
32. Ishizuka S, Nagashima Y, Numata M et al. Regulation and immuno-
histochemical analysis of stress protein heme oxygenase-1 in rat kid-
ney with myoglobinuric acute renal failure. Biochem Biophys Res
Commun 1997; 240: 93–98

33. Nath KA, Haggard JJ, Croatt AJ et al. The indispensability of heme
oxygenase-1 in protecting against acute heme protein-induced toxic-
ity in vivo. Am J Pathol 2000; 156: 1527–1535

34. Cross TG, Scheel-Toellner D, Henriquez NV et al. Serine/threonine
protein kinases and apoptosis. Exp Cell Res 2000; 256: 34–41

35. Dickey DT, Muldoon LL, Doolittle ND et al. Effect of N-acetylcys-
teine route of administration on chemoprotection against cisplatin-in-
duced toxicity in rat models. Cancer Chemother Pharmacol 2008;
62: 235–241

36. Yan CY, Ferrari G, Greene LA. N-acetylcysteine-promoted survival
of PC12 cells is glutathione-independent but transcription-dependent.
J Biol Chem 1995; 270: 26827–26832

37. Yan CY, Greene LA. Prevention of PC12 cell death by N-acetylcysteine
requires activation of the Ras pathway. J Neurosci 1998; 18: 4042–4049

38. Ferrari G, Yan CYI, Greene LA. N-acetylcysteine (D- and L- Stereo-
isomers) prevents apoptotic cell death of neuronal cells. J Neurosci
1995; 15: 2857–2865

39. Safirstein R. Renal stress response and acute renal failure. Adv Renal
Replace Ther 1997; 4: 38–42

40. di Mari JF, Davis R, Safirstein RL. MAPK activation determines re-
nal epithelial cell survival during oxidative injury. Am J Physiol 1999;
277: 195–203

41. Nowak G. Protein kinase C-alpha and ERK1/2 mediate mitochondrial
dysfunction, decreases in active Na transport, and cisplatin-induced
apoptosis in renal cells. J Biol Chem 2002; 277: 43377–43388

42. Kim YK, Kim HJ, Kwon CH et al. Role of ERK activation in cisplat-
in-induced apoptosis in OK renal epithelial cells. J Appl Toxicol
2005; 25: 374–382

43. Donovan N, Becker EB, Konishi Y et al. JNK phosphorylation and
activation of BAD couples the stress-activated signaling pathway to
the cell death machinery. J Biol Chem 2002; 277: 40944–40949

44. Tsuruta F, Sunayama J, Mori Y et al. JNK promotes Bax translocation
to mitochondria through phosphorylation of 14–3–3 proteins. EMBO
J 2004; 23: 1889–1899

45. Han JY, Jeong EY, Kim YS et al. C-jun N-terminal kinase regulates
the interaction between 14–3–3 and Bad in ethanol-induced cell
death. J Neurosci Res 2008; 86: 3221–3229

46. RameshG, ReevesWB. p38MAPkinase inhibition ameliorates cisplatin
nephrotoxicity in mice. Am J Physiol Renal Physiol 2005; 289: 166–174

47. Li R, Ding T, Liu X et al. Influence of SB203580 on cell apoptosis
and P38MAPK in renal ischemia/reperfusion injury. J Huazhong
Univ Sci Technolog Med Sci 2006; 26: 50–52

48. Volpini RA, Balbi AP, Costa RS et al. Increased expression of p38
mitogen-activated protein kinase is related to the acute renal lesions
induced by gentamicin. Braz J Med Biol Res 2006; 39: 817–823

49. Lee RH, Song JM, Park MY et al. Cisplatin-induced apoptosis by
translocation of endogenous Bax in mouse collecting duct cells. Bio-
chem Pharmacol 2001; 62: 1013–1023

50. Jiang M, Pabla N, Murphy RF et al. Nutlin-3 protects kidney cells
during cisplatin therapy by suppressing Bax/Bak activation. J Biol
Chem 2007; 282: 2636–2645

51. Wei Q, Yin X, Wang M et al. Bid deficiency ameliorates ischemic
renal failure and delays animal death in C57BL/6 mice. Am J Physiol
Renal Physiol 2006; 290: F35–F42

52. Kindt N, Menzebach A, Van de Wouwer M et al. Protective role of
the inhibitor of apoptosis protein, survivin, in toxin-induced acute re-
nal failure. FASEB J 2008; 22: 510–521

Received for publication: 19.6.09; Accepted in revised form: 12.11.09

Nephrol Dial Transplant (2010) 25: 1443–1450
doi: 10.1093/ndt/gfp710
Advance Access publication 22 December 2009

Effects of mycophenolate mofetil on acute ischaemia–reperfusion
injury in rats and its consequences in the long term

Massimo Sabbatini1, Francesco Uccello1, Vittorio Serio1, Giancarlo Troncone2, Valeria Varone2,
Michele Andreucci3, Teresa Faga3 and Antonio Pisani1

1Department of Systematic Pathology, University Federico II, Naples Italy, 2Department of Bio-morphological Science, University
Federico II, Naples Italy and 3Department of Nephrology, University of Magna Graecia, Catanzaro Italy

Correspondence and offprint requests to: Massimo Sabbatini; E-mail: sabbatin@unina.it

Abstract
Background. Renal ischaemia–reperfusion injury (IRI)
acutely decreases glomerular filtration rate (GFR) and im-
pairs kidney function in the long term. Pre-treatment with
chaetomellic acid (KM), an inhibitor of membrane-bound
Ha-Ras, has demonstrated beneficial effects on acute renal
ischaemia.
Methods. We tested whether mycophenolate mofetil
(MMF, 20 mg/day for 4 days before IRI), an immuno-
suppressor with anti-inflammatory properties, improved
renal outcome in uninephrectomized rats after IRI

(45 min of renal ischaemia), alone or in combination
with KM.
Results. One day after ischaemia, GFR was markedly de-
pressed in untreated rats (−75% vs. normal rats, P < 0.001),
and pre-treatment with MMF did not modify this fall
(−75%, P < 0.001 vs. normal). KM (0.23 μg/kg before
IRI) greatly prevented GFR loss (−39% vs. normal, P <
0.05), but its action was not further improved by the com-
bined administration with MMF (GFR, −45% vs. normal,
P < 0.05). MMF significantly reduced ICAM-1 expression
and monocyte recruitment (P < 0.05 vs. untreated rats);
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nevertheless, renal histology of MMF rats was similar to
that of untreated rats. Additional rats were examined 6
months after IRI: untreated rats with IRI showed reduced
renal function (−42% vs. normal, P < 0.01) and proteinuria
(P < 0.001 vs. normal); rats pre-treated with MMF showed
a similar pattern, whereas rats treated with KM before IRI
presented a better GFR (−20% vs. normal, not significant)
and near-normal values of proteinuria. The combination of
KM + MMF gained the same results.
Conclusions. Pre-treatment with MMF before IRI does
not confer functional or morphological protection to the
kidney, despite the reduced expression of some inflamma-
tory markers. The combination of MMF + KM does not
offer additional advantages to solitary KM treatment.

Keywords: chaetomellic acid; ischaemia–reperfusion injury;
mycophenolate mofetil; Ras; rat

Introduction

Renal ischaemia–reperfusion injury (IRI) represents the
main determinant of delayed graft function (DGF) in kid-
ney transplantation, which occurs in ∼25% of kidneys
from deceased donors. IRI triggers an intense inflammato-
ry response mediated by leukocyte recruitment, increased
expression of adhesion molecules and synthesis of cyto-
kines that cause cellular damage [1], and may increase
the immunogenicity of exposed tissues [2].

Substantial evidence has accumulated from both exper-
imental studies and clinical outcome analyses that IRI per
se can have an important negative impact on long-term
graft function, also in living donor transplants, when the
surgical procedures can be planned with attention; indeed,
although it is commonly believed that an acute ischaemic
insult to the kidney results in complete recovery of renal
function, there is increasing experimental evidence that
the early deregulation of some genes at the time of ischae-
mia may determine deep modifications in renal function
and morphology a long time after ischaemia [3], resulting
in proteinuria, progressive reduction in glomerular filtra-
tion rate (GFR) and glomerular sclerosis [4–7], the clinical
setting that defines ‘chronic allograft dysfunction’. These
changes represent the late consequences of the primitive
ischaemic insult, depending on the activation of the
above-mentioned gene deregulation.

Despite the great clinical relevance of this problem, few
therapeutic and experimental options have evolved over
the years to enhance the recovery of acute ischaemic renal
injury or to successfully prevent it. We have recently
shown that the administration of a selective inhibitor of
membrane-bound Ha-Ras (chaetomellic acid, KM) re-
duced to a great extent both functional and histological
damage in uninephrectomized rats subjected to warm IRI
compared to untreated controls [8]. This approach, in fact,
limited the apoptosis and necrosis of tubular cells in
ischaemic kidneys resulting in significant, although par-
tial, preservation of renal function. Since Ras inhibition
has only a limited effect on leukocyte-mediated inflamma-
tion, it is possible to hypothesize that the association of

chaetomellic acid with an anti-inflammatory drug could
further limit the acute decline in glomerular filtration rate,
thus preserving renal function in the long term.

According to this hypothesis, we have tested the effects
on IRI of mycophenolate mofetil (MMF), an immunosup-
pressor with anti-inflammatory properties. Beyond its spe-
cific action on leukocyte depletion, in fact, MMF inhibits
cytokine-induced nitric oxide biosynthesis both in vitro [9]
and in vivo [10], and limits the expression of some adhe-
sion molecules involved in maintaining and amplifying in-
flammation [11].

MMF, the morpholinoethyl ester of mycophenolic acid
(MPA), is currently used for the prevention of acute graft
rejection [12], and due to its particular properties, in the
treatment of immune-mediated inflammatory diseases, like
systemic lupus erythematosus [13]. In vivo, it inhibits the
enzyme inosine-5'-monophosphate dehydrogenase, the
rate-controlling enzyme in the de novo biosynthesis of
guanosine and deoxyguanosine nucleotides [14]. Since
proliferating B and T lymphocytes are strictly dependent
on this de novo pathway for purine biosynthesis, MPA ef-
fectively inhibits lymphocyte proliferation [15]. An addi-
tional metabolic effect of guanosine depletion is the
inhibition of the transfer of mannose and fucose residues
to glycoproteins [16], including cell adhesion molecules,
like intercellular adhesion molecules (ICAM-1), involved
in mediating the inflammatory response. Therefore,
MMF could have a beneficial effect on renal IRI through
the reduced recruitment of leukocytes and macrophages at
the time of ischaemic damage, and in combination with
KM, it could further preserve renal function after IRI.

The aim of the present experimental study was to clarify
the effects of MMF, alone or in combination with KM, on
renal IRI; additional rats were also studied after a pro-
longed follow-up (6 months) to ascertain whether these ef-
fects still persisted in the long term. IRI was performed in
uninephrectomized rats, to mimic the period of the warm
ischaemia of renal transplantation.

Materials and methods

The study was carried out on 59 male Sprague Dawley rats, 4 months old,
fed a standard diet and tap water ad libitum, kept at constant temperature
and humidity in a 12-hour dark/light cycle. All the rats underwent right
nephrectomy, under light anaesthesia with sodium pentobarbital (Nembu-
tal®, 50 mg/kg i.p.), and were randomly assigned to the experimental
groups. Seven days later, the rats were prepared for the experimental pro-
tocol (left renal ischaemia or sham operation). Ischaemic damage was de-
termined by clamping the left renal artery for 45 min with a smooth
vascular clamp under anaesthesia (Nembutal®, 50 mg/kg i.p.). The reper-
fusion of the kidney was confirmed visually before suturing the abdom-
inal wall; during the sham operation, the renal artery was not closed. At
completion of surgery, the rats were restrained in their cages.

Acute studies

The acute studies were performed 24 hours after IRI. Rats were divided
into five groups: Group CON, untreated rats with IRI (n = 8); Group
MMF, rats treated with MMF for 4 days before IRI (20 mg/kg/day by
gavage, n = 8); Group KM, rats treated with chaetomellic acid 4 hours
before ischaemia (0.23 μg/kg dissolved in 0.25 ml of saline, i.p., n =
7); Group MMF + KM, rats treated with both drugs at the same dosage
(n = 8); Group NOR, sham-operated rats without IRI (n = 8); this last
group included four rats subjected to gavage with the vehicles of MMF
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(olive oil and DMSO 0.5%) for 4 days: since there was no difference in
body weight gain or in GFR compared to normal rats, their data were
pooled together. Rats of Group CON received an i.p. injection of
0.25 ml of saline 4 hours before IRI induction.

The haemodynamic study was carried out under Inactin® anaesthesia
(100 mg/kg i.p.); the details of such a procedure are described elsewhere
[17,18]. After a 60-min stabilization period, three to five clearance periods
were performed with collection of blood samples from the femoral artery
and renal vein (through sharpened glass micropipettes), to assess the arte-
riovenous gradient of inulin, an estimate of renal filtration fraction.

At the end of the experiment, the kidney was removed and weighed
under sterile conditions, and fragments of renal tissue were immediately
stored (−80°C) for immunoblotting and immunohistochemical studies;
further specimens of renal parenchyma for histological studies were fixed
and paraffin embedded.

Long-term studies

Twenty additional rats from Group NOR, CON, MMF, KM and KM +
MMF (n = 4 in each group) were followed up after ischaemia–reperfusion
or sham operation for 6 months. The rats were then subjected to the hae-
modynamic study, with the same modalities of acute studies; monthly
control of 24-hour proteinuria was performed in individual metabolic
cages.

The employed dosage of KM acid (0.23 μg/kg) is associated with the
best functional and histological renal outcome, as previously shown in our
laboratory [21]. The dosage of MMF by gavage (20 mg/kg/day) is that
commonly used in rats for its biological activity and the low incidence
of side effects [11,19,20]. Animal care and use were carried out in accor-
dance with Italian laws.

Immunoblot analysis on kidney tissues

Kidney fragments from rats used in the acute haemodynamic studies were
homogenized in 250 mM sucrose, 5 mM imidazole (pH 6.5), 0.5 mM
dithiothreitol (1:4 w/vol), using a glass Teflon potter. Samples were then
centrifuged at 800 g at 4° for 10 min, and supernatants were centrifuged at
100 000 g (4°C) for 45 min in a 70.1 Ti rotor (Beckman). Supernatants
(cytosols) were collected, and membrane pellets were suspended in radio
immunoprecipitation assay buffer. Fifty microgram of membrane and cy-
tosolic fractions were then subjected to immunoblot analysis for Pan-Ras
and Ki-Ras protein, following the procedure described elsewhere [8,21].

Histological studies

The specimens of renal parenchyma, fixed in activated Bouin's solution,
post-fixed in 10% formalin and embedded in paraffin (4-μm sections),
were stained with haematoxylin–eosin, periodic acid–Schiff (PAS), Jones
staining and observed in a blinded fashion. Fifty proximal tubules from
the outer stripe of the outer medulla (OSOM) were examined in each rat
at ×400 magnification and assigned to three categories: (i) tubules with
normal appearance; (ii) tubules with signs of moderate to sublethal injury
(loss of apical brush border); (iii) tubules with signs of acute tubular ne-
crosis (from a few sloughed epithelial cells to tubules with a complete
naked basal membrane). Proximal tubules were distinguished from distal
tubules on the basis of morphological criteria [21]. Histological assess-
ment was performed in a blinded fashion.

Immunohistochemical analysis

Samples were collected and harvested at the end of the haemodynamic
studies. Four micrometre paraffin-embedded sections were dewaxed in
xylene and alcohol-rehydrated; they were then placed in Coplin jars filled
with a 0.01 M tri-sodium citrate solution and subjected to microwave ir-
radiation. After heating, slides were thoroughly rinsed in cool running
water for 5 min. They were then washed in tris buffer saline (TBS) (pH
7.4) and incubated with the anti-ED-1 mAb for 60 min, followed by spe-
cific biotinylated secondary antibodies and by peroxidase-labelled
streptavidin (LSAB Dako); the signal was developed with 3,3-
diaminobenzidine chromogen (Dako) as substrate. For all the sections,
negative controls consisted of incubation with unrelated antibodies, or
with omission of the f irst layer. Immunohistochemical staining of
ICAM-1 was performed on the acetone-fixed frozen sections that were

incubated with mouse anti-CD54 mAb for 60 min at room temperature,
followed by secondary antibody and the same detection system (LSAB
Dako). The sections were examined using standard light microscopy.

The number of ED1-positive cells in each case was calculated by
counting the number of stained cells in 30 randomly selected high-power
fields (400×) and is expressed as mean ± SE of cells per field. The ex-
pression of ICAM-1 was determined using a semi-quantitative grading
(0–3) in at least 15 randomly selected high-power fields (400×) of each
section, according to the extension of the staining in renal parenchyma
(0% to >75%) [11].

Evaluation of all slides was performed in a blinded fashion by two
pathologists who were unaware of the origin of the slides (G.T. and V.V.).

Analytical determinations

Urinary volume was measured gravimetrically in pre-weighed vials. The
concentrations of inulin in plasma and urine were measured by the diphe-
nylamine method [22]. Proteinuria was determined by a commercial kit
(pyrogallol, Sigma). Filtration fraction was measured by renal extraction
of inulin [(A − V / A) × 100]; the other determinants of renal dynamics
were calculated according to standard formulae.

Statistics

The one-way analysis of variance (ANOVA), followed by the Student–
Newman–Keuls test, was used to compare the mean values and to find sig-
nificant differences among the groups under study. Histological data were
analysed by the Kruskal–Wallis one-way ANOVA followed by the Dunn's
multiple comparison test. A P-value < 0.05 was considered statistically sig-
nificant. Data are expressed as mean ± SD, unless otherwise specified.

Results

Displacement of Ras from cell membrane by KM acid and
MMF in whole kidney

Sections of kidneys derived from rats undergoing the acute
haemodynamic study were homogenized, and membrane
and cytosolic fractions were subjected to immunoblotting
with anti-pan-Ras and anti-Ki-Ras antibodies, as described
in Materials and Methods (Figure 1).

Pre-treatment with Ras inhibitor in Group KM deter-
mined a significant decrease of membrane-bound active
Ras proteins (−30% vs. CON), which represented variations
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Fig. 1. Displacement of Ras protein from membrane of kidney tissue by
KM and KM + MMF 24 hours after ischaemia. Rats were subjected to
immunoblotting with anti-Pan-Ras and anti-Ki-Ras antibodies (data of Ki-
Ras are not shown since they were similar in all the groups). The
histograms show the percentages of membrane-bound Pan-Ras (HaRas +
KiRas) in the different groups (n = 6). *P < 0.05 vs. CON.
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in Ha-Ras, since Ki-Ras membrane binding was not affect-
ed. The results were not influenced by the concomitant ad-
ministration of MMF (Group KM + MMF, −32%).

Acute renal haemodynamic studies

The data of the renal haemodynamic studies are reported in
Table 1. Therewas no difference in bodyweight (b.w.), mea-
sured at the time of the haemodynamic study, among the
five groups of rats under observation. Glomerular filtration
rate averaged 0.85 ± 0.25 ml/min/100 g b.w. in sham-oper-
ated rats (Group NOR), and was equally depressed, on the
average by 75%, in rats of Group CON and MMF (both P <
0.0001 vs. NOR); in these latter groups, an arteriovenous
gradient of inulin could not be demonstrated in most rats,
following the great functional damage: this precluded the
evaluation of their renal dynamics. Pre-treatment with chae-
tomellic acid determined a consistent preservation of GFR
after ischaemia in Group KM (0.52 ± 0.06 ml/min/100 g
b.w., −39% vs. CON, P < 0.05), which was maintained also
in rats of Group KM +MMF (−46% vs. CON, P < 0.05). In
both of these groups, GFR results were significantly higher
than in CON and MMF rats (P < 0.05).

Filtration fraction averaged 26.0 ± 2.1% in normal rats and
was significantly depressed in both Group KM and KM +
MMF (−22% and −30% vs. NOR, respectively, P < 0.01).
In these groups, the decrease in GFR was mainly secondary
to a rise in renal vascular resistances [+36% and +32%, re-
spectively vs. NOR, not significant (NS)], and the conse-
quent 25% average decrease observed both in renal plasma
and blood flow, compared to normal rats of Group NOR.

Histological studies

Figure 2 describes the biopsy findings in the five groups of
rats. Nearly 90% of tubular cells in OSOM appeared normal

in rats of Group NOR. Rats of Group CON showed a con-
sistent percentage of necrotic cells, averaging 34%, al-
though signs of tubular damage were almost universally
present. Pre-treatment with MMF did not modify the histo-
logical picture, with necrotic cells averaging 28%, whereas
a consistent improvement was observed in Group KM, in
which cellular necrosis was virtually absent, and the number
of injured cells was consistently reduced (52%). The histo-
logical appearance of rats of Group KM +MMFoverlapped
that of Group KM.

Immunohistochemical analysis

The number of ED-1-positive cells and the expression of
ICAM-1 24 hours after the acute IRI are represented in
Figure 3. Untreated rats of Group CON showed an in-
creased staining for ICAM-1 and ED1, both on endothelial
and tubular cells. This staining was significantly decreased
in the kidneys of animals treated with MMF, alone and
with KM acid, reaching values statistically similar to those
in the control rats.

In Group KM, treatment with chaetomellic acid slightly
decreased the staining for ED1 and ICAM on endothelial
and tubular cells, but did not reach the values of MMF
treatment.

Long-term renal haemodynamic studies

The long-term effects on renal function of the pre-treat-
ment with MMF (Group MMF), chaetomellic acid (Group

Table 1. Renal dynamics in the five groups of rats under study, 24 hours
after acute IRI

BW GFR RPF FF HT BP RBF RVR

NOR 402 0.85* 3.23 26.0 44*** 115 5.81 21.7
(n = 8) ±15 ±0.25 ±0.96 ±2.1 ±2 ±9 ±1.84 ±7.4
CON 383 0.20 NA NA 43 114 NA NA
(n = 8) ±14 ±0.05 ±3 ±11
MMF 360 0.21 NA NA 40 119 NA NA
(n = 8) ±42 ±0.13 ±3 ±16
KM 390 0.52** 2.56 20.3 40 123 4.41 29.6
(n = 7) ±18 ±0.06 ±0.74 ±2.6 ±3 ±8 ±1.21 ±7.5
KM + MMF 364 0.46** 2.65 18.1 38 112 4.28 28.7
(n = 8) ±46 ±0.15 ±1.08 ±4.1 ±2 ±13 ±1.56 ±9.2

NOR = normal uninephrectomized rats; CON = untreated rats with IRI;
MMF: rats pre-treated with MMF before IRI; KM = rats pre-treated with
KM before IRI; KM + MMF = rats pre-treated with both MMF and KM
before IRI. Abbreviations and units of measurement: BW, body weight
(g); GFR, glomerular filtration rate (ml/min/100 g b.w.); RPF and RBF,
renal plasma and blood flow, respectively (ml/min/100 g b.w.); FF, filtra-
tion fraction (%); Ht, haematocrit (%); BP, mean blood pressure (mm Hg);
RVR, renal vascular resistance (mm Hg ml−1 min). NA = not available.
*= P < 0.05 (minimum value) vs. other groups.
**= P < 0.05 vs. CON and MMF.
***= P < 0.05 vs. KM + MMF.
One-way ANOVA followed by Student–Newman–Keuls test.
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Fig. 2. Histological evaluation of renal tubular damage 24 hours after
ischaemia. Upper panel shows the percentages of proximal tubules in the
OSOM, categorized as tubules with a normal appearance (blank), tubules
with signs of sublethal injury (dashed lines) and tubules with signs of acute
tubular necrosis (black columns). Lower panel: tubules with a normal
appearance, tubules with signs of sublethal injury and tubules with signs
of acute tubular necrosis were scored 0, 1 and 2, respectively. Columns
represent the mean score (± SEM). For abbreviations of groups, see text.
*P < 0.01 vs. other groups; **P < 0.05 vs. CON and MMF.
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KM) and their combination (Group KM + MMF) on acute
IRI were studied after a 6-month follow-up period and
compared to the renal outcome of sham-operated rats
(Group NOR) and ischaemic untreated rats (Group CON).

There was a tendency towards increasing values of 24-
hour proteinuria in both CON and MMF group during the
entire observation period compared to the other groups;
the difference became statistically significant at the end
of the third month of follow-up, and further increased until
the end of the observation period (Figure 4). Rats of Group

KM and Group KM + MMF were partially protected: their
proteinuria values, in fact, remained significantly lower
than those observed in Group CON and MMF in the last
months of observation, and did not statistically differ from
those of Group NOR, even resulting in numerically higher
values (Group KM, +50.4% and Group KM + MMF,
+85% vs. Group NOR).

Similar modifications were observed in renal haemody-
namic studies (Table 2). Six months after the acute ischae-
mic injury, in fact, GFR was markedly depressed both in
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Fig. 3. Expression of ICAM-1 (left) and presence of ED-1-positive cells (right) 24 hours after ischaemia in the groups under study. The expression of
ICAM-1 was determined using a semi-quantitative grading (0–3) according to the extension of the staining in renal parenchyma (0% to >75%). The
number of ED1-positive cells in each case was calculated by counting the number of stained cells in 30 randomly selected high-power fields (400×).
Values are expressed as means ± SEM. For abbreviations of groups, see text. *P < 0.05 vs. CON.
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Group CON and MMF, when compared to Group NOR
(−43%, P < 0.001), but was significantly preserved in
Groups KM and KM + MMF (−20% vs. NOR, NS). The
decline in GFR of the CON and MMF groups was medi-
ated by the significant rise in renal vascular resistances
compared to the other groups, and the consequent decline
in renal plasma and blood flow. Again, both groups pre-
treated with KM acid (KM and KM + MMF groups)
showed a consistent protection in these determinants of re-
nal dynamics.

Discussion

The treatment of renal transplant living donors with MMF
before surgery could have a beneficial impact on graft out-
come, both by reducing the inflammatory processes that oc-
cur in the kidney during the ischaemia/reperfusion phase
and by determining a relative depletion of donor leukocytes,
with potential benefits at the immunological level [23].

At present, clinical data are missing, and unfortunately,
previous experimental data on MMF treatment of acute
kidney injury have provided conflicting and inconclusive
results. In fact, administration of MMF (20 mg/kg/day
for 2 days) before renal ischaemia in rats did not improve
renal function, compared to untreated animals, after
24 hours of reperfusion, although treated rats showed a sig-
nificant improvement of GFR after 48 hours [11]; when
administered after the ischaemic insult, MMF (20 mg/kg/
day for 5 days) even had harmful results since it worsened
both renal function and cellular damage [19,20]. Other ex-
perimental models of nephrotoxicity do not favour the use
of MMF: administration of MMF after uranyl acetate in-
jection, in fact, delayed the reparative processes in tubular
cells compared to untreated rats [24].

A different behaviour of MMF has been described in a
milder model of IRI (30 min of ischaemia), if combined
with antioxidant bioflavonoids: while the prolonged admin-

istration of MMF (40 mg/kg/day for 5 to 7 days) had no ef-
fect on creatinine levels compared to control rats, the
concomitant administration of MMF and flavonoids con-
ferred a significant protection, suggesting that the anti-
inflammatory properties of the drug can influence renal
function [25].

Indeed, the anti-inflammatory effects of the drug are
widely demonstrated. Treatment with different doses of
MMF (40, 80 and 120 mg/kg/day) before IRI inhibited, in
a dose-dependent fashion, the renal expression of the iNOS
gene in mice, with a consistent amelioration of renal inflam-
mation, although with no effect on renal function [10].
Moreover, the same dose of MMF employed in the present
study decreased ICAM-1 expression and monocyte recruit-
ment in IRI [11].

The possibility of combining the anti-inflammatory prop-
erties of MMF with the anti-apoptotic effects of KM, previ-
ously demonstrated in IRI [8], prompted us to carry out the
present study, in the attempt to minimize the acute kidney
damage occurring after its reperfusion. The data of the pres-
ent study showed that treatment with MMF before the onset
of IRI did not affect renal outcome, despite a 4-day treatment:
after 24 hours of reperfusion, in fact, GFR and renal histology
did not reveal differences between MMF-treated rats and the
untreated control animals; this occurred in the presence of a
significantly lower expression of ICAM-1 and the reduced
presence of monocytes in treated rats. As expected [8], the
inhibition of Ha-Ras in Group KM was largely beneficial:
the administration ofKM, in fact, resulted in significant func-
tional and morphological protection to treated animals but,
quite unexpectedly, the concomitant administration of
MMF and KM did not offer additional protection to the kid-
ney compared to KM alone. It is noteworthy that these treat-
ments did not affect animal well-being, nor induce diarrhoea
or weight loss.

We have subsequently hypothesized that the positive ef-
fects of MMF on inflammation detected in the acute phase
of renal injury could influence renal outcome in the long

Table 2. Renal dynamics in the five groups under study after 6-month follow-up

BW GFR RPF FF HT BP RBF RVR

NOR 611 0.87** 3.18* 28 45 125 5.65* 22.1
±62 ±0.06 ±0.10 ±2 ±1.1 ±5.7 ±0.24 ±2.77

CON 635 0.50 1.95 26 39.5 142 * 3.24 46.9*****
±76 ±0.12 ±0.52 ±2 ±2 ±9.6 ±0.92 ±14.5

MMF 617 0.49 1.70 29 42 133 2.94 45.8*****
±34 ±0.13 ±0.13 ±5 ±1.5 ±2.2 ±0.28 ±3.85

KM 638 0.69 2.24 31 42 122 4.10*** 29.8
±85 ±0.12 0.42 ±2 ±2.3 ±2.9 ±0.56 ±4.13

KM + MMF 642 0.68 2.50*** 28 44 125 4.43**** 28.5
±40 ±0.08 ±0.41 ±3 ±3.0 ±4.4 ±0.63 ±3.12

NOR = normal uninephrectomized rats; CON = untreated rats with IRI; MMF = rats pre-treated with MMF before IRI; KM = rats pre-treated with KM
acid before IRI; KM + MMF = rats pre-treated with both MMF and KM before IRI; n = 4 in each group. Abbreviations and units of measurement: BW,
body weight (g); GFR, glomerular filtration rate (ml/min/100 g b.w.); RPF and RBF, renal plasma and blood flow, respectively (ml/min/100 g b.w.); FF,
filtration fraction (%); Ht, haematocrit (%); BP, mean blood pressure (mm Hg); RVR, renal vascular resistance (mm Hg ml−1 min)Statistical signifi-
cance (one-way ANOVA followed by Student–Newman–Keuls test; P < 0.05, minimum value):*= vs. all the other groups.
**= vs. CON and MMF.
***= vs. MMF.
****= vs. CON and MMF.
*****= vs. NOR, KM and KM + MMF.
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term, when the ischaemic rats develop hypertension, pro-
teinuria and renal failure [4,6,7]. The results of the extend-
ed follow-up were particularly interesting. In fact, control
untreated rats showed progressively increasing proteinuria
3 months after IRI and a significant decline in GFR after
6 months (−43% vs. untreated rats). In rats pre-treated with
MMF, neither the development of proteinuria nor the de-
cline in renal function was influenced at all. Protein uri-
nary excretion, conversely, was significantly prevented in
rats treated with the single dose of KM, denoting that the
protection of renal outcome by KM persisted, as also wit-
nessed by a well-preserved GFR (−20% vs. untreated rats).

Unfortunately, the concomitant administration of MMF
with KM did not further ameliorate any of the considered
parameters, indicating that the positive impact on inflamma-
tion at the time of ischaemia did not affect the onset of IRI
sequels. It is possible to postulate that, in this setting, a con-
tinuous and prolonged treatment with MMF is advisable to
maintain a low degree of inflammation. In fact, a 12-week
administration of MMF after IRI in transgenic hypertensive
rats significantly reduced proteinuria and glomerular sclero-
sis compared to untreated rats, with just a mild improvement
in renal function [26]. In remnant rats, the prolonged admin-
istration of MMF attenuated renal histological damage and
hypertension, but did not improve proteinuria, or GFR [27].
Recently, Pechman et al. have shown that prolonged treat-
ment with MMF in a specific model of hypertension in-
duced by high-salt intake 1 month after IRI could prevent
the fall in GFR observed in control untreated rats [28]; taken
together, these studies suggest that the chronic depletion of
inflammatory cells is necessary to obtain any positive re-
sults on renal function.

Conversely, the persistence of the beneficial effect of the
single dose of KM in the long term is certainly secondary
to the better degree of renal function after IRI, as a possi-
ble consequence of some gene deregulation observed at the
time of ischaemia.

In conclusion, our study suggests that the administration
of MMF before IRI did not confer any specific protection to
the kidney, nor did it have any effect in preventing the renal
damage commonly observed after an acute kidney injury. At
present, the possibility of reducing the damage by IRI
through pre-treatment with MMF does not seem convinc-
ing, and further studies are necessary to elucidate the role
of KM in preventing IRI in order to understand whether this
drug maintains its beneficial effects alsowhen administered
after ischaemia. The search for new strategies aimed at min-
imizing IRI must, in fact, concentrate on the reperfusion
phase of renal damage, which is more accessible to clinical
intervention since it does not require pre-treatment of the
kidney donor. A desirable exception could be represented
byKM, since the donor kidney could be selectively perfused
with this drug, with no peculiar risk for the recipient.
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Abstract
Background. We assumed that n-3 polyunsaturated fatty
acid (n-3 PUFA) would attenuate the tissue dyslipidemic
condition through suppression of sterol regulatory ele-
ment-binding protein (SREBP-1) in the kidney and would
prevent renal progression in diabetic animals.
Methods. We gavaged Omacor®, composed of docosa-
hexaenoic acid and eicosapentaenoic acid, to db/db mice
for 2 weeks (0.2 g/100 g/day). We measured the markers
of renal function, triglyceride amount and expressions of
SREBP-1, liver X-activated receptor alpha (LXRα), colla-
gen IV and TGFβ-1 in kidney lysate, and performed im-
munohistochemical staining for SREBP-1, desmin and
WT-1 in the renal sections. We measured collagen IV in
primary mesangial cells cultured with high glucose media
(25 mM), both with and without a transient transfection of
small interfering RNA (siRNA) SREBP-1.
Results. Omacor® decreased the concentration of serum
free fatty acid, and the amount of renal triglyceride, which
was associated with decreased expression of SREBP-1 in
the kidney, albuminuria and renal dysfunction in db/db
mice. Omacor® attenuated the expansion of mesangial
matrix and the expression of desmin, preserved the WT-1
positive cells, and inhibited the phosphorylation of nuclear
factor κB in renal tissue. In mesangial cells cultured in

high glucose media, the suppression of SREBP-1 expres-
sion decreased the collagen IV in the cells.
Conclusions. Our study results demonstrated that n-3
PUFA prevented renal progression with attenuation of
SREBP-1 and reduction of triglyceride in the diabetic kid-
ney. This suggests that the regulation of dyslipidemic sig-
nals in the kidney could be a possible mechanism by which
PUFA preserves renal function in the diabetic condition.

Keywords: diabetic nephropathy; hypertriglyceridaemia; n-3 PUFA;
SREBP-1

Introduction

Diabetic nephropathy has become the most common single
cause (41.5%) of end-stage renal disease and cardiovascu-
lar events in Korea [1]. In addition to the prominent roles
played by hypertension, hyperglycaemia, growth factors,
inflammatory cytokines, oxidative stress and advanced
glycation end products [2], abnormal lipid metabolism
and renal accumulation of lipids have also been proposed
as an important mechanism in the pathogenesis of diabetic
nephropathy [3,4]. Recently, increased renal expression of
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