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Abstract

The administration of the aminonucleoside of puromycin
(PAN) to rats causes the nephrotic syndrome that is associated
with an acute decline in renal function, and an interstitial infil-
trate. Weexamined whether essential fatty acid deficiency
(EFAD), which inhibits macrophage infiltration in glomerulo-
nephritis, affects PAN-induced renal dysfunction.

Both control and EFAD rats developed proteinuria that
resolved over 28 d. After PAN administration, there was a
prominent infiltration of macrophages in rats fed a normal diet.
The infiltrate was prevented by the EFADdiet. The absence of
a macrophage interstitial infiltrate was associated with a sig-
nificantly higher C,, in the EFADrats than in controls at 7 d
(5.21±1.19 versus 0.39±0.08, P < 0.002 ml/min/kg BW). In
addition, CPAHfell to < 10 ml/min/kg BWby day 7 in controls,
but remained the same as normal in the EFAD. After adminis-
tration of PANto control rats, there was no increase in urinary
thromboxane excretion or an increase in glomerular throm-
boxane production. Furthermore, the effect of EFADcould not
be mimicked by the administration of a thromboxane synthase
inhibitor. Irradiation-induced leukopenia in rats on a normal
diet markedly improved glomerular filtration and renal blood
flow in acutely nephrotic rats.

EFAD prevents the interstitial cellular infiltrate and the
renal ischemia associated with experimental nephrosis. The
recruitment of mononuclear cells into the kidney following
PANdirectly contributes to the decline in renal function. (J.
Clin. Invest. 1990. 86:1115-1123.) Key words: essential fatty
acids * macrophages * nephrosis - azotemia

Introduction

After a single injection of the aminonucleoside of puromycin
(PAN)' rats develop heavy proteinuria, which resolves after
4-5 wk (1-3). Aminonucleoside nephrosis has been widely
used as a model of human minimal change disease, with which
it was thought to share similar ultrastructural changes (1, 4).
However, even initial reports of this model recognized that the
development of the nephrotic syndrome was associated with
azotemia (1), and subsequent studies have confirmed that
there is a decline in both whole kidney and single nephron
glomerular filtration rate (5, 6). Renal plasma flow and glo-
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1. Abbreviations used in this paper: BUN, blood urea nitrogen; BW,
body weight; EFAD, essential fatty acid deficiency; PAH, P-aminohip-
purate; PAN, aminonucleoside of puromycin.

merular capillary plasma flow are also reduced (2) as is the
ultrafiltration coefficient (6). The etiology of the acute de-
crease in glomerular filtration rate remains ill understood in
this model. Administration of PANalso modulates the num-
ber and state of activation of glomerular macrophages. The
first week is characterized by no change in glomerular macro-
phage number, and the second week by a moderate glomerular
infiltration by monocytes and an increase in Ia expression by
both resident and infiltrating cells (7). In addition, Eddy and
Michael (2) recently described the development of an acute
reversible interstitial nephritis following the administration of
15 mg/ 100 g BWof PAN, consisting predominantly of macro-
phages.

Modification of dietary fatty acids has been shown to pro-
long survival in several animal models of systemic lupus ery-
thematosus, probably by preventing the glomerulonephritis
which is the principal cause of mortality (8, 9). An experimen-
tal basis for this protective effect has now been provided by the
observations that, when rats are reared on a diet deficient in
essential fatty acids, there is depletion of resident glomerular
macrophages and inhibition of angiotensin II-induced glo-
merular eicoisanoid production (10). Furthermore, animals
that are deficient in essential fatty acids do not infiltrate their
glomeruli with macrophages in response to a variety of im-
mune stimuli (1 1, 12). To date, however, no quantitative data
exists on whether these animals develop an interstitial infil-
trate in response to appropriate stimuli, although basal levels
of interstitial macrophages are reduced (10).

Wetherefore examined whether rats raised on a diet defi-
cient in essential fatty acids would be protected from the devel-
opment of an interstitial infiltrate in response to PAN, and
whether this would convey any benefit in terms of preventing
the renal functional changes.

The generation of the vasoconstrictor thromboxane A2 has
been implicated in the pathogenesis of the nephrotic syndrome
induced by the administration of adriamycin (13). Since es-
sential fatty acid deficient (EFAD) animals have a decreased
ability to synthesize the vasoconstrictor thromboxane A2, we
further investigated the role of thromboxane A2 in the develop-
ment of PANnephrosis, both by measuring its production and
by studying the effect of the thromboxane synthase inhibitor
OKY-046 on the development of renal failure after the admin-
istration of PAN.

Methods

Female Lewis rats (Harlan Sprague Dawley, Indianapolis, IN) were
used in all experiments. Age-matched animals were fed either a stan-
dard rat chow or a diet deficient in essential fatty acids (10) (Ralston
Purina, St. Louis, MO) from the time of weaning. The animals were
maintained on the diet for at least 4 mobefore use in the experiments,
at which time they weighed between 175 and 250 g. The diets were
matched for protein (22%).

Effects of Essential Fatty Acid Deficiency on Puromycin Nephrosis 1115

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/90/10/1115/09 $2.00
Volume 86, October 1990, 1115-1123



To determine the time course of the changes in renal function after
the administration of PAN, 11 animals (5 control and 6 EFAD) were
given 15 mg/ 100 g BWof PAN(ICN Biochemicals, Cleveland, OH) by
intraperitoneal injection after the collection of a basal 24 h urine and a
fasting tail vein blood sample. Urine was assayed for protein and
thromboxane B2 and plasma was analyzed for blood urea nitrogen
(BUN), plasma creatinine, albumin, cholesterol, and triglyceride. Fur-
ther 24-h urine collections and blood samples were obtained 7, 14, 21,
and 28 d after the administration of PAN.

In a separate group of animals, standard renal clearance studies
were performed as described below. The animals were studied after the
collection of a 24-h urine, at 4 d (control, n = 5; EFAD, n = 4) and 7 d
(control, n = 6; EFAD, n = 6) after the administration of 15 mg/kg BW
of PAN. These animals were pair fed 1 wk before the administration of
PANup to the time of study. Clearance studies were also performed in
an additional nine rats that had not received PAN(control, n = 5;
EFAD, n = 4). The data obtained from analysis of plasma for BUN,
plasma creatinine, albumin, cholesterol, triglyceride, and urine for
protein in these animals was pooled with that obtained at day 7 in the
animals studied to determine the time course of changes after PAN
administration.

Studies with the thromboxane synthase inhibitor OKY-046. To ex-
amine the effect of inhibiting the generation of the vasoconstrictor
thromboxane A2 on the development of the renal impairment in this
model rats were treated for 7 d after the administration of PANwith
the inhibitor of thromboxane synthesis OKY-046 (Ono Pharmaceuti-
cals, Osaka, Japan). The OKY-046 at a dose of 20 mg/kg BWwas
administered subcutaneously twice daily to six rats on the control diet.
Wehave reported previously that this dose and route of administration
of OKY-046 or one of its analogues is effective in affecting renal
function and inhibiting thromboxane excretion in the urine (14, 36).
An additional three rats from the control diet group were given PAN,
and only saline instead of OKY-046 to serve as temporal controls. A
group (n = 5) of littermates receiving neither PAN nor injections
served as additional controls. Standard renal clearances were per-
formed 7 d after the administration of PANas described below.

Clearance studies. Animals were prepared for standard renal clear-
ance measurements in the awake state. Tail vein, femoral artery, and
urinary bladder catheters were inserted under ether anesthesia, and the
animal was secured in a plexiglass holder and allowed to recover from
anesthesia for at least 1 h. 1 h before study a priming dose of inulin
(Fisher Scientific Co., St. Louis, MO)designed to give plasma levels of
75-125 mg/dliter and P-aminohippurate (PAH) (Merck, Sharp, and
Dohme, West Point, PA) designed to give plasma levels of 0.75-1.5
mg/dl were given via the tail vein. This was followed by a sustained
infusion containing inulin (32 mg/ml) and PAH(1.6 mg/ml) given at
40 ,l/min to maintain constant plasma levels (for the rats studied 7 d
after the administration of PAN, the concentrations of inulin and PAH
in the sustain infusion was halved to allow for the decreased glomerular
filtration rate). After 1 h of equilibration, two consecutive 20-min
urine collections, with blood samples obtained at the midportion of
each period were made for calculation of whole kidney inulin and PAH
clearances (Cmn and CpAH). At the end of the experiment, the animal
was killed by rapid injection of pentobarbital, and one kidney was
removed. One half of the kidney was snap frozen flat in dry ice and
ethanol for subsequent immunoperoxidase labeling.

Studies utilizing bone marrow irradiation. To evaluate the effects
of leukocyte depletion, one group of rats received whole body irradia-
tion of 1,315 rads over 10 min (Gammacell 40; Atomic Energy of
Canada, Ltd., Ottowa, Canada). A lead cuff of 0.5-cm thickness was
placed to shield the kidneys anteriorly and posteriorly; we have shown
this procedure to block > 92% of the irradiation in the immediate
vicinity of the kidneys (15). The irradiation was delivered 4 d after the
administration of PAN and 3 d before sacrifice for the purpose of
leukocyte labeling and clearance studies. This is a modification of a
previously published protocol that we have employed to deplete the
kidney of resident interstitial leukocytes and to inhibit the influx of
leukocytes into the cortex in acute ureteral obstruction (15, 16).

Immunoperoxidase labeling of renal tissue. The interstitial macro-
phages were enumerated by labeling kidney sections with a mouse
monoclonal antibody directed against the EDI antigen, a cytoplasmic
antigen of rat monocytes and tissue macrophages (17). Frozen sections
(6 Mm) of the kidneys were fixed in chilled (40C) acetone for 10 min
and air dried. Endogenous peroxidase activity was inhibited by im-
mersion for 10 min in a solution consisting of 40 parts methanol, 9
parts water, and 1 part hydrogen peroxide (30%). Endogenous biotin
activity was inhibited by sequential 30-min exposures to Avidin Dand
Biotin blocking solutions (Vector Laboratories, Burlingame, CA). The
sections were then placed in horse serum (10%) blocking solution
(Zymed Laboratories, San Francisco, CA), followed by ED- I antimac-
rophage antibody (Accurate Chemical & Scientific Corp., Westbury,
NY) (diluted 1:10 in PBS containing 3.5% BSA) for 30 min. After
washing, biotinylated horse anti-mouse IgG (Vector Laboratories) af-
finity purified and adsorbed against rat IgG, diluted 1:50, was added
for 15 min. After washing, the slides were sequentially exposed to
streptavidin-peroxidase followed by aminoethyl carbazole and hydro-
gen peroxide, as supplied by Zymed Laboratories. The sections were
counterstained with hematoxylin and mounted under coverslips.

Macrophage number was quantified as the number of cells per high
power field (450X). 15 fields were counted in each animal, and a mean
was taken.

Glomerular macrophage labeling. Glomeruli were labeled for mac-
rophages in three rats (normal diet) 7 d after the administration of
PANand in two noninjected rats, using a protocol modified from that
previously published (17). The kidneys were perfused with PBS at
370C to which was added papaverine at a concentration of 100 &g/ml
to eliminate the contribution of circulating leukocytes to the enumera-
tion of the cells in the glomerulus. The cortex was dissected from the
medulla and passed through sieves of graded sizes to separate the
glomeruli. The glomeruli were then placed in a digestion medium
consisting of HBSS, containing 1% Hepes buffer, Type 2 collagenase
(500 yg/ml), DNase (0.01 mg/ml), and soybean trypsin inhibitor (1
mg/ml). The glomeruli were rotated in this mixture at room tempera-
ture for 30 min, washed twice, and then placed in PBS containing
polyvalent rabbit anti-rat macrophage antiserum absorbed against
other rat leukocytes (Accurate Chemical Scientific Corp.), at a con-
centration of 50 ug/ml, to label resident glomerular macrophages.
After 20 min at 4°C, the glomeruli were washed once, placed in PBS
for 10 min to permit unbound antibody to diffuse out of the glomer-
ulus, washed again, and placed in a solution of fluorescein-conjugated
goat anti-rabbit IgG (Accurate Chemical Scientific Corp.) at a con-
centration of 100 mg/ml in PBS. This technique has previously been
shown to render intact glomeruli permeable to antibody, allowing in
situ cells to be labeled (18). The labeled cell content of isolated glo-
meruli was evaluated by microscopic examination with a Zeiss univer-
sal microscope. Cells were quantified by focusing through the glomer-
uli and counting cells as they appeared in the plane of focus. Because
exposure to the enzymes is limited, overall glomerular architecture is
not disturbed, permitting accurate evaluation of the macrophage con-
tent of glomeruli on a per glomerulus basis. The glomeruli from the
three PAN treated animals were pooled, as were those from the con-
trols, and the macrophage number of 40 glomeruli were counted.

Quantitation of the leukocyte content of the cortex. In some experi-
ments, the leukocyte content of the renal cortex was determined by the
enzymatic digestion of the perfused renal cortex to a suspension of
dissociated cells, followed by the immunofluorescent labeling of the
cells for the leukocyte commonantigen. Details of this procedure have
been previously presented ( 19). Leukocyte content was determined for
control kidneys, kidneys on day 7 after the administration of PAN, and
kidneys from animals that had been irradiated 4 d after the administra-
tion of PANand 3 d before killing the animals. Leukocyte content was
expressed as the number of cells expressing the leukocyte common
antigen per gram wet weight of renal cortex.

Glomerular eicosanoid production. Glomeruli were isolated from
saline-perfused kidneys from six rats fed the control diet 7 d after the
administration of PANand from six nonnephrotic rats using a pre-
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viously detailed sieving protocol (18). To obtain sufficient material for
the prostanoid assays, kidneys from two rats were pooled. Preparations
were typically > 90% pure. Glomeruli were subsequently permeabil-
ized with collagenase and DNase as described previously. This treat-
ment is necessary to preserve glomerular viability and responses to
agonists in vitro (10).

Glomeruli were incubated in Kreb's-Henseleit buffer (- 30,000
glomeruli/0.4 ml) for sequential 10-min periods. After two basal pe-
riods, glomeruli were washed three times and a basal period of eico-
sanoid production was performed. Glomeruli were subsequently ex-
posed to ionomycin 10 Mand eicosanoid production was again mea-
sured.

Glomerular supernatants were then assayed for PGE2, TxB2, and
LTB4 content by specific radioimmunoassays detailed before (20). The
values were normalized for the number of glomeruli in the incubation
and are expressed as fmol/103 glomeruli.

Hepatic lipid analysis. Hepatic fatty acid composition was periodi-
cally monitored in the groups of animals used in the study to confirm
that the animals on the EFADdiet were indeed essential fatty acid
deficient. Livers from animals fed the control and EFADdiets were
extracted using a Bligh-Dyer extraction (21). Lipids were then trans-
methylated, and the resultant fatty acid methyl esters were isolated by
thin layer chromatography and characterized by gas chromatography
using previously described methods (22).

Analytic. Inulin in plasma and urine was determined using the
method of Fuhr (23), and PAHwas measured by a modification of the
method of Smith et al. (24). Sodium was measured by standard flame
photometry (Instrumentation Laboratory, Inc., Lexington, MA). Uri-
nary urea, BUN, creatinine, triglyceride, cholesterol, and albumin in
plasma were measured using colorimetric methods on a Multistat III
plus autoanalyser (Instrumentation Laboratory Inc.).

Urinary protein was measured using the modified Bradford assay
(Bio-Rad Laboratories, Richmond, CA). Urinary thromboxane B2 (the
stable metabolite of thromboxane A2) was assayed in duplicate, respec-
tively, by radioimmunoassay using antisera raised in rabbits using
methodology modified from Reingold et al. (25). Cross-reactivities
with other prostaglandins at 50% displacement were < 0.025% for the
thromboxane B2 antiserum.

Statistics. Results are expressed as mean±SEM. For comparison
between control and EFADgroups of animals an unpaired Student's t
test was used. For comparisons between the same animals studied at
different time points a paired Student's t test was used. P < 0.05 was
considered significant.

Results

Validation of EFAD. The rats fed the diet deficient in essential
fatty acids exhibited the characteristic dermatitis and on aver-

age weighed 10% less than age matched animals fed the control
diet (222.7±7.98 versus 195.1±4.46 g; P < 0.005).

The fatty acid analysis of the livers from animals raised on

the diet deficient in essential fatty acids revealed a decrease in
(n-6) fatty acids and the accumulation of (n-9) fatty acids,
particularly 20:3 (n-9) (Mead acid) which is not present nor-

mally. The 20:3(n-9) to arachidonate ratio in the liver typically
ranged from 1.8 to 3.8, thus exceeding the minimal biochemi-
cal criteria for essential fatty acid deficiency which is a ratio of
> 0.4 (26).

Functional effects of PAN. 7 d after the administration of
PANboth the EFADand control rats developed the nephrotic
syndrome (Table I), as evidenced by the development of heavy
proteinuria, hypercholesterolemia, and hypoalbuminemia.
The degree of proteinuria tended to be less in the EFADrats,
although it was only significantly different on day 21 after the
administration of PAN. However, this was reflected in a higher
plasma albumin in the EFAD rats. The severity of the ne-

phrotic syndrome (as judged by the degree of proteinuria, hy-
poalbuminemia, and hypercholesterolemia) was greatest 14 d
after the administration of PANin both groups, and tended to
resolve over the following 14 d (plasma albumin returned to
control values, and proteinuria and hypercholesterolemia re-

turned towards baseline). Interestingly, despite a higher
plasma albumin after the induction of the nephrotic syn-

drome, the EFAD rats developed comparable degrees of hy-
percholesterolemia as controls; indeed, the cholesterol was sig-
nificantly greater at day 14 in EFADrats. They did not, how-
ever, develop significant hypertriglyceridemia.

The effect of the administration of PANon BUNand
plasma creatinine for both EFAD and control animals is
shown in Fig. 1. The BUNand plasma creatinine were ele-
vated compared to baseline values 7 d after the administration
of PANin both control and EFADanimals (P < 0.002 and P
< 0.05; day 7 versus day 0 for creatinine in control versus

Table I. The Effect of the Administration of PANto Control (C) and EFADRats (E Rats)

Days post pan 0 7 14 21 28

Proteinuria (mg/24 h)
C 2.0±0.2 257.7±47.7 300.9±34.9 223.3±58.3 17.7±5.0
E 1.5±0.2 149.2±45.1 221.5±43.8 83.1±14.1* 21.3±8.9

Albumin (g/dl)
C 3.8±0.1 1.8±0.1 1.9±0.1 2.6±0.1 3.3±0.1
E 3.9±0.1 2.5±0.2* 2.6±0.1$ 3.3±0.2* 4.0±0.0t

Cholesterol (mg/dl)
C 49.0±3.9 159.4±15.8 261.0±34.3 256.9±52.7 109.9±20.0
E 46.7±3.8 125.2±20.8 400.8±29.0* 216.5±17.8 94.5±4.1

Triglyceride (mg/dl)
C 53.7±5.7 99.9±2.9 688.0±205.2 336.6±52.6 74.6±12.3
E 58.8±3.6 79.6±13.9 173.5±41.7* 70.3±6.9t 48.9±4.1

Serum parameters were measured on tail vein blood samples at 0, 7, 14, 21, and 28 d after the administration of PAN 15 mg/100 g BW. Both
control and EFADrats developed significant proteinuria, hypoalbuminemia, and hypercholesterolemia, which resolved over 28 d. * P < 0.05
control versus EFAD; * P < 0.002 control versus EFAD.
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Figure 1. The effect of PANon BUNand creatinine. BUNand cre-
atinine were measured in tail vein blood samples from rats fed a con-
trol diet (-) and rats fed a diet deficient in essential fatty acids (o) be-
fore (0), and 7, 14, 21, and 28 d after the administration of PAN 15
mg/I00 g BWi.p. At day 7, BUNand creatinine were significantly
higher in control than in EFADrats (*P < 0.001 and **P < 0.05 for
control versus EFAD.)

EFAD, respectively; and P < 0.02 day 7 versus day 0 for BUN
in both control and EFAD). However, the rise in BUNand
plasma creatinine was minimal in the EFADanimals and was
significantly less than in control animals (24.2±2.5 versus
38.5±4.8 mg/dl, P < 0.05; and 0.68±0.02 versus 1.20±0.09
mg/dl, P < 0.001; EFADversus control for BUNand plasma
creatinine at day 7, respectively). The plasma creatinine had
returned to a value not significantly different from baseline by
day 14 in the EFADrats and by day 21 in control rats.

Urinary excretion rates of thromboxane B2 were signifi-
cantly greater under basal conditions in animals fed the con-
trol diet than in animals fed the diet deficient in essential fatty
acids (Fig. 2). After the induction of the nephrotic syndrome,
there was a fall in thromboxane B2 excretion in animals fed the
control diet, such that the excretion rate was not different from
that in the EFADanimals at 7 d after the administration of
PAN. The excretion of thromboxane B2 increased towards
baseline as the nephrotic syndrome resolved. The same pattern
was seen when urinary thromboxane was factored for urinary
creatinine (data not shown).

The results of the inulin and PAH clearance studies in
control and EFAD rats 0 (noninjected), 4, and 7 d after the

*
*

*

QQ.Q 9

7 14 21 28
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Figure 2. The effect of PANon urinary thromboxane B2 excretion.
Thromboxane B2 excretion was measured before (0), and 7, 14, 21,
and 28 d after the administration of PANto rats fed a control diet
(-) and rats fed a diet deficient in essential fatty acids (o). Throm-
boxane B2 was analyzed as outlined in the methods section. (*P
< 0.002 for control versus EFAD.)

injection of PANare shown in Fig. 3. As can be seen 4 d after
the injection of PAN, the inulin clearance (CQl) of control rats
was significantly lower (50%) than in noninjected rats. There
was a further fall in Cin in the control rats by day 7 to < 5%of
values obtained in noninjected rats. At both 4 and 7 d after the
injection of PAN the EFAD rats had a markedly higher Cin
than control rats (8.43±1.27 versus 4.99±0.59 ml/min/kg BW,
P < 0.05; and 5.21±1.19 versus 0.39±0.08 ml/min/kg BW, P
< 0.002 at 4 and 7 d, respectively). However, there was still a
fall in the Cin in EFAD rats, and the value at 7 d after the
administration of PAN was significantly different from rats
not given PAN(5.21±1.19 versus 11.94±0.71, P < 0.001). In
control rats 7 d after the injection of PAN, the clearance of
PAH (CPAH) had fallen dramatically to < 10 ml/min/kg BW.
In contrast, in EFADrats, CPAHwas maintained at levels simi-
lar to that in noninjected rats at both 4 and 7 d after the
injection of PAN.

There was avid sodium retention in the control animals
with the development of the nephrotic syndrome. Sodium ex-
cretion fell from 3.63±1.67 tmol/min in the animals that had
not received PANto 0.49±0.14,umol/min at day 4 (P < 0.01)
and to 0.143±0.025 ,tmol/min at day 7 (P < 0.002).

Analysis of the plasma and urine of the animals that un-
derwent clearance studies confirmed the data obtained in rats
studied longitudinally; namely a significantly higher creatinine
in the control group at day 7 (1.7±0.18 versus 0.55±0.07
mg/dl, P < 0.001), and a tendency for greater proteinuria in
the control animals (28.5±5.6 versus 9.3±2.2 mg/24 h, P
< 0.05 at day 4; and 420.7±73.2 versus 197.3±26.2 mg/24 h,
P < 0.05 at day 7) and a better maintained plasma albumin.

Interstitial and glomerular macrophage quantification. The
results of the quantification of the macrophage infiltrate is
shown in Fig. 4. There were significantly more macrophages
per high power field in the kidneys from control animals 7 d
after the administration of PAN than in the kidneys from
EFAD animals. Indeed, the macrophage number in the kid-
neys of two of the EFADanimals at day 7 was similar to the
background. The macrophages in the kidneys of rats fed a
standard diet and given PAN were located predominantly
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Figure 3. The effect of PANon inulin and PAHclearances. Con and
CPAHwere measured in rats fed a control diet (-) and rats fed a diet
deficient in essential fatty acids (o) 0 (preexposure), 4 and 7 d after
the administration of PAN. The rats were pair fed before the admin-
istration of the PAN. Cin fell in both control and EFADrats but was
significantly higher in EFADrats 4 and 7 d after the administration
of PAN. CPAHdid not fall in response to PANin EFADrats, but did
fall in rats raised on a control diet. (*P < 0.05 and **P < 0.002 for
control versus EFAD).

around the glomerular stalk and proximal tubule. A represen-
tative section of a kidney from a control animal at day 7 is
shown in Fig. 5.

There was no change in the number of glomerular macro-
phages 7 d after the administration of PANin rats fed a normal
diet (9.0±0.5 macrophages/glomerulus in PAN-injected ani-
mals and 8.6±0.5 in noninjected controls).

Glomerular eicosanoid production. The effects of PANon
the production of thromboxane B2 generation by isolated glo-
meruli is shown in Fig. 6. PANdid not increase either basal or
ionomycin-stimulated thromboxane B2 production. Neither
did PANaffect prostaglandin E2 or leukotriene B4 production
by isolated glomeruli (data not shown).

Effects of thromboxane synthesis inhibition. The results of
inhibiting the generation of the vasoconstrictor thromboxane
A2 are shown in Fig. 7. 7 d after the administration of PAN, Qin
was severely reduced in animals fed the control diet. However,
the administration of the thromboxane synthase inhibitor
OKY-046 did not result in a higher Cin than in concurrently
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Figure 4. Quantification of the interstitial infiltrate following PAN.
Macrophage number in the interstitium was quantified in non-
nephrotic rats and 7 d after the administration of PAN. (A) Rats on a
control diet not given PAN; (o) rats on a control diet given PAN7 d
previously; (o) rats on a diet deficient in essential fatty acids given
PAN7 d earlier. Frozen sections of kidney were stained for macro-
phages using an EDI antibody as described in the text and a mean
number of macrophages in 15 high-powered fields taken.

studied controls. Neither did the administration of OKY-046
affect the level of proteinuria 7 d after the administration of
PAN (194.6±24.7 versus 211.18±41.94 with and without
OKY-046, respectively).

Effects of leukopenia on renalfunction. Essential fatty acid
deficiency may ameliorate renal dysfunction in this model of
nephrosis by preventing leukocyte infiltration, by inhibiting a
vasoactive fatty acid metabolite other than thromboxane A2,
or by a combination of the two. To delineate the contribution
of infiltrating leukocytes, a group of rats on a control diet (n
= 5), received lethal irradiation 3 d before being studied on
day 7 after the administration of PAN. The kidneys were
shielded to prevent direct radiation toxicity. This protocol de-
pletes the kidneys of resident leukocytes and induces mono-
cyte and neutrophil depletion within 24 h (15). Two control
groups were analyzed with respect to interstitial leukocyte
content, one group on a standard diet (n = 6), and one group
on a standard diet that received PAN7 d before study (n = 6).
As shown in Fig. 8, PAN-induced nephrosis was associated
with a > 10-fold increase in interstitial leukocytes on day 7.
The irradiated, nephrotic rats demonstrated virtually complete
depletion of interstitial leukocytes.

The two groups of nephrotic animals, irradiated and non-
irradiated, were compared with respect to several parameters
of renal dysfunction. Wehave previously shown that this irra-
diation protocol has no effect on renal function in non-
nephrotic rats on standard diets (16). As seen in Table II, both
groups demonstrated comparable proteinuria. The x-irra-
diated group experienced a significant loss of body weight,

- 13%. Hematocrit was the same for both groups. BUNwas
significantly lower for the irradiated group, comparable to that
seen in EFAD nephrosis (Fig. 1). Most significantly, despite
the same degree of proteinuria, the leukopenic nephrotic ani-
mals manifested almost a tripling of the inulin clearance and a
greater than twofold increase in PAH clearance. Thus, the
prevention of leukocyte influx into the renal interstitium ap-
pears to account for 60-80% of the ameliorating effects of

Effects of Essential Fatty Acid Deficiency on Puromycin Nephrosis 1119

I



A

t: ¶

.VW...

v v Si~~~~~~~~s .. > ' .::C~~~~~~~~~~~~~14

Figure 5. A representative photomicrograph of
a section from a kidney of a rat fed a control
diet 7 d after the administration of PAN. A
frozen section of the kidney was stained for
macrophages using an ED1 antibody as de-
scribed in the text. The macrophages are seen
predominantly in the periglomerular region
and around the proximal tubules of the kidney.

EFADon the impaired renal function in this animal model of
the nephrotic syndrome.

Discussion

Transient exposure of the kidney to PANinduces acute toxic-
ity in the renal glomerular epithelium causing a decrease in the
negative charge of the glomerular capillary wall and an in-
crease in the passage of polyanion molecules such as albumin,
resulting in the development of nephrosis (5, 27, 28). Concom-
itantly, there is avid sodium retention and a decrease in glo-
merular filtration rate secondary to a fall in the ultrafiltration
coefficient and plasma flow per nephron (5, 6). Recently, it has

become apparent that an interstitial infiltrate develops after
administration of PAN(2).

The results presented in this paper demonstrate that the
interstitial leukocyte infiltrate that occurs after the administra-
tion of PAN is causally linked with the severe reduction in
glomerular filtration rate and renal blood flow at 7 d. At this
time, the infiltrate is only in the interstitium, with no change in
glomerular macrophage number.

EFADhas previously been shown to be protective against
the lethal glomerulonephritis that develops in murine lupus
(8). Rats raised on this diet have a reduced number of glomer-
ular and interstitial macrophages (10). EFAD is associated
with a marked inhibition of monocyte migration into the glo-
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Figure 6. The effect of PANon glomerular thromboxane B2 produc-
tion. Glomerular TxB2 synthesis was assayed in nonnephrotic ani-
mals fed a control diet (o) and in animals 7 d after the administra-
tion of PAN(m). Glomeruli from nonnephrotic and nephrotic ani-
mals were isolated and incubated as detailed in Methods.
Glomerular TxB2 synthesis was determined by specific radioimmu-
noassay and normalized for the number of glomeruli in the incuba-
tion. Constitutive (basal) and ionomycin-stimulated production are
shown. There was no significant change in either basal or ionomy-
cin-stimulated glomerular thromboxane B2 production 7 d after
PANadministration.

merulus after the administration of nephrotoxic serum or ag-
gregated protein (1 1, 12). In contrast, inflammation-induced
glomerular infiltration by polymorphonuclear leukocytes is
not affected by EFAD(12).

This study demonstrates for the first time that animals
raised on an EFADdiet are unable to develop an interstitial
infiltrate of macrophages in response to PAN. The mechanism
whereby inflammatory stimuli fail to result in the recruitment
of macrophages in EFADremains to be defined, but the failure
of the kidney to produce a chemoattractant, a failure of the
macrophages to respond, or both are possible explanations.

Rats raised on a EFADdiet were also protected against the
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Figure 7. The effect of the administration of OKY-046 on the devel-
opment of renal dysfunction after PAN. Rats fed a control diet were
studied 7 days following the administration of PAN. OKY-046 20
mg/kg BWor saline was given subcutaneously twice a day following
the administration of PAN. PANinduced a severe fall in CQn that was
not ameliorated by OKY-046. The Cin values for rats not given PAN
are also shown (-PAN, and -OKY-046).
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Figure 8. The effect of bone marrow irradiation on the renal cortical
leukocyte content of nephrotic rats. Rats, on a standard diet, were
given PANand their kidneys analyzed for the presence of leukocytes
7 d later. One group received systemic irradiation, with shielding of
the kidneys, on day 4 after the administration of PAN; the kidneys
were analyzed on day 7. Analyses are presented as 105 leukocytes/
gram wet weight of renal cortex. Results are means (n = 6, controls;
n = 6 for PANonly; n = 5 for PAN+ irradiation)±SE.

severe decline in renal function that is seen after administra-
tion of PAN. Inulin clearance fell to - 3.5% of preadminis-
tration values by day 7 in rats fed a standard chow. The inulin
clearance also fell significantly in animals raised on the EFAD
diet given PAN, but to only 50% of preexposure values. This
resulted in an inulin clearance which was 13 times that in the
animals fed the standard chow. This preservation in renal
function is associated with the reduction in the interstitial in-
filtration by macrophages in the EFADanimals. The benefi-
cial effects on renal function observed in nephrotic rats fed a
standard diet and made leukopenic by irradiation proves that
the predominant factor in the protection conferred by EFAD
is its inhibition of macrophage infiltration. This is the first
demonstration that the proteinuria-induced influx of macro-
phages into the renal interstitium directly modulates renal
blood flow and glomerular filtration and, in turn, is modulated
by manipulation of dietary lipids.

Recently, Diamond et al. (29) demonstrated that inducing
EFAD in rats during the transient phase of PAN-induced
nephrosis dramatically inhibited the glomerular sclerosis and
interstitial fibrosis typically observed in the kidneys 4-6 mo
after a single dose of PAN(29). Noteworthy was the fact that
the rats were essential fatty acid deficient only during the first
month of proteinuria; they were placed on a standard diet
thereafter. That study did not evaluate renal function or the
interstitial infiltrate in the acute phase of the disease. We
would propose that EFADinhibits the acute renal ischemia of
this model of nephrosis by preventing the interstitial leukocyte
infiltration. Subsequent protection from interstitial fibrosis in
the chronic phase of proteinuria may be due either to mainte-
nance of renal blood flow in the acute phase or to sustained
depletion from the interstitium and glomeruli of macrophages,
which may promote nephrosclerosis via their established ca-
pacity to degrade extracellular matrix, stimulate fibroblast pro-
liferation, and promote collagen production, to cite just a few
of their chronic inflammatory properties (30).

It is of note that the inulin clearance in the EFADanimals
was still reduced to 50% of preexposure values. This is consis-
tent with PANhaving a direct toxic effect on the glomerular
epithelium (31, 32). Such an effect could directly modify the
filtration characteristics of the glomerulus and result in a de-
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Table II. The Effect of X-Irradiation on Renal Function in PAH-induced Nephrosis

BW Hct BUN Proteinuria Cinlin CPAH

g % mg/dl g/24 h ml/min/kg mil/min/kg

PAN(n = 6) 237.5±7.8 36.78±1.8 49.0±3.8 91.2±9.2 1.04±.18 13.91±2.67
PAN+ x-irradiation

(n = 5) 207.9±2.9 36.8±0.5 22.2±2.1 114.7±27.8 2.98±.26 34.33±5.88
p <0.025 N.S. <0.00 1 N.S. <0.001 <0.01

Age-matched female rats received PAN(15 mg/10Isg BW) on day 0. One group received 1,315 rads on day 4, with lead shielding of the kid-
neys. All animals were sacrificed on day 7 with serum parameters measured on tail vein samples before determination of inulin and PAHclear-
ances. Values, means±SE.

crease in inulin clearance, and would not be modified by the
EFAD state. Strikingly, renal plasma flow as assessed by the
clearance of PAHwas completely preserved in the EFADani-
mals, where, as in control animals, it had fallen dramatically 7
d after the exposure to PAN.

Although the leukocyte infiltrate appears to account for
60-80% of the impaired renal function in this model, the re-
mainder should perhaps be attributable to impaired synthesis
of a vasoactive eicosanoid. In EFAD, the production of both
cyclooxygenase and lipoxygenase products, particularly
thromboxane A2, is impaired both basally and in acute glo-
merulonephritis (10, 12). Thromboxane A2 is the principal
vasoconstrictive eicosanoid implicated in the pathogenesis of
several forms of acute renal failure, including obstructive ne-
phropathy (16, 19, 33) in which it is evident that infiltrating
cells are a major source of the enhanced thromboxane A2 pro-
duction (16, 19), glycerol-induced renal failure (34, 35), and
ischemia (36). Furthermore, in adriamycin-induced nephrosis
there is an enhanced urinary excretion rate of thromboxane B2
and enhanced glomerular production of thromboxane B2. In-
hibition of thromboxane synthesis significantly reduces pro-
teinuria (13). The source of the enhanced thromboxane pro-
duction in this model is thought to be the glomerular epithe-
lium, since no leukocyte infiltrate has been observed in the
kidney after administration of adriamycin (13, 37). Our data
on the effects of leukopenia and on inhibition of leukocyte
influx may thus explain why adriamycin nephrosis differs
from PANnephrosis in its lack of correlative glomerular dys-
function.

Before the administration of PAN, thromboxane B2 excre-
tion was significantly less in the EFADanimals than those on
the control diet, consistent with EFADanimals being unable
to synthesize thromboxane A2. However, after exposure to
PAN, thromboxane B2 excretion in control animals did not
increase. Rather, the excretion of thromboxane B2 fell and
increased again only as the nephrosis resolved. In addition,
glomeruli isolated 7 d after the administration of PAN, from
rats fed the control diet, did not show enhanced basal or iono-
mycin-stimulated production of thromboxane B2 or leuko-
triene B4 over nonnephrotic rats. Furthermore, administration
of the thromboxane synthase inhibitor OKY-046, at doses that
have previously been shown to be highly effective in suppress-
ing thromboxane B2 excretion (38), did not prevent the acute
fall in glomerular filtration rate at 7 d, nor did it ameliorate the
proteinuria. These observations would suggest that thrombox-
ane A2, whether derived from intrinsic renal cells or infiltrat-
ing macrophages, is not important in the pathogenesis of the
decline in renal function after the administration of PAN. It

remains possible that an as yet unidentified metabolite of li-
noleate or arachidonate contributes in part to the decline in
renal function observed in this model and that its synthesis is
impaired by EFAD. Clarification of this possibility must await
further investigation.

The potential role of other known humoral mediators of
renal vasoconstriction in acute, leukocyte-dependent depres-
sion of renal blood flow remains to be clarified. It is known
that administration of angiotensin 1 converting enzyme inhib-
itor does not reverse the decreased glomercular filtration rate
in the acute phase of PANnephrosis, the phase that we have
studied (39), although it does normalize glomerular filtration
in the chronic phase of the model, 70 wk after PANadminis-
tration, characterized by interstitial fibrosis and glomerular
sclerosis in the untreated animal. There is no information on a
role for endothelin in this model of renal ischemia, nor is it
known whether endothelin release is subject to modulation by
lipids or by the presence of activated leukocytes.

In summary, we have shown that there is a significant
influx of macrophages into the interstitium 7 d after the ad-
ministration of PAN, at a time when glomerular macrophage
number is unaltered. This is associated with a decline in inulin
and PAH clearances at this time, which is not related to the
production of thromboxane A2. EFADeffectively prevents the
recruitment of macrophages into the interstitium. At the same
time, the fall in inulin clearance is ameliorated and the fall in
PAH clearances is prevented by the EFADdiet. Proteinuria
and hypercholesterolemia, however, still occur. This suggests
that the acute decline in renal function that is seen in this
model is modulated via the infiltration of metabolically active
macrophages into the interstitium, whose continued presence
may contribute to the interstitial fibrosis and glomerular scle-
rosis that are the distant sequelae to the events described in
these studies.
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