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Abstract

Objectives: The present study, registered at
clinicaltrials.gov with the unique registration
number NCT00560014, sought to evaluate the
relations between fatty acid concentrations in red
blood cells or plasma and amino acid concentrations
in plasma on rejection, calcineurin inhibitor toxicity,
and new-onset diabetes mellitus.

Materials and Methods: Lipid profiles on plasma or
red blood cell samples were performed pre-
operatively and postoperatively in 54 patients.
Plasma amino acid profiles were obtained in 49 of
these patients.

Results: High concentrations of total w-3 fatty acids,
eicosapentaenoic and docosahexaenoic acids in red
blood cells, and ornithine in plasma, all were
associated with a significantly lower incidence of
rejection, whereas high total w-6 fatty acids were
associated with a high rejection rate. Calcineurin
inhibitor toxicity was associated with low levels of
docosahexaenoic acid, ornithine, and the w-3 index,
and high total w-6 and w-3/w-6 ratios. Inhibition of
new-onset diabetes mellitus was seen only with high
levels of ornithine. Peak concentrations of fatty acids
in red blood cells were not obtained until after 30
days. High levels of arginine were not associated with
reduced complications.
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Conclusions: The levels of selected nutrients in
plasma and red blood cell membranes appear to
have a profound effect on complications after renal
transplant. These preliminary results need
confirmation in prospective randomized clinical
trials.
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acids, Calcineurin inhibitor toxicity, New-onset diabetes
mellitus

Previous animal studies have shown that dietary
supplementation with arginine and lipids containing
-3 and w-9 fatty acids would independently prolong
allograft survival in animals receiving a short course
of low-dose chemical immunosuppression (1-4). As a
result of those studies, we conducted a prospective
randomized clinical trial in patients receiving
standard immunosuppression, dividing them
randomly into 2 groups: 1 that did not receive dietary
supplementation and 1 that received arginine 4.5 g
and canola oil (containing both -3 and w-9 fatty
acids) 15 mL twice daily (5). We then followed those
patients for a minimum of 3 years. On follow-up,
patients given supplementation had fewer post-30-
day rejection episodes when compared with controls
who did not receive supplementation (5.4% vs 23.7%;
P = .01) and fewer post-30-day episodes of
calcineurin inhibitor drug toxicities (9.2% vs 35.3%;
P =.003). At 3-year follow-up, supplemented patients
also had fewer instances of new-onset diabetes
mellitus (2.3% vs 14.5%; P = .04), fewer episodes of
bacteremia (6.5% vs 18.7%; P = .05), and fewer
cardiac events (5.0% vs 17.1%; P = .05).

A subsequent study was conducted in which
dietary supplementation with arginine and canola oil
was given to renal transplant patients treated with
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sirolimus, antithymocyte globulin induction, a short
course of cyclosporine, and mycophenolate mofetil
(which was discontinued after 2 years) (6). Steroids
were completely avoided. Patients were followed
from 1 to 3 years (in different subgroups). Thirty-one
of 54 patients (57%) with a functioning kidney at 3
years were receiving only monotherapy with
rapamycin (plus the dietary supplements), and no
kidney was lost to rejection. In a concurrent subgroup,
canola oil was replaced with Coromega (ERBL Inc.,
Carlsbad, CA, USA), a fish oil preparation that has
high concentrations of eicosapentaenoic acid and
docosahexaenoic acid, 4 to 5 packets daily (290-350 mg
of eicosapentaenoic acid and 190-230 mg
docosahexaenoic acid/packet). The dosage was
modified in some patients based on weight, and
patients weighing 80 kg or more received 5 packets
daily. None of the 13 patients receiving Coromega in
the steroid-free protocol developed a rejection episode
during the first year.

The current analysis determined the effects of
dietary supplementation with Coromega or canola oil
on plasma and red blood cell fatty acid profiles in total
lipid fatty acids. We also sought to determine amino
acid profiles in patients supplemented with arginine.
The relations of nutrient concentrations with
complications were then determined.

Materials and Methods

Fifty-four patients had 2 or more postoperative
measurements (obtained between 30 and 365 days) of
plasma and red blood cell fatty acid profiles. Patients
received Coromega (4-5 packets daily) plus arginine
(9 g/d), canola oil (30 mL/d) plus arginine (9 g/d), or
no supplementation (see Tables and Figures for
numbers of patients and samples). These samples were
obtained sporadically after an overnight fast, and
analyses were done with the researchers blinded to the
treatment groups. The studies were approved by the
institutional review boards of the respective
institutions, and all HIPPA regulations were followed.
The study protocol conforms with the ethical
guidelines of the 1975 Helsinki Declaration. All
measurements of lipid profiles were done at the
Kennedy Kreiger Institute (Baltimore, MD, USA),
using previously published methods (7). Plasma
samples obtained after November 1, 2002, were
measured using gas chromatography mass
spectroscopy (8), which gave identical results. The

analytic method for the red blood cell fatty acids did
not change. Plasma amino acid profiles were obtained
between 30 and 365 days after the transplant in 49 of
the patients using a Beckman 6300 amino acid analyzer
(Beckman Instruments Inc, Fullerton, CA, USA) using
the method of Lee and Slocum (9).

The percentage of change in the fatty acid
measurements from baseline for the Coromega and
canola oil groups was analyzed in mixed 1-factor
analysis of variance models, in which the patient was
treated as a random effect. The intervals of the
postoperative day when measures were made
comprised the factor levels that were compared. Fatty
acid levels in plasma and red blood cells were
compared among  supplementation  groups
(Coromega, canola oil, and controls) in mixed 2-factor
analysis of variance models including the treatment
group and postoperative day interval as factors and
the patient as a random effect. Incidences of rejection,
calcineurin inhibitor toxicity, and new-onset diabetes
mellitus were determined for different levels of -3
and -6 fatty acids, eicosapentaenoic acid,
docosahexaenoic acid, arginine, and ornithine and
analyzed by the Cochran-Armitage test for trend.

Rejection episodes and calcineurin inhibitor toxicity
were based on biopsy results. The diagnosis of new-
onset diabetes mellitus was defined as the added need
for treatment of diabetes with medications for 30 days
or more. Values for P less than .05 were considered
statistically significant. All analyses were performed
using the Statistical Analysis System version 9.1 (SAS
Institute Inc, Cary, NC, USA) MIXED and FREQ
procedures.

Results

Comparing normal adult controls (from the Baltimore
area) with our dialysis patients (in Cincinnati) before
transplant, only minor differences were noted in total
lipid fatty acids in plasma and red blood cells, with the
exception that dialysis patients had higher total lipid
fatty acid levels in plasma but lower levels of total lipid
fatty acids in red blood cells (data not shown). The total
lipid fatty acid levels in red blood cells in the 3 groups
were similar when preoperative levels were compared
with levels during follow-up (Table 1).

Pretransplant and posttransplant levels are shown
in Figure 1 for alpha-linolenic acid, oleic acid,
eicosapentaenoic acid, docosahexaenoic acid, and total
-3 and total w-6 fatty acids in red blood cells. Maximal
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changes in total -3, total w-6, and docosahexaenoic much smaller than those in eicosapentaenoic acid and
acid did not occur until after postoperative day 30. docosahexaenoic acid. The patterns of change in
Changes in alpha-linolenic acid and oleic acid were plasma were generally similar, with the exception that

Table 1. TLFA in RCB (mcg/mL/packed RBC).
RBC mean + SD (No. of samples)
Pre-op POD 1-30 POD 31-90 POD 91+
Control 1516.6 + 67.2 (10) 1597.9 +133.0(9) 1594.1 +69.4(10) 1511.7 £ 114.2 (13)
Canola oil 1567.0 + 174.5 (27) 1639.9 + 122.5(23) 1577.6 £ 193.7 (16) 1531.4+181.0(17)
Coromega  1593.9 +73.2 (11) 1633.5+98.0(7) 1566.1+109.5(7) 1552.9 + 161.8 (8)

Abbreviations: POD, postoperative day; Pre-op, preoperative.
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Figure 1. Concentration of selected fatty acids in the red blood cells of patients receiving Coromega, canola oil, or no lipid supplementation. Numbers

of samples are shown for each time point.
Abbreviations: POD, postoperative day; Pre-op, preoperative.
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Coromega Patients and Selected Fatty Acids

Figure 2a. Coromega patients and total w3 (RBC)
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Figure 2b. Coromega patients and 20:5w3 - EPA (RBC)
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Figure 2. Selected fatty acid concentrations in the patients receiving Coromega.

-6 fatty acid levels dropped considerably more in the
red blood cells of Coromega-treated patients than they
did in plasma (data not shown). The mean
pretransplant level of ornithine was 119 + 43 nmol /mL.
For days 1 through 30, the mean level was 140.7 + 43.7
nmol/mL; for days 31 through 90, it was 191.4 + 72.6
nmol/mL; and for more than 90 days, it was 149.4 +
72.6 nmol /mL.

Eleven patients from the Coromega group had
preoperative and 1 or more postoperative specimens
analyzed for red blood cell fatty acids (Figures 2a-d).
The greatest change from baseline was for
eicosapentaenoic acid with 4 of 8 patients with blood
samples greater than 90 days having a greater-than-
300% rise in the level of eicosapentaenoic acid. It is
noteworthy that maximum changes in eicosa-
pentaenoic acid, docosahexaenoic acid, total w-3 and
-6 fatty acids, and ornithine were not achieved until
31 or more days after transplant. As the w-3 fatty acid
levels increased (Figure 2a), total w-6 fatty acid levels
decreased (Figure 2d).

An -3 index (total -3 as a percentage of total lipid
fatty acids) was calculated using an average of the
samples for each patient during the time between 30
and 365 days. The relation of the w-3 index to rejection
(from 30-365 days) is shown in Figure 3a. No episodes
of rejection occurred in the 37 patients with more than
6% w-3/total lipid fatty acids compared with an 18.5%

rejection rate when the -3 index was lower than 6%.
There also was a strong correlation between the levels
of eicosapentaenoic acid and docosahexaenoic acid
and freedom from rejection (Figure 3b, 3c). Conversely,
no rejections occurred when the mean total -6 fatty
acid level was under 485 g/ mL compared with 20%
when it was higher than this value (Figure 3d). Not
surprisingly, the ratio of the ©-3 and w-6 fatty acids was
also closely associated with the incidence of rejection
(Figure 3e).

The relations between concentrations of the
nutrients and calcineurin inhibitor toxicity are shown
in Figure 4. Higher total w-6 fatty acid concentrations
were associated with increased rejection, whereas the
-3 index and docosahexaenoic acid concentrations
were associated with protection against toxicity.

Rejection and Selected Fatty Acids

Figure 3a. Rejection and w3 index
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Figure 3b. Rejection and EPA
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Figure 3c. Rejection and DHA
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Figure 3e. Rejection and w3/wé ratio
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Figure 3. Relation between rejection, -3 index, eicosapentaenoic acid, docosahexaenoic acid, total w-6, and w-3/w-6 ratio. Numbers of patients are in

parentheses.

CNI Toxicity and Selected Fatty Acids

Figure 4a. CNI toxicity and w3 index
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Figure 4. Relations of -3 index, eicosapentaenoic acid, docosahexaenoic acid, and total w-6 on calcineurin inhibitor toxicity. Numbers of patients are in

parentheses.
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New-onset diabetes mellitus is an important
complication after solid organ transplant. While there
was a trend for w-3 fatty acids to protect against the
incidence of new-onset diabetes mellitus, and for w-6
fatty acids to promote new-onset diabetes mellitus, this
was not statistically significant (Figure 5).

New Onset Diabetes and Selected Fatty Acids
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Figure 5. New onset diabetes and levels of selected fatty acids. Numbers
of patients are in parentheses.

In contrast to what was anticipated, arginine levels
were not protective for rejection but ornithine levels
were (Figure 6). Similarly, ornithine was associated with
low calcineurin inhibitor toxicity whereas arginine was
not (Figure 7). Ornithine also was associated with a
decreased incidence of new-onset diabetes mellitus
(Figure 8). None of the levels of other amino acids,
including citrulline and glutamine, was associated with
a reduced incidence of rejection, calcineurin inhibitor
toxicity, or new-onset diabetes mellitus.

It is of concern that risk factors might not be
evenly distributed among patients with high and low
levels of the -3 index, eicosapentaenoic acid,

Rejection and Selected Amino Acids
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Figure 6. Relation between arginine and ornithine levels in rejection.
Numbers of patients are in parentheses.

CNI Toxicity and Selected Amino Acids
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docosahexaenoic acid, total -6 fatty acids, ©-3/w-6
ratios, and ornithine. The data shown in Table 2

Exp Clin Transplant

demonstrate that the risk factors may have been
slightly greater in the patients who had higher levels

New-onset Diabetes and Selected Amino Acids
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Figure 8. Relation between arginine and ornithine levels on new-onset diabetes mellitus. Numbers of patients are in parentheses.

Table 2. Demographics and immunosupression in subgroups of patients with good or bad outcome related to w3 index, EPA, DHA, total w6, w3/ w6 ratio

and ORN.

w3 Index <6 >6 EPA <6 pg/mL >6 pg/mL
Total patients in group 27 27 Total patients in group 31 23
Average age 42.2 50 Average age 43.6 49.5

Sex (M/F)

Race (W/AA)

Center (1/2/3)

TXP type (LRD/LUD/DD)
Group (control/CO/Coro)
Thymo

Daclizumab

RAPA

CsA

FK

MMF

Pred

DHA

Total patients in group
Average age

Sex (M/F)

Race (W/AA)

Center (1/2/3)

TXP type (LRD/LUD/DD)
Group (control/CO/Coro)
Thymo

Daclizumab

RAPA

CsA

FK

MMF

Pred

w3/w6 ratio

Total patients in group
Average age

Sex (M/F)

Race (W/AA)

Center (1/2/3)

TXP type (LRD/LUD/DD)
Group (control/CO/Coro)
Thymo

Daclizumab

RAPA

CsA

FK

MMF

Pred

18/9 (66.7/33.3)
25/2 (92.6/7.4)
21/2/4 (77.8/7.4/14.8)
16/7/4 (59.3/25.9/14.8)
10/16/1 (37.0/59.3/3.7)
23(85.2)
3(11.1)

20 (74.1)

18 (66.7)
8(29.6)

26 (96.3)
8(29.6)

<55 ug/mL
26
415
17/9 (65.4/34.6)
25/1(96.2/3.8)
21/2/3(80.8/7.7/11.5)
16/7/3 (61.5/26.9/11.5)
8/17/1(30.8/65.4/3.8)
23 (88.5)
2(7.7)
20 (76.9)
17 (65.4)
7 (26.9)
25(92.3)
7 (26.9)

<0.19
27
416
17/10 (63.0/37.0)
25/2 (92.6/7.4)
20/2/5 (74.1/7.4/18.5)
16/7/4 (59.3/25.9/14.8)
10/15/2 (37.0/55.6/7.4)
22(81.5)
4(14.8)
19 (70.4)
17 (63.0)
9(333)
26 (96.3)
9(33.3)

19/8 (70.4/29.6)
22/5 (81.5/18.5)
20/5/2 (74.1/18.5/7.4)
17/4/6 (63.0/14.8/22.2)
6/11/10 (22.2/40.7/37.0)
22 (81.5)
6(22.2)

19 (70.4)

19 (70.4)
8(29.6)

27 (100.0)
9(33.3)

> 55 pg/mL
28
50.4
20/8 (71.4/28.6)
22/6(78.6/21.4)
20/5/3(71.4/17.9/10.7)
17/4/7 (60.7/14.3/25.0)
8/10/10 (28.6/35.7/35.7)
22 (78.6)
7 (25.0)
19 (67.9)
20(71.4)
9(32.1)
28(100.0)
10 (35.7)

>0.19
27
50.6
20/7 (74.1/25.9)
22/5 (81.5/18.5)
21/5/1(77.8/18.5/3.7)
17/4/6 (63.0/14.8/22.2)
6/12/9 (22.2/44.4/33.3)
23(85.2)
5(18.5)
20 (74.1)
20 (74.1)
7(25.9)
27 (100.0)
8(29.6)

Sex (M/F)

Race (W/AA)

Center (1/2/3)

TXP type (LRD/LUD/DD)
Group (control/CO/Coro)
Thymo

Daclizumab

RAPA

CsA

FK

MMF

Pred

Total w6

Total patients in group
Average age

Sex (M/F)

Race (W/AA)

Center (1/2/3)

TXP type (LRD/LUD/DD)
Group (control/CO/Coro)
Thymo

Daclizumab

RAPA

CsA

FK

MMF

Pred

Ornithine

Total patients in group
Average age

Sex (M/F)

Race (W/AA)

Center (1/2/3)

TXP type (LRD/LUD/DD)
Group (control/CO/Coro)
Thymo

Daclizumab

RAPA

CsA

FK

MMF

Pred

21/10 (67.7/32.3)
28/3(90.3/9.7)
24/2/5 (77.4/6.5/16.1)
19/6/6 (61.3/19.4/19.4)
10/20/1 (32.3/64.5/3.2)
26 (83.9)
4(12.9)

24 (77.4)

20 (64.5)
9(29.0)

30 (96.8)

10 (32.3)

<485 ng/mL
29
46.8
22/7 (75.9/24.1)
27/2(93.1/6.9)
25/3/1(86.2/10.3/3.4)
17/7/5 (58.6/24.1/17.2)
6/15/8 (20.7/51.7/27.6)
26 (89.7)
2(6.9)
26 (89.7)
23(79.3)
4(13.8)
28 (96.6)
4(13.8)

<166 mmol/mL
33
44.7
22/11 (66.7/33.3)
30/3 (90.9/9.1)
26/5/2 (78.8/15.2/6.1)
23/5/5 (69.7/15.2/15.2)
14/15/4 (42.4/45.5/12.1)
29 (87.9)
6(18.2)
23(69.7)
23(69.7)
9(27.3)
33(100.0)
11(33.3)

16/7 (69.6/30.4)
19/4 (82.6/17.4)
17/5/1(73.9/21.7/4.3)
14/5/4 (60.9/21.7/17.4)
6/7/10 (26.1/30.4/43.5)
19 (82.6)
5(21.7)

15 (65.2)

17 (73.9)
7(30.4)

23 (100.0)
7(30.4)

> 485 ug/mL
25
453
15/10 (60.0/40.0)
20/5 (80.0/20.0)
16/4/5 (64.0/16.0/20.0)
16/4/5 (64.0/16.0/20.0)
10/12/3 (40.0/48.0/12.0)
19 (76.0)
7 (28.0)
13(52.0)
14 (56.0)
12 (48.0)
25(100.0)
13 (52.0)

> 166 mmol/mL
16
49.6
12/4 (75.0/25.0)
14/2 (87.5/12.5)
15/1/0 (93.8/6.3/0.0)
7/6/3 (43.8/37.5/18.8)
1/10/5 (6.3/62.5/31.3)
15 (93.8)
1(6.3)
15 (93.8)
14(87.5)
2(12.5)
16 (100.0)
1(6.3)

Number of patients (% of group) are provided in each column.
Abbreviations: AA, African American; CO, canola oil; Coro, coromega; CsA, cyclosporin; DD, deceased donor; F, female; FK, tacrolimus; LRD,
living-related donor; LUD, living-unrelated donor; M, male; MMF, mycophenolate mofetil; pred, prednisone; RAPA, sirolimus; Thymo,
thymoglobulin; W, white
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of eicosapentaenoic acid, docosahexaenoic acid, w-3
index, and ornithine.

Discussion

To the best of our knowledge, this is the first
demonstration that a single or group of fatty acid
concentrations in cell membranes is associated with
a reduction in the number of complications in
transplant patients. However, it is now well
established that dietary intake of ®-3 polyun-
saturated fatty acids reduces the risk of coronary
heart disease in the general population. In a recent
meta-analysis, Bucher and associates (10) reported a
risk ratio for fatal and nonfatal myocardial infarction,
sudden death, and overall mortality of 0.7 to 0.8 in
patients supplemented with omega-3 fatty acids.
Recent studies also have shown that the w-3 level in
whole blood is a strong predictor of death from
cardiac causes (11). The relative risk of death was 0.19
comparing the lowest versus the highest quartile.
Harris and von Schacky (12) defined the -3 index as
the percentage of eicosapentaenoic acid plus
docosahexaenoic acid in the fatty acids of red blood
cell membranes. An w-3 index of 8% or more was
associated with the greatest protection, whereas the
least protection was found in the lowest -3 index
quartile. The effect of the w-3 index (defined in our
paper as the percentage of w-3 fatty acids in total
lipid fatty acids) and the w-6 index on rejection and
calcineurin inhibitor toxicity is striking and
consistent with the cardioprotective effects,
suggesting that the balance w-3 and w-6 fatty acids
may play a significant role in patient and transplant
survival. The potential mechanisms involved are
complex but clearly involve down-regulation of
inflammatory and immunologic responses by w-3
fatty acids (13).

Lim and associates (14) reviewed the Cochrane
Central Register for articles related to fish oil for
kidney transplant recipients and concluded that an
analysis of 16 studies failed to show any significant
effect on patient or graft survival, or rates of acute
rejection or calcineurin inhibitor toxicity. This
analysis is in contrast to ours, but this could be for
several reasons. The studies reviewed by Lim and
associates (14) may not have had sufficient
concentrations of eicosapentaenoic acid and
docosahexaenoic acid in the fish oil to achieve the
desired effect, and the supplements may not have

been given for a long enough time. Perhaps of equal
or greater importance, neither arginine nor ornithine
was given to the patients receiving fish oil, and there
was no analysis of plasma or red blood cell
concentrations of individual fatty acids on rejection
rates, calcineurin inhibitor toxicity, or instances of
new-onset diabetes mellitus.

It is interesting that in our study, plasma levels of
ornithine but not arginine were significantly
associated with freedom from rejection, calcineurin
inhibitor toxicity, and incidences of new-onset
diabetes mellitus. Ornithine is derived directly from
arginine and is further metabolized by ornithine
decarboxylase to the polyamines, which are
important for cellular growth, protein synthesis,
apoptosis, and regulation of the immune response
(15, 16). How either ornithine or polyamines could
relate to prevention of rejection is unknown.
However, ornithine causes maturation of M,-type
macrophages and a shift toward TH)-type immune
responses (17). Because in our studies there was
supplementation with both the w-3 fatty acids and
arginine (the precursor of ornithine), it was not
possible to determine whether there is a causal
relation between the 0-3 and w-6 fatty acids in red
blood cells and plasma ornithine. It is possible that
the 2 have synergistic effects that could not be
detected.

At any rate, it is clear that there are significant
links between concentrations of w-3 fatty acids in red
blood cells and /or the concentration of ornithine in
the plasma on the development of complications in
renal transplant patients. From our studies, it is likely
that long-term survival also will be improved by
reducing the incidence of cardiovascular
complications; however, this is by no means proved.
Possible immunologic mechanisms include reduced
inflammatory responses and shifts to Th,-type
immune responses (13).

Unfortunately, we did not draw samples at all of
the desired intervals. However, sufficient material
was available to show that concentrations of fatty
acids incorporated in cellular (red blood cell)
membranes are directly linked to the reduced
incidence of selected complications, such as rejection,
in patients with kidney transplants. We conclude that
immuno-nutrient therapy appears to be an effective,
nontoxic, and inexpensive adjunct to immuno-
suppression for preventing complications after
kidney transplant.
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The relations between concentrations of -3 and
w-6 fatty acids in red blood cell membranes and
plasma ornithine on reducing complications after
kidney transplant in humans receiving immuno-
suppression requires further study using blinded
controlled clinical trials.
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