinephrine storage and release in sympathetic 
neurons, leading them to hypothesize that, 
 “  … dietary manipulations alter the lipid environ-
ment of receptor proteins, which may result in 
the perturbation of specifi c membrane-associ-
ated processes. ”  Consistent with this hypothesis, 
in rats, fi sh oil feeding improves LDL receptor 
activity in liver, lowers blood sugar levels, 
increases muscle cell membrane Glut-4 glucose 
transporter number, and increases insulin medi-
ated glucose transport into muscle. A diet high in 
 ! -3 PUFA may also improve glucose tolerance in 

 Introduction 
  &  
 Changes in hormone levels and responsiveness 
of hormone target cells are well-documented 
concomitants of normal aging in humans and 
laboratory animals. For example, serum testo-
sterone concentrations decrease with age in men 
 [1 – 3] , as does the testosterone secretory response 
to gonadotropins  [4,   5] . Growth hormone (GH) 
secretion and blood levels of IGF-I diminish with 
age  [6 – 10]  along with pituitary somatotropic 
responses to growth hormone releasing hormone 
 [11,   12] . Altered metabolic responsiveness of liver, 
muscle, and adipose tissue has been found in 
older humans  [13 – 16] . The mechanisms of action 
of many hormones require signal transduction 
across target cell membranes by receptor pro-
teins. However, investigations of aged cells have 
generally failed to reveal alterations in numbers 
or chemical integrity of receptors suffi cient to 
account for the magnitude of the effects of aging 
 [17 – 20] . In addition, post-receptor cascades 
appear to be intact when stimulated by alterna-
tive pathways not requiring transmembrane sig-
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  Abstract 
  &  
 Aging diminishes hormone secretion and target 
cell responsiveness, possibly due to loss of cell 
membrane fl uidity or alteration of membrane 
phospholipids affecting signal transduction. We 
investigated whether a high  ! -3 polyunsatu-
rated fatty acid diet would improve endocrine 
function in 6 men and 6 women aged over 60 
years. Subjects fi rst ate an isocaloric control diet 
for 6 weeks, followed by an 8-week experimen-
tal diet, which included 720   g of fatty fi sh weekly 
plus 15   ml of sardine oil daily. In the last week, 
we measured RBC membrane fatty acids on each 
diet, performed pituitary, adrenal, hepatic, and 
Leydig cell endocrine provocative testing, and 

assayed selected cytokines. We also assessed 
insulin sensitivity utilizing octreotide insulin 
suppression testing and assessed free fatty acid 
(FFA) responses to isoproteronol. Insulin sensi-
tivity increased signifi cantly after 8 weeks on the 
 ! -3 diet and FFA responses trended lower. Serum 
C-reactive protein was signifi cantly reduced and 
a trend towards lower IL-6 was noted. No dif-
ferences were found in other metabolic param-
eters, adiponectin levels, or hormone responses. 
We conclude that, in older people, high  ! -3 
consumption increases insulin sensitivity, may 
reduce FFA mobilization by catecholamines, and 
reduces infl ammatory markers, but did not alter 
endocrine responsiveness after 8 weeks.         
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nondiabetic adult  [24]  and elderly humans  [25] . Membrane 
transduction of adrenergic signaling in parotid gland cells from 
old rats improved when membrane fl uidity was increased using 
 S -adenosylmethionine  [26] . Such results suggest that manipula-
tion of membrane chemistry might reverse age-related changes 
in transmembrane signaling. Signifi cant alterations in fatty acid 
composition of cell membranes can be achieved fairly rapidly 
(4 – 8 weeks), in epithelial cells and erythrocytes of rats and 
humans by altering dietary fat intake  [27 – 29] . The effects of a 
diet high in  ! -3 PUFA on endocrine regulation in aging humans 
have not been extensively studied. We, therefore, investigated 
whether a diet enriched in  ! -3 PUFA might increase transmem-
brane signaling mediated responses of hormone secreting and 
endocrine target organs in men and women over 60 years of 
age.   

 Materials and Methods 
  &   
 Subjects 
 Twelve healthy men and women 60 – 75 years of age (mean 
66.1    ±    4.5 years) participated in this study. All subjects completed 
the study. They were recruited via mass mailing of study bro-
chures, and advertisements in local media. They were nonobese 
(BMI 22 – 30), nonsmokers, and free of chronic illness or debili-
tating conditions such as diabetes, cancer (except noninvasive 
skin cancer), lupus or severe rheumatoid arthritis, symptomatic 
coronary heart disease, liver or renal failure, or endocrine dis-
ease requiring hormone replacement (except menopause or 
adequately treated hypothyroidism) or cognitive impairment as 
assessed by a score     !    26 on the Mini Mental Status Exam (MMSE). 
If hypertensive, the blood pressure was well controlled without 
use of a calcium channel or  " - or  # -adrenergic blocking agent. 
History of food allergies, especially allergy to fi sh, was a reason 
for exclusion. Subjects consuming more than one serving per 
week of fatty fi sh or taking fi sh oil supplements were not eligi-
ble for study, nor were those engaged in high level competition 
sports (e.g., master athletes). The Institutional Review Board of 
the Arizona State University approved the study protocol and all 
research subjects signed informed consent documents.   

 Procedures  
 Qualifi cation for study 
 At fi rst contact, prospective subjects were advised that the study 
would entail a 6-week control diet during which they would be 
asked to eliminate all fatty fi sh while consuming four 6-ounce 
portions of nonfatty fi sh per week, to be followed by an 8-week 
experimental period during which they would consume four 6-
ounce portions of fatty-fi sh per week and 1 tablespoon of fi sh oil 
per day. Prospective subjects were further advised that foods 
containing trans-fatty acids (examples of which were given) 
were to be minimized during the entire study. Upon verbal 
assent to the above guidelines, prospective subjects were asked 
to attend a screening interview. At the screening interview, pro-
spective subjects were asked to complete the Block Food Fre-
quency Questionnaire to assess usual intake  [30,   31] . A diet 
history was completed for meal frequency and composition. At 
this time, they were also asked to taste and test the fi sh oil. Indi-
viduals who confi rmed that they found the fi sh oil as well as the 
meal guidelines acceptable were deemed suitable for study. The 
protocol was fully reviewed with the subjects and written 
informed consent was obtained. Subjects provided a medical 

history and underwent physical examination, as well as cogni-
tive evaluation (MMSE), EKG, and laboratory screening (SMA-24, 
CBC with platelets, thyroid function tests, lipid profi le). Height 
and weight were measured and recorded. Blood was taken after 
a 12-hour fast.   

 Diets 
 During the fi rst meeting with enrolled subjects, participants 
were asked to select four nonfatty fi sh items (orange roughy, 
halibut, haddock, trout, swordfi sh, and fl ounder) that would be 
provided to them each week for the fi rst 6 weeks of study. Die-
tary guidelines for the study were reviewed, including provision 
of lists of fatty fi sh and foods containing trans-fatty acids to 
avoid during this period. Subjects were asked to use only olive 
oil for food preparation and salad dressing. Prior to week 3, 
instructions on completing a 3-day diet record were provided to 
the subjects. Except for servings of fi sh, and vitamin and oil sup-
plements, diets were not supplied to research subjects by the 
investigators. Rather, volunteers purchased and consumed food 
based on detailed, individualized dietary plans provided and 
explained to them by a research nutritionist (ADS). Compliance 
was monitored by phone interviews with a dietician at 2-week 
intervals, during which 24-hour dietary recalls were recorded 
and during the 3rd week of each diet by a 3 day dietary diary 
that included a weekend day and 2 nonconsecutive weekdays. 
 Qualifying subjects were fi rst placed on an isocaloric western 
(control) diet for 6 weeks. This diet contained 30    %  of calories as 
triglycerides of which 30    %  were polyunsaturated (corn or saf-
fl ower oil, high in  ! -6 PUFA), 40    %  monounsaturated (olive oil) 
and 30    %  saturated (butter, animal fats). Subjects were encour-
aged to eliminate trans fats from their diets. Carbohydrates sup-
plied 50    %  of calories, of which two thirds were complex starches 
high in fi ber (pasta, bread, whole wheat, etc.). The remaining 
20    %  of calories came from protein, including fi sh, beef, pork, 
chicken, eggs, and cheese. As a control, subjects consumed six 
180   g servings per week of nonfatty fi sh (cod, haddock, etc.). 
They were encouraged to consume 2 servings of fruit and 3 serv-
ings of vegetables or salad per day. In addition, they took 15   ml 
of a 50 / 50 mixture of olive and corn oils (placebo supplement) 
and 400   IU of vitamin E daily. They were also given 400   mg / day 
of vitamin C, and a multivitamin preparation containing mini-
mum adult requirements of thiamine, niacin, folate, and vitamin 
B12. The total caloric intake was adjusted at 2-week intervals by 
the dietician to maintain stable body weight. 
 Prior to week 7, participants were asked to select four fatty-fi sh 
items (including fresh, smoked, and canned salmon, herring, 
mackerel, anchovies, and sardines) that would be provided to 
them each week for the next 8 weeks of study. Dietary guide-
lines for the study were reviewed, including provision of lists of 
nonfatty fi sh and foods containing trans-fatty acids to avoid dur-
ing this period. Subjects were asked to use only olive oil for pre-
paring foods and salad dressings and to consume 1 tablespoon 
of fi sh oil per day. From week 7 to 14 (8 weeks), subjects were 
switched to the experimental diet, which also contained 30    %  of 
calories as triglycerides, of which 30    %  were polyunsaturated 
(walnut, fl ax, or canola oil high in  ! -3 PUFA), 40    %  monounsatu-
rated (olive oil), and 30    %  saturated (butter, animal fats). Carbo-
hydrate and protein content were the same as in the standard 
diet, with the difference that subjects consumed fatty (salmon, 
tuna, sardines, etc.), rather than nonfatty fi sh. In addition, sub-
jects took 15   ml per day of deodorized, stabilized, sardine oil 
(donated by Cardinova International, Uppsala, Sweden) equiva-
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lent to 4 – 5   g of the essential  ! -3 PUFA ’ s, EPA and DHA (analysis 
supplied by the manufacturer) and the same supplemental vita-
mins as in the standard diet. 
 Random 24-hour recalls were conducted weekly throughout the 
study. Prior to week 10, instructions on completing a 3-day diet 
record were again given.   

 Testing procedures 
 During the 6th week (control diet), and the 14th week (experi-
mental diet), we performed endocrine and other laboratory 
tests. These included the collection of fasting blood samples for 
measurement of serum glucose, hormones and cytokines, lipid 
profi les, plasma free fatty acids (FFA), and red cell membrane 
fatty acid composition. Standard clinical laboratory profi le 
(SMA-24, CBC), and TSH measurements were also obtained. 
Endocrine provocative and special testing was carried out over a 
three day period, and consisted of: ACTH stimulation test  [32]  
with measurement of both cortisol and dehydroepiandroster-
one (DHEA) responses; glucagon stimulation test  [33 – 35]  for 
glucose response; a human chorionic gonadotropin (hCG) stim-
ulation test  [36 – 38] ; combined gonadotropin releasing hormone 
(GnRH) and growth hormone releasing hormone (GHRH) pitui-
tary stimulation test  [4,   11] , as well as low dose graded incre-
mental isoproterenol infusion test  [39]  with measurements of 
free fatty acid response. The hCG (Organon, Roseland, NJ) was 
given as a subcutaneous injection of 5000 units and serum tes-
tosterone (T) responses were evaluated at 24 and 48 hours. 
GnRH (Abbott Laboratories, Chicago, IL) and GHRH (Eli Lilly  &  
Co., Indianapolis, IN) clinical reagents were administered as sin-
gle bolus intra venous doses of, respectively, 1    $ g and 0.5    $ g / kg, 
with blood sampled for luteinizing hormone (LH), follicle stimu-
lating hormone (FSH) and growth hormone (GH) levels at 0, 15, 
30, 60, and 120 minutes. We also assessed insulin sensitivity /
 glucose utilization using the octreotide insulin suppression test 
 [40] . In order to estimate the time interval for cell membrane 
 ! -3 PUFA ’ s to return to baseline after the experimental diet was 
discontinued, red blood cell (RBC) membrane fatty acid profi les 
were also measured at weeks 16, 18, and 20.   

 Laboratory methods 
 Blood was drawn from fasting subjects, immediately processed, 
and stored at     !    80    °    C until analyzed. All analyses were performed 
at Kronos Science Laboratories, Inc. (Phoenix, AZ), a CLIA certi-
fi ed specialty clinical reference laboratory. Complete Blood 
Counts (CBC) were performed on a GEN-S automated analyzer 
(Beckman Coulter, Miami, FL) and routine clinical laboratory 
measures (clinical chemistries, lipid profi les, and FFA) were 
carried out by standard methods using a SYNCHRON LX-20 
automated analyzer (Beckman Coulter, Fullerton, CA). Hor-
mones were analyzed by immunofl uorescence methods, per-
formed on an automated Immulite 2000 (Diagnostics Products 
Corporation, Los Angeles, CA). In order to reduce error due to 
day-to-day interassay variance, serum samples from individual 
subjects after control and experimental diet periods were 
assayed at the same time. Minimum detectible doses (MDD) 
and intra-assay coeffi cients of variance were as follows: 
serum TSH (MDD    =    0.004   IU / ml, CV    <    4.7    % ), insulin (MDD    =    2   IU / ml, 
CVs    <    4.5    % ), testosterone (MDD    =    15   ng / dl, CVs    <    6.4    % ), estradiol 
(MDD    =    15 pg / ml, CVs    <    5.9    % ), hGH (MDD    =    0.01   ng / ml, CVs    <    3.8    % ), 
IGF-1 (MDD    =    20   ng / ml, CVs    <    4.5    % ), DHEA-sulfate (MDD    =    3   mg / dl, 
CVs    <    5.3    % ), cortisol (MDD    =    0.2    $ g / dl, CVs    <    5.9    % ), and hs-CRP 
(MDD    =    0.01   mg / dl, CVs    <    6.0    % ). Serum estrone (E1) was mea-

sured by radioimmunoassay (Diagnostic Systems Laboratories, 
Inc., Webster, TX) with MDD    =    1.2 pg / ml and CVs    <    6.5    % . Inter-
leukin IL-6 was assayed using an in-house ELISA method with 
MDD    =    0.625 pg / ml and CVs >4.2    % . Determinations of RBC mem-
brane fatty acid profi les were by gas chromatography using a 
variant of the method of Ohta et al.  [41] . FAME Standards for 34 
fatty acids were obtained from Sigma-Aldrich, St. Louis, MO and 
the percent of total fatty acids determined for each of the 34. 
Coeffi cients of variance for the major fatty acids were as follows: 
stearic acid: C18:0 (CV    =    14.2    % ), C18:1 ! 9cis (CV    =    9.2    % ), linoleic 
acid: C18:2 ! 6cis (CV    =    10.7    % ), AA, C20:4 ! 6 (CV    =    11.2    % ), EPA, 
C20:5 ! 3 (CV    =    38.3    % ), and DHA, C22:6 ! 3 (CV    =    13    % ). Total 
plasma adiponectin concentrations were determined via radio-
immunoassay (Linco Research, St. Charles, MO).   

 Analytical and Statistical methods 
 Data from the 24-hour recalls were analyzed with the Diet Ana-
lyzer Program (version 5.1). utilizing the ESHA database (ESHA 
Research, Salem, OR). Statistical testing was carried out using 
JMP software (SAS Institute, Cary, NC) on a Macintosh G4 com-
puter. All analyses for signifi cant differences were performed for 
the group as a whole and separately for men and women. Two-
sided tests were employed and level of statistical signifi cance 
was set at 0.05, with a Bonferroni adjustment for multiple com-
parisons. Comparisons of baseline / nonstimulated hormones, 
cytokines, and other metabolic parameters measured during 
control and experimental diets were performed utilizing paired 
 t -tests. For stimulation tests, peak and change from baseline 
(delta) values were identifi ed and areas under stimulation 
curves (AUC) were calculated by trapezoidal integration. We 
compared peak, maximum delta and AUC responses generated 
from each set of provocative test data during control and experi-
mental diets using repeated measures ANOVA.     

 Results 
  &  
   Table 1   shows demographic, anthropometric, and lipid data at 
baseline (after control diet) and after the high  ! -3 diet. There 
was no signifi cant change in body weight at the end of each diet 
period. Men weighed more than women, both before and after 
the experimental diet, but BMI ’ s were not signifi cantly different. 
The ratio of  ! -6 to  ! -3 lipids in erythrocyte membranes was 
dramatically lowered after the 8-week high  ! -3 diet period 
(p    <    0.0001), indicating substantial incorporation of  ! -3 fatty 
acids into the RBC membranes (  Table 1  ,     !  "     Fig. 1  ). Fasting morn-
ing serum FFA and total, LDL, and HDL cholesterol after the high 
 ! -3 diet period were not signifi cantly different compared to the 
control diet period, for all subjects considered together. VLDL 
and LDL / HDL ratios (data not shown) were also unchanged. 
There was a signifi cant reduction of serum triglycerides for the 
group as a whole and for women, but in men this reduction was 
not statistically signifi cant. There was a substantial reduction in 
resting FFA levels of men (but not women) after the high  ! -3 
diet. 
 As shown in   Table 2  , baseline glucose, insulin, LH, FSH, GH, and 
cortisol were not signifi cantly different after the high  ! -3 diet 
period as compared to the control diet period for all subjects 
considered together, nor were testosterone or DHEA in men or 
estradiol or estrone in women. However, in both sexes consid-
ered together, we observed a statistically signifi cant (p    <    0.008) 
reduction of serum C-reactive protein following 8 weeks of high 
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 ! -3 intake (  Table 2  ). We also observed a statistically nonsigni-
fi cant, increase in adiponectin levels (p    <    0.18), and a nearly sig-
nifi cant trend towards a decrease of IL-6 (p    =    0.057) after the 
high  ! -3 diet. 
 As shown in   Table 3   and     !  "     Fig. 2  , mean serum glucose levels 
during the last 30   min of the octreotide test were signifi cantly 
lower (p    =    0.03) after the high  ! -3 diet. Luteinizing hormone and 
FSH responses to GnRH, cortisol and DHEA responses to ACTH, 
hGH response to GnRH, testosterone response to hCG, and glu-
cose response to glucagon were not signifi cantly altered after 8 
weeks on a the high  ! -3 diet (  Table 3  ). The serum FFA levels in 
response to graded isoproterenol doses appeared to be lower 
after high  ! -3 diet at all isoproterenol doses and time points, but 
this difference did not reach statistical signifi cance (  Table 3,   
    !  "     Fig. 3  ).   

 Discussion 
  &  
 Changes in hormone levels and responsiveness of hormone tar-
get cells are well-documented concomitants of normal aging in 
laboratory animals and humans. Serum testosterone concentra-
tions decrease with age in men, as does the testosterone secre-
tory response to gonadotropins  [4] . Integrated 24-hour growth 
hormone (GH) secretion and blood levels of IGF-I also diminish 
with age in males and females  [6 – 9]  along with the pituitary GH 

   Table 2       Baseline hormone, adiponectin, and cytokine values after control and experimental diets 

   Control diet  Omega-3 diet   

 Measurement (Basal)  Mean  SD  Mean  SD  p 

 glucose mmol / l  5.10  0.51  5.27  0.58  ns 
 insulin pmol / l  70.8  53.5  72.9  34.0  ns 
 LH lU / l (men)  2.4  1.4  3.2  1.4  ns 
 FSH lU / l (men)  9.3  5.4  10.8  6.9  ns 
 LH lU / l (women)  15.9  3.8  16.6  8.6  ns 
 FSH lU / l (women)  66.1  7.8  64.8  21.7  ns 
 GH lU / l  0.22  0.19  0.28  0.48  ns 
 cortisol nmol / l  300.7  110.4  314.5  102.1  ns 
 DHEA nmol / l (men)  1.34  0.56  1.40  0.55  ns 
 DHEA nmol / l (women)  0.80  0.42  0.77  0.27  ns 
 testosterone nmol / l (men only)  14.7  4.55  14.23  4.6  ns 
 estradiol pmol / l (women only)  78.9  13.6  73.42  1.84  ns 
 estrone pmol / l (women only)  59.9  27  62.9  41.8  ns 
 CRP (mg / dl)  0.203  0.092  0.073  0.073  0.008 
 IL-6 (pg / ml)  1.375  0.942  0.833  0.227  0.057 
 adiponectin (units)  11.9  7.27  12.6  7.24  0.18 
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  Fig. 1          Fatty acid composition of red blood cell membranes in men and 
women aged >60 years before and after high  ! -3 diet. Mean (    ±    SEM) values for 
percentages of total fatty acids represented by  ! -3 and  ! -6 polyunsaturated 
fatty acids (PUFA), monounsaturated fatty acids (MUFA), saturated fatty acids, 
and trans-fatty acids measured in extracts of isolated RBC membranes from 
12 men and women over age 60 years after 6 weeks of a control diet (stippled 
bars) and 8 weeks of a diet with high  ! -3 fatty acid content (black bars).  

   Table 1       Unstimulated (Baseline) demographic, anthropometric and lipid values before and after high  ! -3 diet (mean    ±    SEM) 

   Men  Women  All 

 Variable  Control   ! -3 diet  Control   ! -3 diet  Control   ! -3 diet 

 age (years)  67.5    ±    5.5   –   64.7    ±    3.3   –   66.1    ±    4.5   –  
 weight (kg)  85.4    ±    10.5  85.9    ±    10.2  70.1    ±    7  *    68.6    ±    6.5  *    77.7    ±    11.6  77.3    ±    12.2 
 BMI (kg / m 2 )  27.2    ±    1.7  27.4    ±    1.4  25.9    ±    2.1  25.4    ±    2.2  26.6    ±    2  26.4    ±    2 
 RBC  ! -6 /  ! -3 ratio  5.7    ±    1.1  3.2    ±    0.4   †  †     5.2    ±    1.4  2.7    ±    0.5   †  †     5.5    ±    1.2  3    ±    0.5   †  †    
 total cholesterol (mol / l)  4.36    ±    0.67  4.66    ±    0.8  5.15    ±    1.03  4.95    ±    0.8  4.76    ±    0.92  4.81    ±    0.77 
 LDL cholesterol (mol / l)  3.04    ±    0.81  3.16    ±    0.81  3.47    ±    0.93  3.23    ±    0.69  3.26    ±    0.86  3.19    ±    0.72 
 HDL cholesterol (mol / l)  0.92    ±    0.11  0.98    ±    0.05  1.40    ±    0.44  *    1.48    ±    0.44  *    1.16    ±    0.4  1.23    ±    0.39 
 triglycerides (mmol / l)  1.39    ±    0.68  1.2    ±    0.68  0.9    ±    0.45  0.61    ±    0.25   †     1.14    ±    0.61  0.9    ±    0.58   †    
 free fatty acids (mg / dl)  0.70    ±    0.19  0.48    ±    0.1   †     0.63    ±    0.31  0.60    ±    0.31  0.67    ±    0.24  0.54    ±    0.22 

   *    p    <    0.05 for difference men  vs.  women   
    †     p    <    0.05 for difference before and after  ! -3 diet   
    †  †     p    <    0.002 for difference before and after  ! -3 diet   
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response to various stimuli. Altered metabolic responses of liver, 
muscle, and adipose tissue to glucagon, insulin, and beta-adren-
ergic stimuli have all been described in older humans  [13 – 16] . A 
possible common factor explaining decreased hormone secre-
tion and action with aging is diminished transmembrane signal 
transduction. However, investigations of reduced hormonal 
responsiveness of aged cells have generally failed to reveal sig-
nifi cant alterations in numbers or chemical integrity of mem-
brane receptors suffi cient to account for the magnitude of the 
effects of aging on function  [17 – 20] . In addition, post-receptor 
cascades usually appear to be intact when stimulated by alter-
native pathways not requiring transmembrane signaling  [21] . 
Another possibility is that the attenuation of signal transduction 
with aging could be related to changes in the membrane itself, 
which is to say the milieu in which membrane receptors must 
operate. 

 It has been shown that aging is associated with reductions in 
polyunsaturated fatty acid (PUFA) content of phospholipids 
 [42]  and accumulation of peroxidized and cross-linked fatty 
acids, trans-fatty acids, and cholesterol esters in biological mem-
branes  [43,   44] . These alterations lead to a loss of membrane fl u-
idity  [43,   45,   46] . Cell membrane fl uidity can be improved by 
increasing dietary PUFA  [45,   47] , and changes in the fatty acid 
content of cell membranes can be achieved fairly rapidly (4 – 8 
weeks) by altering dietary fat intake  [27 – 29] . In old rats, substi-
tution of corn oil, which is high in  ! -6 (PUFA), for 12 weeks, 
resulted in near-normalization of the glycogenolytic response of 
liver cells to glucagon and of the lipolytic response of fat cells to 
beta-adrenergic stimulation  [48] . Membrane transduction of 
adrenergic signaling in parotid gland cells from old rats improved 
when membrane fl uidity was increased using  S -adenosyl-
methionine  [26] . These results suggest that manipulation of 
membrane chemistry might reverse age-related changes in 
receptor function. Our review of the literature revealed no prior 
studies utilizing controlled protocols to investigate the effects of 
a diet high in  ! -3 PUFA on endocrine regulation in aging 
humans. 
 Despite the above reports, we observed no effects of 8 weeks of 
high  ! -3 intake on resting hormone levels in men and women 
over 60 years of age and our provocative test results showed no 
changes in responses of endocrine target cells to ACTH, gluca-
gon, GnRH, GHRH, or hCG. Although our data indicate that for 
erythrocytes, cells with a high turnover rate, 8 weeks of a 
high  ! -3 diet was suffi cient to dramatically reduce cell mem-
brane ! -6 to  ! -3 ratios, 8 weeks may or may not be adequate 
to substantially alter the membrane composition of cells with 
lower turnover rates, such as endocrine secretory cells, hepato-
cytes, etc. 
 We observed one notable exception to the general lack of altered 
hormone responsiveness: the insulin sensitivity, as measured by 
the octreotide / insulin suppression test, improved signifi cantly. 
The trend towards lower FFA mobilization in response to graded 
doses of isoproterenol points to one possible mechanism for this 
effect, since high FFA levels are associated with reduced insulin 
sensitivity  [49,   50] . We suggest that a decrease in  ! -6 to  ! -3 
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  Fig. 2           Serum glucose during octreotide-insulin suppression tests in 
subjects aged >60 years before and after high  ! -3 diet. Mean values 
(    ±    SEM) are depicted for plasma glucose at time points from baseline to 180 
minutes in 12 men and women over 60 years of age during simultaneous 
constant intravenous infusion of glucose (240   mg / m 2  BSA / min) and insulin 
(25   mU / m 2  BSA / min) with suppression of endogenous insulin production 
by a somatostatin analogue (Sandostatin  ®  ) 125    $ g bolus followed by 
0.5    $ g / min infusion. Tests were conducted after 6 weeks of a control diet 
(unfi lled squares) and 8 weeks of a diet with high  ! -3 fatty acid content 
(fi lled squares).  
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  Fig. 3           Fatty acid responses to beta-adrenergic stimulation in men and 
women aged >60 years before and after a diet with high  ! -3 fatty acid 
content. Mean values (    ±    SEM) for total free fatty acids (FFA) are shown at 
baseline and 10 and 20 minutes after graded intravenous bolus injections 
of isoproterenol at six doses ranging from 0.1    $ g to 4.0    $ g. Tests were 
conducted after 6 weeks of a control diet (unfi lled squares) and 8 weeks of a 
diet with high  ! -3 fatty acid content (fi lled squares).  

     Table 3       Responses to endocrine provocative testing in men and women 
before and after high  ! -3 diet 

 Test response  Control   ! -3 Diet  p 

 LH response to GnRH 
(AUC, [IU / l]  *  min) 

 7017    ±    4795  6881    ±    4755  ns 

 FSH response to GnRH 
(AUC, [IU / l]  *  min) 

 8929    ±    6282  8684    ±    6068  ns 

 cortisol response to ACTH 
( % , nmol / l) 

 672    ±    163  676    ±    174  ns 

 DHEA response to ACTH 
( % , nmol / l) 

 8.3    ±    4.2  6.9    ±    5.6  ns 

 GH response to GHRH 
(AUC, [IU / l]  *  min) 

 513    ±    297  596    ±    339  ns 

 glucose response to 
 Glucagon (max, mmol / l) 

 8.21    ±    1.39  8.21    ±    1.22  ns 

 testosterone response to 
hCG (max, nmol / l) 

 29.9    ±    6.7  31.6    ±    3.1  ns 

 FFA response to isopro-
terenol (max, mg / dl) 

 0.87    ±    0.20  0.78    ±    0.30  0.16 

 steady state glucose-OIS test 
(mmol / l) 

 7.59    ±    3.54  6.19    ±    3.51  0.03 
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fatty acid ratios in cell membranes of adipocytes may modulate 
FFA mobilization response to -adrenergic stimuli. Another pos-
sible contributor is the reduction in infl ammatory factors and / or 
increased adiponectin (see below). Studies in rats and mice have 
also found that  ! -3 fatty acids improve insulin action in liver 
and muscle by reducing intracellular fat (long chain CoA and 
diacylglycerol) content, which occurs via a PPAR-dependent 
mechanism  [51,   52] . Such an alternative or complementary 
mechanism could have contributed to the observed improve-
ment in insulin sensitivity. 
 Fish oil feeding of diabetic rats has been shown to produce lower 
blood sugar levels and higher myocyte membrane content of Glut-
4 glucose transporters  [53]  as well as increased insulin induced 
glucose transport into muscle  [54] . Population studies have also 
suggested that a diet high in  ! -3 PUFA may improve glucose toler-
ance in nondiabetics  [24] , especially in elderly persons  [25] . How-
ever, previous experimental studies in humans have not shown 
similar effects  [55 – 59] . Differences in study design may account 
for the positive fi nding in our study. First, in prior studies the  ! -3 
fat was given as a supplement without attempts to control the diet, 
while in our study the total number of calories was maintained at 
isocaloric levels and diet implementation was reinforced by die-
tary diaries and by calling the subject on a bi-weekly basis to 
review compliance. The success of this approach is indicated by 
the maintenance of stable weight by all subjects. Second, diets 
were designed to provide low intake of saturated fatty acids, both 
during the control and the high  ! -3 phases. Third, the bulk of fatty 
acids other than the supplement were given in the form of MUFA 
during both phases and during the  ! -3 phase there was a substitu-
tion of  ! -3 for  ! -6 fats, with the total content of PUFA remaining 
stable. Finally, the amount of  ! -3 fats (supplement plus fatty fi sh 
approximating 720   g per week) was much higher than the amounts 
used in previous studies. New studies examining  ! -3 effects on 
adipocyte membrane composition, FFA mobilization, and insulin /
 glucose metabolism in a greater number of subjects, and, perhaps, 
with greater duration of high  ! -3 intake, appear justifi ed. 
 The serum lipid changes in our healthy elderly patients were 
similar to those observed in diabetics treated with high  ! -3 
diets  [55,   58] . It is of interest that the decline of FFA was more 
pronounced in men, whereas, the triglyceride reduction was 
more prominent in women. 
 We also observed changes in infl ammatory markers after high 
 ! -3 intake. There was a highly signifi cant decrease in C-reactive 
protein and a borderline but nonsignifi cant reduction in IL-6. In 
addition, levels of adiponectin, a factor associated with reduced 
infl ammation and improved insulin sensitivity, trended higher 
but did not reach statistical signifi cance. These fi ndings are con-
sistent with clinical and epidemiological studies  [60 – 62]  report-
ing evidence of anti-infl ammatory effects of high  ! -3 diets 
and / or omega-3 supplements. The  ! -3 fats are key components 
of the Japanese and Mediterranean diets, and are believed to 
contribute to the low heart disease rates in those regions in part 
by decreasing endothelial infl ammation, as evidenced by 
decreasing C-reactive protein and, possibly, IL-6  [63 – 65] . 
 In summary, our data indicate that diets suffi ciently high in  ! -3 
fats cause substantial change in red cell membrane lipid compo-
sition and within 8 weeks observable reductions in certain 
infl ammatory markers and an improvement in insulin sensitiv-
ity, but no other signifi cant changes in hormonal or metabolic 
parameters known to be affected by aging. The sample size and 
duration of the study have not been large enough to detect small 
and / or highly variable changes in the parameters studied. The 

main purpose of this study was to identify physiological varia-
bles likely to justify more detailed investigation. Studies with 
larger number of subjects and of longer duration will be required 
to further investigate the effects of  ! -3 intake on hormone and 
metabolic functions in the elderly.     

   Acknowledgments  
  &  
 The authors wish to thank Dr. Gerald I. Shulman of the Howard 
Hughes Medical Institute and Departments of Internal Medicine 
and Cellular  &  Molecular Physiology, Yale Medical School, New 
Haven, CT for providing measurements of adiponectin. This 
research was funded, primarily by a grant from the Aurora Foun-
dation and, also, in part, by the Intramural Program of the NIDDK, 
NIH, and by NIH grants P01 DK-68829 to Dr. Shulman.          

   References  
  1     Harman     SM   ,    Metter     EJ   ,    Tobin     JD   ,    Pearson     J   ,    Blackman     MR    .   Longitudinal 

effects of aging on serum total and free testosterone levels in healthy 
men. Baltimore Longitudinal Study of Aging  .   J Clin Endocrinol Metab   
  2001  ;   86  :   724   –   731    

  2     Tenover     JS   ,    Matsumoto     AM   ,    Plymate     SR   ,    Bremner     WJ    .   The effects of 
aging in normal men on bioavailable testosterone and luteinizing 
hormone secretion: response to clomiphene citrate  .   J Clin Endocrinol 
Metab     1987  ;   65  :   1118   –   1126    

  3     Morley     JE   ,    Kaiser     FE   ,    Perry     3rd     HM   ,    Patrick     P   ,    Morley     PM   ,    Stauber     PM     
  et al  .   Longitudinal changes in testosterone, luteinizing hormone, and 
follicle-stimulating hormone in healthy older men  .   Metabolism     1997  ; 
  46  :   410   –   413    

   4     Harman     SM   ,    Tsitouras     PD   ,    Costa     PT   ,    Blackman     MR    .   Reproductive hor-
mones in aging men. II. Basal pituitary gonadotropins and gonadotro-
pin responses to luteinizing hormone-releasing hormone  .   J Clin 
Endocrinol Metab     1982  ;   54  :   547   –   551    

  5     Nankin     HR   ,    Lin     T   ,    Murono     ER   ,    Osterman     J    .   The aging Leydig cell. III. 
Gonadotropin stimulation in men  .   J Androl     1981  ;   2  :   181   –   189    

  6     Sonntag     WE   ,    Gough     MA    .   Growth hormone releasing hormone induced 
release of growth hormone in aging male rats: dependence on phar-
macological manipulation and endogenous somatostatin release  . 
  Neuroendocrinology     1988  ;   47  :   482   –   488    

  7     Vittone     J   ,    Blackman     MR   ,    Busby-Whitehead     J   ,    Tsiao     C   ,    Stewart     KJ   ,    Tobin     J      
 et al  .   Effects of single nightly injections of growth hormone-releasing hor-
mone (GHRH 1-29) in healthy elderly men  .   Metabolism     1997  ;   46  :   89   –   96    

  8     Corpas     E   ,    Harman     SM   ,    Blackman     MR    .   Human growth hormone and 
human aging  .   Endocr Rev     1993  ;   14  :   20   –   39    

  9     Kelijman     M    .   Age-related alterations of the growth hormone/insulin-
like-growth-factor I axis  .   J Am Geriatr Soc     1991  ;   39  :   295   –   307    

  10     O ’ Connor     KO   ,    Stevens     TE   ,    Blackman     MR    .   GH and Aging  .   In: Juul A, Jor-
gensen JOL (eds).     Growth Hormone in Adults  .   Cambridge: Cambridge 
University Press     1996  ;  323   –   366    

  11     Pavlov     EP   ,    Harman     SM   ,    Merriam     GR   ,    Gelato     MC   ,    Blackman     MR    . 
  Responses of growth hormone (GH) and somatomedin-C to GH-
releasing hormone in healthy aging men  .   J Clin Endocrinol Metab   
  1986  ;   62  :   595   –   600    

  12     Shibasaki     T   ,    Shizume     K   ,    Nakahara     M   ,    Masuda     A   ,    Jibiki     K   ,    Demura     H       
et al  .   Age-related changes in plasma growth hormone response to 
growth hormone-releasing factor in man  .   J Clin Endocrinol Metab   
  1984  ;   58  :   212   –   214    

  13     Copeland     KC   ,    Colletti     RB   ,    Devlin     JT   ,    MacAuliffe     TL    .   The relationship 
between insulin-like growth factor-I, adiposity, and aging  .   Metabo-
lism     1990  ;   39  :   584   –   587    

  14     Dudl     RJ   ,    Ensinck     JW    .   Insulin and glucagon relationship during aging 
in man  .   Metabolism     1977  ;   26  :   33   –   41    

  15     Fink     RI   ,    Kolterman     OG   ,    Griffi n     J   ,    Olefsky     JM    .   Mechanisms of insulin 
resistance in aging  .   J Clin Invest     1983  ;   71  :   1523   –   1535    

  16     Defronzo     RA    .   Glucose intolerance and aging: evidence for tissue insen-
sitivity to insulin  .   Diabetes     1979  ;   28  :   1095   –   1101    

  17     Dax     EM   ,    Partilla     JS   ,    Pineyro     MA   ,    Gregerman     RI    .   Beta-adrenergic recep-
tors, glucagon receptors, and their relationship to adenylate cyclase 
in rat liver during aging  .   Endocrinology     1987  ;   120  :   1534   –   1541    

  18     Ishikawa     Y   ,    Gee     MV   ,    Baum     BJ   ,    Roth     GS    .   Decreased signal transduction 
in rat parotid cell aggregates during aging is not due to loss of alpha 
1-adrenergic receptors  .   Exp Gerontol     1989  ;   24  :   25   –   36    



Humans, Clinical 205

 Tsitouras PD et al. High  ! -3 Intake Improves Insulin Sensitivity    …    Horm Metab Res  2008 ;    40: 199 – 205  

  19     Roth     GS    .   Age changes in signal transduction and gene expression  . 
  Mech Ageing Dev     1997  ;   98  :   231   –   238    

  20     Roy     D   ,    Kalyanaraman     B   ,    Liehr     JG    .   Xanthine oxidase-catalyzed reduc-
tion of estrogen quinones to semiquinones and hydroquinones  .   Bio-
chem Pharmacol     1991  ;   42  :   1627   –   1631    

    21     Gregerman     RI    .   Mechanisms of age-related alterations of hormone 
secretion and action. An overview of 30 years of progress  .   Exp Ger-
ontol     1986  ;   21  :   345   –   365    

   22     Awad     AB    .   Effect of dietary lipids on composition and glucose utiliza-
tion by rat adipose tissue  .   J Nutr     1981  ;   111  :   34   –   39    

   23     Panek     RL   ,    Dixon     WR   ,    Rutledge     CO    .   Modifi cation of sympathetic neuro-
nal function in the rat tail artery by dietary lipid treatment  .   J Phar-
macol Exp Ther     1985  ;   233  :   578   –   583    

    24     Storlien     LH   ,    Kriketos     AD   ,    Jenkins     AB   ,    Baur     LA   ,    Pan     DA   ,    Tapsell     LC       et al  . 
  Does dietary fat infl uence insulin action?     Ann N Y Acad Sci     1997  ;   827  : 
  287   –   301    

    25     Feskens     EJ   ,    Bowles     CH   ,    Kromhout     D    .   Inverse association between fi sh 
intake and risk of glucose intolerance in normoglycemic elderly men 
and women  .   Diabetes Care     1991  ;   14  :   935   –   941    

    26     Kowatch     MA   ,    Kelly     JF   ,    Denisova     NA   ,    Roth     GS    .   Partial restoration of 
impaired alpha 1-adrenergic responsiveness in parotid cells of aged 
rats by S-adenosylmethionine treatment  .   Mol Cell Biochem     1995  ;   148  : 
  73   –   77    

  27     MacMurchie     EJ   ,    Margetts     BM   ,    Beilin     LJ   ,    Croft     KD   ,    Vandongen     R   ,   
 Armstrong     BK    .   Dietary-induced changes in the fatty acid composition 
of human cheek cell phospholipids: correlation with changes in the 
dietary polyunsaturated/saturated fat ratio  .   Am J Clin Nutr     1984  ;   39  : 
  975   –   980    

  28     Stangl     GI   ,    Kirchgessner     M   ,    Eder     K   ,    Reichlmayr-Lais     AM    .   Effect of dietary 
hyperlipidemic components and fi sh oil on concentration of lipids in 
liver and liver fatty acid profi le of rats  .   Z Ernahrungswiss     1994  ;   33  : 
  195   –   206    

  29     Awad     TB   ,    Chattopadhyay     JP    .   Effect of dietary fats on the lipid compo-
sition and enzyme activities of rat cardiac sarcolemma  .   J Nutr     1983  ; 
  113  :   1878   –   1883    

  30     Block     G   ,    Hartman     AM   ,    Dresser     CM   ,    Carroll     MD   ,    Gannon     J   ,    Gardner     L    .  
 A data-based approach to diet questionnaire design and testing  .   Am 
J Epidemiol     1986  ;   124  :   453   –   469    

  31     Block     G   ,    Coyle     LM   ,    Hartman     AM   ,    Scoppa     SM    .   Revision of dietary analy-
sis software for the Health Habits and History Questionnaire  .   Am J 
Epidemiol     1994  ;   139  :   1190   –   1196    

   32     Daidoh     H   ,    Morita     H   ,    Mune     T   ,    Murayama     M   ,    Hanafusa     J   ,    Ni     H       et al  . 
  Responses of plasma adrenocortical steroids to low dose ACTH in 
normal subjects  .   Clin Endocrinol (Oxf)     1995  ;   43  :   311   –   315    

  33     Crockford     PM   ,    Hazzard     WR   ,    Williams     RH    .   Insulin response to glucagons. 
The opposing effects of diabetes and obesity  .   Diabetes     1969  ;   18  : 
  216   –   224    

  34     Hoff     AO   ,    Vassilopoulou-Sellin     R    .   The role of glucagon administration in 
the diagnosis and treatment of patients with tumor hypoglycemia  . 
  Cancer     1998  ;   82  :   1585   –   1592    

  35     Orme     SM   ,    Price     A   ,    Weetman     AP   ,    Ross     RJ    .   Comparison of the diagnostic 
utility of the simplifi ed and standard I.   m. glucagon stimulation test 
(IMGST)  .   Clin Endocrinol (Oxf)     1998  ;   49  :   773   –   778    

  36     Harman     SM   ,    Tsitouras     PD    .   Reproductive hormones in aging men. I. 
Measurement of sex steroids, basal luteinizing hormone, and Leydig 
cell response to human chorionic gonadotropin  .   J Clin Endocrinol 
Metab     1980  ;   51  :   35   –   40    

  37     Padron     RS   ,    Wischusen     J   ,    Hudson     B   ,    Burger     HG   ,    Kretser     DM de    .   Prolonged 
biphasic response of plasma testosterone to single intramuscular 
injections of human chorionic gonadotropin  .   J Clin Endocrinol Metab   
  1980  ;   50  :   1100   –   1104    

  38     Tzvetkova     P   ,    Tzvetkov     D   ,    Kanchev     L   ,    Yanev     V    .   hCG stimulation test for 
diagnosis of androgen defi ciency  .   Arch Androl     1997  ;   39  :   163   –   171    

   39     Tataranni     PA   ,    Christin     L   ,    Snitker     S   ,    Paolisso     G   ,    Ravussin     E    .   Pima Indian 
males have lower beta-adrenergic sensitivity than Caucasian males  .   J 
Clin Endocrinol Metab     1998  ;   83  :   1260   –   1263    

   40     Pei     D   ,    Jones     CN   ,    Bhargava     R   ,    Chen     YD   ,    Reaven     GM    .   Evaluation of octre-
otide to assess insulin-mediated glucose disposal by the insulin sup-
pression test  .   Diabetologia     1994  ;   37  :   843   –   845    

   41     Ohta     A   ,    Mayo     MC   ,    Kramer     N   ,    Lands     WE    .   Rapid analysis of fatty acids 
in plasma lipids  .   Lipids     1990  ;   25  :   742   –   747    

   42     Awad     AB   ,    Clay     SW    .   Age-dependent alterations in lipids and function 
of rat heart sarcolemma  .   Mech Ageing Dev     1982  ;   19  :   333   –   342    

  43     Yanagawa     K   ,    Takeda     H   ,    Egashira     T   ,    Sakai     K   ,    Takasaki     M   ,    Matsumiya     T    . 
  Age-related changes in alpha-tocopherol dynamics with relation to 
lipid hydroperoxide content and fl uidity of rat erythrocyte membrane  . 
  J Gerontol A Biol Sci Med Sci     1999  ;   54  :   379   –   383    

  44     Ando     K   ,    Beppu     M   ,    Kikugawa     K    .   Evidence for accumulation of lipid 
hydroperoxides during the aging of human red blood cells in the cir-
culation  .   Biol Pharm Bull     1995  ;   18  :   659   –   663    

  45     Hashimoto     M   ,    Hossain     S   ,    Masumura     S    .   Effect of aging on plasma mem-
brane fl uidity of rat aortic endothelial cells  .   Exp Gerontol     1999  ;   34  : 
  687   –   698    

  46     Hossain     MS   ,    Hashimoto     M   ,    Gamoh     S   ,    Masumura     S    .   Association of age-
related decrease in platelet membrane fl uidity with platelet lipid 
peroxide  .   Life Sci     1999  ;   64  :   135   –   143    

  47     Mills     DE   ,    Galey     WR   ,    Dixon     H    .   Effects of dietary fatty-acid supplemen-
tation on fatty-acid composition and deformability of young and old 
erythrocytes  .   Biochim Biophys Acta     1993  ;   1149  :   313   –   318    

   48     Dax     EM   ,    Partilla     JS   ,    Pineyro     MA   ,    Gregerman     RI    .   Altered glucagon- and 
catecholamine hormone-sensitive adenylyl cyclase responsiveness in 
rat liver membranes induced by manipulation of dietary fatty acid 
intake  .   Endocrinology     1990  ;   127  :   2236   –   2240    

  49     Stefan     N   ,    Wahl     HG   ,    Fritsche     A   ,    Haring     H   ,    Stumvoll     M    .   Effect of the pat-
tern of elevated free fatty acids on insulin sensitivity and insulin 
secretion in healthy humans  .   Horm Metab Res     2001  ;   33  :   432   –   438    

  50     Clore     JN   ,    Stillman     JS   ,    Li     J   ,    O ’ Keefe     SJ   ,    Levy     JR    .   Differential effect of satu-
rated and polyunsaturated fatty acids on hepatic glucose metabolism 
in humans  .   Am J Physiol Endocrinol Metab     2004  ;   287  :   E358   –   E365    

  51     Neschen     S   ,    Moore     I   ,    Regittnig     W   ,    Yu     CL   ,    Wang     Y   ,    Pypaert     M       et al  .   Con-
trasting effects of fi sh oil and saffl ower oil on hepatic peroxisomal 
and tissue lipid content  .   Am J Physiol Endocrinol Metab     2002  ;   282  : 
  E395   –   E401    

  52     Jucker     BM   ,    Cline     GW   ,    Barucci     N   ,    Shulman     GI    .   Differential effects of 
saffl ower oil versus fi sh oil feeding on insulin-stimulated glycogen 
synthesis, glycolysis, and pyruvate dehydrogenase fl ux in skeletal 
muscle: a 13C nuclear magnetic resonance study  .   Diabetes     1999  ;   48  : 
  134   –   140    

   53     Giron     MD   ,    Salto     R   ,    Hortelano     P   ,    Periago     JL   ,    Vargas     AM   ,    Suarez     MD    . 
  Increased diaphragm expression of GLUT4 in control and streptozo-
tocin-diabetic rats by fi sh oil-supplemented diets  .   Lipids     1999  ;   34  : 
  801   –   807    

   54     Sohal     PS   ,    Baracos     VE   ,    Clandinin     MT    .   Dietary omega 3 fatty acid alters 
prostaglandin synthesis, glucose transport and protein turnover in 
skeletal muscle of healthy and diabetic rats  .   Biochem J     1992  ;   286     (Pt 
2)  :   405   –   411    

  55     MacManus     RM   ,    Jumpson     J   ,    Finegood     DT   ,    Clandinin     MT   ,    Ryan     EA    .   A com-
parison of the effects of n-3 fatty acids from linseed oil and fi sh oil 
in well-controlled type II diabetes  .   Diabetes Care     1996  ;   19  :   463   –   467    

  56     Annuzzi     G   ,    Rivellese     A   ,    Capaldo     B   ,    Di Marino     L   ,    Iovine     C   ,    Marotta     G     
  et al  .   A controlled study on the effects of n-3 fatty acids on lipid and 
glucose metabolism in non-insulin-dependent diabetic patients  . 
  Atherosclerosis     1991  ;   87  :   65   –   73    

  57     Boberg     M   ,    Pollare     T   ,    Siegbahn     A   ,    Vessby     B    .   Supplementation with n-3 
fatty acids reduces triglycerides but increases PAI-1 in non-insulin-
dependent diabetes mellitus  .   Eur J Clin Invest     1992  ;   22  :   645   –   650    

  58     Rivellese     AA   ,    Maffettone     A   ,    Iovine     C   ,    Di Marino     L   ,    Annuzzi     G   ,    Mancini     M     
  et al  .   Long-term effects of fi sh oil on insulin resistance and plasma 
lipoproteins in NIDDM patients with hypertriglyceridemia  .   Diabetes 
Care     1996  ;   19  :   1207   –   1213    

  59     Luo     J   ,    Rizkalla     SW   ,    Vidal     H   ,    Oppert     JM   ,    Colas     C   ,    Boussairi     A       et al  .   Moderate 
intake of n-3 fatty acids for 2 months has no detrimental effect on glu-
cose metabolism and could ameliorate the lipid profi le in type 2 diabetic 
men. Results of a controlled study  .   Diabetes Care     1998  ;   21  :   717   –   724    

  60     Geusens     P   ,    Wouters     C   ,    Nijs     J   ,    Jiang     Y   ,    Dequeker     J    .   Long-term effect of omega-
3 fatty acid supplementation in active rheumatoid arthritis. A 12-month, 
double-blind, controlled study  .   Arthritis Rheum     1994  ;   37  :   824   –   829    

  61     Kremer     JM   ,    Lawrence     DA   ,    Petrillo     GF   ,    Litts     LL   ,    Mullaly     PM   ,    Rynes     RI       
et al  .   Effects of high-dose fi sh oil on rheumatoid arthritis after stop-
ping nonsteroidal antiinfl ammatory drugs. Clinical and immune 
 correlates  .   Arthritis Rheum     1995  ;   38  :   1107   –   1114    

  62     Endres     S   ,    Lorenz     R   ,    Loeschke     K    .   Lipid treatment of infl ammatory bowel 
disease  .   Curr Opin Clin Nutr Metab Care     1999  ;   2  :   117   –   120    

  63     Trichopoulou     A   ,    Bamia     C   ,    Trichopoulos     D    .   Mediterranean diet and 
 survival among patients with coronary heart disease in Greece  .   Arch 
Intern Med     2005  ;   165  :   929   –   935    

  64     Trichopoulou     A   ,    Orfanos     P   ,    Norat     T   ,    Bueno-de-Mesquita     B   ,    Ocke     MC   , 
   Peeters     PH       et al  .   Modifi ed Mediterranean diet and survival: EPIC-eld-
erly prospective cohort study  .   BMJ     2005  ;   330  :   991    

  65     Knoops     KT   ,    Groot     LC de   ,    Kromhout     D   ,    Perrin     AE   ,    Moreiras-Varela     O   , 
   Menotti     A       et al  .   Mediterranean diet, lifestyle factors, and 10-year mor-
tality in elderly European men and women: the HALE project  .   JAMA   
  2004  ;   292  :   1433   –   1439                


