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Abstract

In this study we investigated the role of a mixture of n—6/n—3 essential fatty acids, in the cyclosporine model nephrotoxicity.

Administration of cyclosporine in rats decreased creatinine clearance and provoked body weight loss, but it did not induce proteinuria
and did not alter the urine volume. These changes were associated with decreased urinary ratios of prostaglandin E/thromboxane B and
prostaglandin I/thromboxane B excretions. Light microscopic sections showed that 100% of the animals were affected by histological

tubular lesions on their kidneys.

Administration of cyclosporine to animals fed for 3 months on standard chow containing a mixture of n - 6/n - 3 essential fatty acids,
restored creatinine clearance, augmented urine volume and prevented body weight loss. The improvement of renal function was accom-
panied by increased urinary ratios of prostaglandin E/thromboxane B and prostaglandin I/thromboxane B excretions. Light microscopic
sections showed that only 40% of the animals demonstrated histological tubular lesions, of minor importance, to their kidneys.

Our results suggest that the metabolites of arachidonic acid can play important role in the development of cyclosporine-nephrotoxicity
because they increase the levels of thromboxane A and that the enchanced synthesis of prostaglandins (E) and (1) induced by a mixture of
n - 6/n - 3 essential fatty acids, could play a beneficia role in the prevention of this rena dysfunction. © 2003 Elsevier Inc. All rights

reserved.
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1. Introduction

Cyclosporine (CsA) is an immunosuppressive drug
which is successfully used to prevent rejection in organ
transplantation and to treat some autoimmune diseases.
However, CsA induces renal side effects, as shown by a
decrease in glomerular filtration rate and ultrafiltration co-
efficient regulated by the tone of messagial cells[1,2]. CsA
can also affect many other organ systems, such as the liver,
the angiovascular system, the central nervous system, bone,
muscle and skin [2,3]. A hemolytic uramic syndrome has
also been observed [4]. The CsA nephrotoxicity is dose and
time dependent with morphologic targets and changes re-
versible or irreversible [5-7]. Morphological changes to the
kidney occur in addition to functional toxicity. Tubular

* Corresponding author. Tel.: +326410-39503; fax: +326410-33716.
E-mail address: gtsipas@cc.uoi.gr (G. Tsipas).

0955-2863/03/$ — see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0955-2863(03)00102-5

changes consist of vacuolization, megamitochondria and
micro-calcification, which are reversible [5]. Arteriolar
changes may progress into foca interstitial fibrosis and
nephron loss [5,8]. CsA causes intense vasoconstriction in
the renal vascular bed. The factors that have been incrimi-
nated include increased activity in the renin angiotensin
system [9], increased responsiveness to neurohumoral stim-
uli [10], increased production of thromboxane (TXB,)
[11,12], serotonin (5-HT) [13] and endothelins (ETS)
[14,15] and decreased production of prostacyclin (PGl,) and
prostaglandin E, (PGE,) [12,14,15].

In previous studies it has been observed that agents such
as glycerol, mercuric chloride, gentamicin, noradrelalin and
others, induced acute renal failure associated with highly
increased urinary TXB,, and slightly enhanced urinary PGE,
and 6-keto-PGF,, excretions [16-20] and that : (A) the use
of TXA-synthetase inhibitors, imidazole or OKY-046 or
CSS12970[17-21] or (B) infusion of PGE,, PGE, and PGl,
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Table 1

Summary of animal treatments

Group Olive ail CsA n-6/n-3
1.8 ml/Kg 37.4uM(1.8 ml)/Kg

1NR + - -

2CsA - + -

3 CsA + n-6/n-3 - + +

NR: normal rats. CsA: CsA treated rats. CsA + n-6/n-3: animals were
fed on standard chow containing a mixture of n-6/ n-3 essential fatty acids
in form (10 ml EPO and 100 ml FO ) / Kg for 3 months prior to and during
the experiment. CsA: dissolved in olive oil. +: one per day, for seven (7)
days.

[22-24] and (C) the use of evening primrose oil or fish oil
[25], partidly prevented the development of this syndrome.
Since, it has been observed that CsA—induced nephrotoxic-
ity is aso associated with enhanced urinary TXB,
[11,12,15,26], and even with diminished urinary PGE, and
6-keto-PGF,, excretions [12,14,15,27].

In this study we investigated whether the use of sub-
stances augmenting prostaglandins (PGs) and diminishing
thromboxane (TXA) production could also prevent the
nephrotoxicity induced by this agent. Our results suggest
that a mixture of n - 6/n - 3 essential fatty acids—precursor
substances of PGs and TXs of series 1 and 3 respectively-
could improve renal dysfunction induced by CsA.

2. Materials and methods

The study was performed on 30 female Wistar rats
weighing 180 = 10 g (= SEM). They were randomly
allocated into three groups, each containing ten animals.
The temperature of the room in which the animals were
housed, was maintained between 22 to 25°C and the hu-
midity at 35 to 40%. For convenience, lighting was con-
trolled allowing 12 h of light. Tap water, standard rat chow
or standard chow containing a mixture of n - 6/n - 3
essential fatty acids (EFAS) were available ad libidum until
the last day of the experiment.

2.1. Animals and their treatment

The first and second group of animas were fed on
standard rat chow (SC). The animals of the third group for
3 months prior to the experiment and throughout the experi-
ment itself were fed on SC containing (10 ml EPO and 100
ml FO)/Kg. EPO (Evening Primrose Oil) contained 72%
cislinoleic acid (cLA) and 9% gammalinolenic acid
(GLA). FO (Fish Qil) contained 5.6% eicosapentaenoic acid
(EPA), 2% adinolenic acid (ALA) and 1.9% linoleic acid
(LA). Table 1 summarizes the treatment of the animals of
each group.

The animals of the 2nd and 3rd group were injected
intraperitoneally with CsA, 37.4 uM (1.8 ml)/Kg per day,

for 7 days. The first group received 1.8 ml/Kg olive ail, the
solvent of CsA. On the seventh day of the experiment 24h
urine was collected using individual metabolic cages. At the
end of the experiment the animals were anesthetized with
pentothal (sodium thiopental), 3 ml of blood was withdrawn
through a femora artery, and the kidneys were taken for
light microscopic sections. Cyclosporine, sandimmun san-
doz, concentrated (50 mg/ml) injectable was provided from
Sandoz, Basel, Switzerland. Evening primrose oil and Fish
oil were kindly supplied by Scotia Pharmaceuticals, Guil-
dord, UK.

2.2. Parameters measured

Urine and plasma creatinine concentration were deter-
mined by amethod using Fuller’s earth in order to eliminate
chromogenes [17,18]. Creatinine clearance (Ccr) was cal-
culated by the formula Cer = (V x Ucr)/Per. (V = urine
volume ml/Kg/min, Ucr and Pcr = urinary and plasma
creatinine concentration). Since we have observed a close
correlation between Ccr, inulin clearance, cyanocobalamin
clearance and 1'**-sodium iothalamate clearance, Ccr was
utilized to determine the glomerular filtration rate (GFR)
[18].

Urinary protein concentration was determined by the
method of Goodwin [23]. Proteinuria (PU) was calculated
by the formula PU (mg/24h) = UP (mg/ml) x V (ml/24h).
(UP = urinary protein concentration, V = 24h urine vol-
ume).

Urinary TXB,, 6-keto-PGF,, (the stable metabolites of
TXA, and PGI,, respectively) and PGE, were determined
by aradioimmunoassay (RIA) method in our laboratory [17,
18]. Tritium-abeled TXB, (105 Ci/mmol), 6-keto-PGF,,
(157 Ci/mmoal) and PGE, (169.5 Ci/mmol) were obtained
by New England Nuclear, Boston, MA, USA. Standards
PGs, by Cayman Chemical, Denver, CO, USA, and mono-
clonal antibodies against PGE,, from Institute Pasteur,
Paris, France. Polyclonal antibodies against 6-keto-PGF,,
and TXB,, were kindly supplied by Dr A. Hornych, Hopital
Broussais, Paris, France. The results obtained by this
method were compared against those observed, using a
scintillation proximity assay (SPA), an enzyme immunoas-
say (EIA) method (R = 0.820 and R = 0.959, respectively)
[15] and by those observed using two different antibodies to
determine PGs and TXB, [18]. Since our method using
either monoclonal or polyclona antibodies does not sepa-
rate the 2 from the 1 and 3 series of PGs and TXs, because
of cross reactivity, the results obtained were expressed as
TXB,, PGE, and 6-keto(K)-PGF,,.

2.3. Light microscopic (LM) studies

Histological specimens of kidneys were fixed in 10%
buffered neutral formalin and embedded in paraffin. The
characteristic lesions induced by CsA in the epithelial cells
of the proximal tubules were observed in LM sections from
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Table 2

Effects of CsA on urine volume (VU), clearance creatinine (Ccr), body weight loss (BWL) and proteinuria (PU), in normal and in n-6/n-3 essential fatty

acids treated rats

Group VU mi/Kg/24h Cer ml/Kg/min BWL % PU mg/24 h
1NR 199+ 22 25*x01 (+)06 04 71+23
Pivsny< NS 0.0005 0.0005 NS
2 CsA 26.6 = 3.9 13+01 (-)122+18 114+ 38
Plavsg < 0.05 0.0005 0.05 NS
3 CsA + n-6/n-3 353*28 29x01 (-)66x21 142+ 29
Plavsy< 0.0025 0.01 0.005 0.05

Values are mean = (s.em.), n = 10. Groups 1 and 3 were compared with group 2. Group 1 was compared with group 3. NS = not significant.

the three groups of animals. The development of vacuoliza-
tion or brush border |oss were assessed on a +/2+/3+ scale
using the following key. A + mark, a 24+ mark and a 3+
mark was given when 1 to 33%, 33 to 66% and 66 to 100%
of the tubules developed vacuolization or rush border loss
respectively. Finally, a(-) mark was given when no affected
tubule was visible. A lesion induced by CsA was charac-
terized as focal when 3 cells from one tubule section devel-
oped vacuolization and diffuse when vacuolization was ob-
served in more than 3 cells. For the assessment of tubular
casts we followed the same scale as described above, but we
used the following key. A +, 2+, 3+ and a 4+ mark was
given when 1 to 25%, 25 to 50%, 50 to 75% and 75 to 100%
of the tubules developed tubular casts respectively. The
single cdll necrosis, interstitial edema and dilatation, were
estimated with a plus (+) when observed and with a minus
(-) when no necrosis was visible.

2.4. Satigtical analysis

Statistical analysis was performed using Student’s t-test
and P < 0.05 was considered to be significant.

3. Results
3.1. Effect of CsA on renal function in normal rats

The administration of CsA (for 7 days) to the animals
decreased Ccr and provoked body weight loss (BWL) while,

Table 3

in the dose given, it did not alter urine volume (VU) and
did not induce proteinuria (PU) (Table 2). These func-
tional changes were associated with significantly in-
creased urinary TXB, and significantly decreased PGE,
and 6-keto-PGF,, excretions. These alterations highly
diminished the ratios of PGE,/TXB, and 6-keto-PGF,_/
TXB, (Table 3). LM sections showed that all kidneys
were affected but the lesions, such as mainly tubular
diffuse vacuolization (VCL) (10 rats), brush border loss
(BBL) (6 rats), single cell necrosis (SCN) (4 rats), tubular
casts (TC) (2 rats) and interstitial edema (ITODE) (2
rats), were reversible (Table 4).

3.2. Effect of CsA on renal function in n - 6/n-3 essential
fatty acids treated rats

The administration of CsA (for 7 days) to the animals fed
for 3 months on SC containing (10 ml EPO and 100 ml
FO)/Kg amost completely protected the animals against the
nephrotoxicity induced by CsA. Thus the mixture of n- 6/
n - 3 EFAs completely restored Ccr, significantly prevented
BWL and increased VU (Table 2). These functional changes
were associated with significant increases in urinary PGE,
and 6-keto-PGF,, and a significant fall in TXB,, excretions.
These alterations highly increased the ratios of PGE,/TXB,
and 6-keto-PGF,/TXB, (Table 3). LM sections showed
that only 4 of 10 animals were affected, but the lesions were
of less importance such as VCL (4 rats) (Table 4).

Effects of CsA on urinary TXB,, PGE,, and 6-K- PGF,, excretions, on the ratios of PGE,/TXB,, and 6-K-PGF,/TXB, in normal and in n-6/n-3

essential fatty acids treated rats

Group TXB, PGE, 6-K-PGF,, PGE,/TXB, 6-K-PGF,/TXB,
(pmol / Kg / 24 h)

1NR 296 + 14 1068 =+ 66 403 + 27 3.6 +0.3 14=01

Pavey< 0.0005 0.0005 0.025 0.0005 0.0005

2CsA 776 * 82 487 + 68 293+ 34 07+01 04+01

Prvsgy< 0.0005 0.0025 0.0005 0.0025 0.005

3 CsA + n-6/n-3 278 = 32 1263 *+ 163 710 = 59 55+ 13 33x09

Pavsgy< NS NS 0.0005 NS 0.05

Values are means = (s.em.), n = 10. Groups 1 and 3 were compared with group 2. Group 1 was compared with group 3. NS = not significant.
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Table 4

Parameters appreciated in light microscopic renal sections in CsA treated rats before and after the animals have been fed on n-6/n-3 essential fatty acids

Group AR. Diffuse-Focal

Vacuolization

B.B.L. S.C.N. T.C. IT.OED. DTL.

NR

+ 4
|

CsA

+
|

2+ -
3+ -
3+ -
+ —_
2+ -
2+ -
- 2+
—+ —_
3+ -
—+ —_
2+ -
- 2+
- +

O©CoO~NOOAORWNENERE

=
o

CsA + n-6/n-3

W N

S

I+ 1+ + 1 ++ 1 1
| |

|

|

+

A.R.: affected rats, Diffuse — Focal vacuolization, B.B.L.: brush border loss, S.C.N.: single cell necrosis, T.C.: tubular casts IT.OED.: interstitial oedema,
DTL: dilation —: no change, *: no remarkable, +: moderate, 2+: severe, 3+: extra severe.

4, Discussion

In previous studies it has been observed that renal failure
induced by glycerol, mercury chloride, gentamycin and
other substances, could be partially prevented when the
animals were : (A) injected with agents inhibiting TXA
synthesis (imidasole, OKY—-046, CSS12970) [17-21] (B)
infused with PGs (PGE;, PGE,, PGl ,) [22-24] and (C) fed
on substances decreasing TXA, and enhancing PG—produc-
tion [19]. However, these agents only partially prevented
the development of acute rena failure, afact indicating that
other vasoconstrictive substances can aso play arolein the
development of this syndrome. The catecholamines, the
renin - angiotensin system and vasopressin, as far as we
know, do not play a mgjor role [18,20]. The metabolites of
arachidonic acid (AA) are involved in the nephrotoxicity
induced by CsA, as in the rena dysfunction induced by
glycerol [17,18], mercuric chloride [19], gentamicin [20]
and others. Since CsA increased TXA,, involved in the
development of acute renal failure [16-20] and contrary to
glycerol, mercury chloride, gentamicin, it even diminished
PGE, and PGlI,, agents that have been observed to prevent
acute renal failure [22,23], thus the nephrotoxicity induced
by CsA should have been more serious. However, athough
CsA diminished PG production the renal failure observed
was less important compared to that induced by glyceral,
mercuric chloride and gentamicin which was associated
with increased TXA, as well as PG production [17-20].
Furthermore, CsA has also been observed to stimulate the
release of other potent vasoconstrictor factors, such as the
5-HT [13], the endothelins [14,15]. Also apartial protection
against the nephrotoxicity induced by CsA was obtained
using ketanserine (KTS), an antagonist of S, -serotoninergic
and a, -adrenergic receptors [13] or nifidepine (NFD), an

inhibitor of endothelins (ETs) [14,15]. In order to elucidate
why nephrotoxicity induced by CsA is of less importance
compared to that provoked by glycerol, mercuric chloride,
gentamicin and others, it is necessary to investigate whether
the above mentioned agents also induce the release (A) of
endothelins and 5-HT, (B) of other potent vasoconstrictor
factor(s) still unknown, (C) whether additional mechanisms
are involved in the development of this syndrome or (D)
whether the release of other potent vasodilator factor(s) still
unknown is induced by CsA.

Our results suggest that animals fed for 3 months on SC
containing n - 6 and n - 3 EFAs such as evening primrose oil
and fish oil significantly improved rena function in the
cyclosporine model nephrotoxicity. The mechanism by
which the mixture of n - 6 / n - 3 EFAs prevents the
CsA—nephrotoxicity is probably the following:

The n - 3 EFAs successfully inhibit the metabolisms of n
- 6 EFAs at the desaturation steps, because the ability of
these to compete with the n - 6 EFAsis considerably greater
than the reverse [28-30]. The elongation steps appear to be
so rapid that no effective competition takes place. This
competition has important practical consequences (Fig. 1).
When large doses of n - 3 EFAs are administered such as
fish oils, there is a drop in the concentration of AA in
various lipid fractions. This occurs because of a direct
displacement of AA from these fractions and partly because
of reduced formation of AA from LA [29-32]. Furthermore,
if high doses of fish oil are administered in the presence of
GLA thereisno drop in DGLA such as the one that occurs
with fish oil supplementation alone, because n - 3 EFAs
inhibit conversion of LA to GLA and of DGLA to AA but
have little effect on the conversion of GLA to DGLA
[29,32-36]. Instead, DGLA rises in parallel with EPA and
docosahexaenoic acid (DHA). This has the important effect
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Fig. 1. Revised pathways for the biosynthesis of n- 3 and n - 6 PUFA. The solid arrows denote reactions localized in the endoplasmatic reticulum while the
dashed arrows show partial degradative reactions taking place in peroxisomes (H. Sprecher 2000). The 8,11,14-20:3 (DGLA), 5,8,11,14-20:4 (AA) and
5,8,11,14,17- 20:5 (EPA) are precursor substances of PGs and TXs of series 1,2 and 3 respectively.

of raising the levels of metabolites of (A) DGLA, notably
PGE, and 15-OH-DGLA and (B) EPA precursor of the
series of PGs and TXs (PGE;, PGl3, PGD5 and TXAS).

DGLA may exerts its effects by its metabolite PGE;
(potent vasodilator, antiinfla-mmatory, anti-aggregatory, etc
agent) [19], which raises levels of cyclic-AMP, thus inhib-
iting phospolipase and limiting the release of AA into the
free form, a necessary step in its conversion to pro—inflam-
matory (TXA,) [17-20] metabolites [29,37,38]. Its other
metabolite 15-OH-DGLA, inhibits the conversion of free
AA to leukotrienes and other metabolites of 5-and 12—
lipoxygenases [29,37]. Furthermore, it has been observed
that DGLA increased relative to AA and also enchanced the
ex vivo capacity of platelets to produce PGE, and PGE,,
probably by inhibiting conversion of PGH, to TXA, [29,37,
38] and therefore redirecting the conversion of PGH, to its
prostanoid metabolites PGE,, PGI, and PGD,, (vasodilator,
anti-aggregatory and natriuretic substances). These metab-
olites, such as PGE, have been observed to protect against
acute renal failure in different nephrotoxicity models and in
the CsA-nephrotoxicity [19,22-24,39,40].

The nephroprotection effect is aso reinforced by the
metabolites of EPA, which have the same anti-aggregatory
effect as the 2 series, while TXB3 (TXAy) is inactive [41-
43]. One could postulate that EPA exerts its beneficial
action against the development of CsA—nephrotoxicity by
an action of PGE; and PGl 5 [35,44] similar to that of PGE,,
PGE, and PGI, [45-47]. In addition EPA and DHA (the
delta—6—desaturase product of EPA), compete with AA for
cyclooxygenase and lipo-oxygenase systems [29,35]. Fur-
thermore, it has been observed that (A) diet of n - 3 EFAs
alone, diminishes the synthesis of the AA-derived prosta-
glandins PGE,, PGF,, and PGI, [34,35,48-50], while the

production of TXA, does not diminish [36] and that (B) diet
of both n- 6/ n - 3 EFAsreduces the concentration of TXA,
[36].

In another study, the administration of EPA in fish oil has
been shown to reduce renal damage due to cyclosporine
[51]. However while fish oil may reduce thromboxane pro-
duction, it also inhibits the formation of PGE, and PGE,
which would be expected to have adverse effects. On the
other hand, the daily administration of fish oil has a favor-
able effect on renal hemodynamics and blood pressure in
renal-transplant recipients treated with cyclosporine. How-
ever, fish oil supplementation did not have any beneficial
effect on lipid profile, renal function, incidence of acute
rejection episodes, or 1-year graft survival [52,53].

It isimportant to note that in our experiment we observed
that the mixture of the n - 6 / n- 3 EFAS, as well as in
previous studies with n - 6 EFAs aone and KTS prevented
BWL [13,25] but OKY-046 or NFD or n - 3 EFAs singly
administered [12,15,25] did not. Morever, only the mixture
of n-6/n-3 EFAs minimized the morphological and
histological changes induced by CsA and this improvement
could be attributed to the great augmentation of the ratios
PGE (E,, E,, E5)/TXB, and PGI (14, |, 15)/TXB, thanin the
other cases of n - 6 EFAs or KTS administration [13,25].
Thus, the beneficial effect of the mixtureof n-6/n-3
EFAs elevate this considerably as a nutrient and a prescrip-
tion pharmaceutical against other therapeutic treatments be-
cause the risk of adverse events and side effects is exceed-
ingly low. We also wish to note that the level of the active
TXB, obtained is much lower since the antibodies, even the
monoclonal, used for the determination of TXBs and PGs
by the radioimmunoassay (RIA) method, do not separate the
2 from the 1 and 3 series of PGs and TXs, because of cross
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reactivity. Thus, the TXB observed inCsA + n-6/n-3
treated animals consisted of a mixture of active TXB,, and
inactive TXB,, TXB; [41-43], while the PGE and PGI
consisted of a mixture of E;, E,, Ez and 14, |5, |5 respec-
tively.

In conclusion, the alterations observed in CsA-nephro-
toxicity by inhibition of TXB, production and stimulation
of PGE and PGlI, suggest that diet enriched with a mixture
of n -6/ n- 3 EFAs plays an important role in the
development (TXA,) and prevention (PGE and PGI) of this
syndrome. However, other vasoactive factors such as sero-
tonin [13], endothelins (ET-1, ET-2, ET-3, ET-4 and endo-
thelin - b), nitric oxide [1,5,54], neuropeptide Y [55], va
soactive intestinal polypeptide [56], calcium, reactive
oxygen intermediates [1,27] and perhaps others still un-
known, as well as additional mechanisms concerning the
antagonism between T—helper 1/T-helper 2 cells, must also
be considered to be involved in the CsA—nephrotoxicity.
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