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Essential Fatty Acid Deficiency Depletes Rat Glomeruli of Resident
Macrophages and Inhibits Angiotensin ll-induced Eicosanoid Synthesis

James B. Lefkowith and George Schreiner*

Departments of Medicine and *Pathology, Washington University School of Medicine, St. Louis, Missouri 63110

Abstract

Essential fatty acid (EFA) deficiency exerts a beneficial effect
on immune-mediated glomerulonephritis, preventing both the
tissue injury and consequent mortality. Because both macro-
phages and eicosanoids are thought to play pathogenic roles in
glomerulonephritis, and because macrophages play an impor-
tant role in modulating arachidonate metabolism at sites of
renal injury, the effects of EFA deficiency on the population of
resident glomerular macrophages and on glomerular eicosa-
noid generation were examined. EFA deficiency led to a strik-
ing reduction in the number of resident glomerular macro-
phages and a corresponding reduction in the number of resi-
dent glomerular Ia* cells. This phenomenon was not
strain-specific, was not due to a decrease in circulating mono-
cytes, was not a function of changes in cell surface labeling
characteristics, and was not restricted to a specific subset of
glomeruli. In addition, EFA deficiency affected other areas of
the renal cortex: a comparable depletion of interstitial macro-
phages and Ia* cells was also observed. In conjunction with the
decrease in glomerular macrophages seen with the deficiency
state, a marked decrease in both basal and angiotensin II-stim-
ulated glomerular eicosanoid production was noted. In contrast
to angiotensin II, platelet-activating factor-induced eicosanoid
production was not significantly affected by the deficiency
state. These changes in glomerular eicosanoid production
could not be attributed to changes in glomerular cyclooxygen-
ase or reacylation capacity. Dietary (n-6) fatty acid supple-
mentation, but not (n-3) fatty acid supplementation, reversed
both the decrease in glomerular macrophages and the dimin-
ished eicosanoid metabolism seen with the deficiency state.
Understanding the mechanisms behind the changes in the glo-
merular microenvironment induced by EFA deficiency may
provide a basis for elucidating the protective effect of dietary
fatty acid manipulation on immune-mediated glomeruloneph-
ritis.

Introduction

Modification of dietary fatty acids has been shown to prolong
survival in several animal models of systemic lupus erythema-
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tosus. Hurd et al. demonstrated that essential fatty acid (EFA)'
deficiency markedly prolonged survival in NZB X NZW mice
(1). Kelley et al. and Prickett et al. showed a similar beneficial
effect for diets enriched for (n-3) fatty acids in MRL Ipr (2) and
NZB X NZW mice (3), respectively. Modification of fatty acid
intake appears to be particularly effective in ameliorating the
chronic glomerulonephritis associated with the development
of autoimmunity, reducing both the incidence of proteinuria
and the severity of the attendant histologic changes (1-3). Be-
cause renal failure is the principal cause of death in murine
lupus (4), the mechanism of the beneficial effect of dietary
fatty acid manipulation has been felt to be due to its effects on
the development of the glomerulonephritis. The mechanisms
by which modulation of fatty acid intake prevent the develop-
ment of immune-mediated glomerular disease, however, re-
main ill-defined.

Both glomerular macrophages (5, 6) and glomerular eico-
sanoid production (7) have been implicated pathogenically in
glomerulonephritis. The normal rat glomerulus contains a
population of macrophages that reside in the mesangium, that
are phagocytic and capable of antigen processing, and that can
express Ia molecules (8). Both acute and chronic glomerulone-
phritis in the rat is associated with increased numbers of glo-
merular macrophages, and these cells appear to play a role in
the observed tissue injury (6, 9). Additionally, glomerular ei-
cosanoid synthesis has been shown to be increased in glomeru-
lonephritis (both cyclooxygenase [10] and lipoxygenase [11]
metabolism), and eicosanoids may mediate some of the atten-
dant functional deficits (7). Evidence also exists to relate these
different aspects of renal inflammation: macrophages have
been shown to be critically important in modulating arachi-
donate metabolism at sites of renal injury (12).

Consequently, in an effort to understand the beneficial ef-
fects of dietary fatty acid modulation on immune-mediated
glomerulonephritis, the present study focuses on the effects of
EFA deficiency on both the population of resident glomerular
macrophages and on glomerular eicosanoid production. EFA
deficiency is shown to lead to a striking depletion of resident
glomerular macrophages and to a concurrent diminution of
angiotensin II-induced eicosanoid production. Both of these
defects are specifically reversed by dietary (n-6) fatty acid sup-
plementation. These findings may provide a basis for under-
standing the salutary effect of EFA deficiency on immune-
mediated glomerulonephritis.

Methods

Reagents and materials. Weanling Sprague-Dawley or Lewis rats were
obtained from Charles River Breeding Laboratories, Inc., Wilmington,

1. Abbreviations used in this paper: A 11, angiotensin II; EFA, essential
fatty acid; EFAD, essential fatty acid deficiency; PAF, platelet-activat-
ing factor; PG, prostaglandin; Tx, thromboxane.
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Table I. Effect of Oxygenated Buffer and Collagenase Treatment on Glomerular Eicosanoid Metabolism and Viability

PGE; production (ng/ml)
Incubation Collagenase Glomerular Cells + for
buffer treatment Basal 3um Al Basal 10 pum PAF protein trypan blue
U/ml 74 %

PBS 0 0.96 1.05 ND ND 641 35

KH 0 0.59 0.87 0.43 0.39 613 7

KH 10 0.68 1.30 0.33 0.72 515 ND

KH 20 0.43 1.83 0.22 0.64 527 2

KH 50 0.39 0.97 0.25 0.48 441 ND

Glomeruli were harvested as detailed in Methods and either used untreated or treated with collagenase as indicated. Approximately equal
numbers of glomeruli were then incubated for successive 10-min periods in either phosphate-buffered saline (PBS) or oxygenated Kreb’s-
Henseleit (KH) buffer. Periods of basal PGE, production were followed by periods of agonist stimulation. PGE, production was determined
by a specific radioimmunoassay. Glomeruli were pelleted after the incubation for protein determination using a fluorescamine assay. Glomer-
ular viability was estimated from enzymatically dissociated cells using trypan blue exclusion.

MA, or Harlan Sprague Dawley, Indianapolis, IN, and fed either a
standard lab diet or a fat-free diet purchased from Purina Test Diets,
Richmond, IN for at least 8 wk. The fatty acid analysis of these diets
has been previously published (13). Heneicosanoic acid and its methyl
ester, linoleate methyl ester, linolenate methyl ester, angiotensin II (A
II), platelet-activating factor (PAF), arachidonic acid, trypsin, and
DNAase type I were obtained from Sigma Chemical Co., St. Louis,
MO. Fatty acid methyl ester standards for gas chromatography were
obtained from Supelco, Inc., Houston, TX. 20:3(n-9) was a gift from
Dr. Howard Sprecher, Ohio State University Department of Physio-
logical Chemistry, and its methyl ester was prepared as described (13).
Prostaglandin (PG) E,, thromboxane (Tx) B,, ['*I]PGE,, ['*I]TxB,,
and specific antisera to these two eicosanoids were a gift from Dr.
Philip Needleman, Washington University, Department of Pharma-
cology. ['*C]Arachidonate (60 mCi/mmol) was purchased from
Amersham Corp., Arlington Heights, IL. Antisera for cell labeling
(monoclonal anti-rat Ia antibody MAS-028 (Lewis) or MAS-029
(Sprague-Dawley), monoclonal anti-rat leukocyte common antigen
antibody OX1HLK, and polyclonal rabbit anti-rat macrophage anti-
serum) were obtained from Accurate Chemical & Scientific Corp.,
Westbury, NY. FITC-labeled rabbit anti-mouse and goat anti-rabbit
antisera were purchased from Cappel Laboratories, Cochranville, PA.
Collagenase type II was purchased from CooperBiochemical, Inc.,
Malvern, PA. Tissue culture plates were purchased from Costar, Cam-
bridge, MA. Latex beads (1 um) were purchased from Dow Diagnos-
tics, Indianapolis, IN. Tissue culture media were prepared in the Wash-
ington University Cancer Research Center. Organic chemicals were
high performance liquid chromatography grade.

Glomerular isolation, incubations, and labeling. Glomeruli were
isolated from saline-perfused kidneys using a sieving protocol detailed
previously (8). Preparations were typically > 90% pure. No difference
in purity was observed between preparations from normal or EFA-de-
ficient animals.

Initial experiments were performed using previously published
protocols for glomerular incubation in which glomeruli are incubated
in a physiologic salt solution in the presence or absence of exogenous
arachidonate (7, 10, 11). Products of arachidonate metabolism could
be detected in these incubations, but glomeruli failed to respond to
hormonal agonists known to stimulate glomerular cell arachidonate
metabolism (14-16) (Table I). After incubation, glomeruli were enzy-
matically dissociated into a suspension of single cells, and glomerular
cell viability was determined by exclusion of trypan blue. Glomeruli
from these incubations demonstrated extensive cell death (Table I).
Substituting an oxygenated buffer was found to reduce cell death ex-
tensively, but glomeruli still did not respond to hormonal agonists
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(Table I). Because of the possibility that this failure to respond to
agonists represented impaired access of the ligand to the interior of the
glomerulus, glomeruli were rendered permeable using a mild colla-
genase exposure. This treatment renders the glomerular mesangium
permeable to antibody, permitting in situ labeling of cells in the inte-
rior of the glomerulus, but has no effect on overall glomerular archi-
tecture except for the removal of Bowman’s capsule (8). Incubations
with collagenase-permeabilized glomeruli resulted in minimal cell
death, a diminished basal arachidonate metabolism relative to non-
permeabilized glomeruli (the elevation of which may have been in part
due to ischemia), and unequivocal responses to hormonal agonists
(Table I). )

As a result of these findings, isolated glomeruli were treated with 20
U/ml collagenase type II and 0.01 mg/ml DNAase for 20 min at room
temperature before use. They were then washed several times with cold
oxygenated Kreb’s-Henseleit buffer. After collagenase treatment, glo-
meruli were aliquoted and used in either labeling experiments or in
incubations to determine eicosanoid synthesis.

_ Glomerular incubations were carried out as follows. ~ 25,000 glo-
meruli were suspended in warm oxygenated Kreb’s-Henseleit buffer
and incubated for successive 10-min periods. After two equilibration
periods (during which 0.1% bovine serum albumin was added to the
Kreb’s-Henseleit buffer), glomeruli were washed three times, and the
basal production of eicosanoids was determined. Glomeruli were then
exposed to A II 1 uM. This concentration of A II had been determined
to give a maximal response (Fig. 1). Glomeruli were then washed three

03r Figure 1. Glomerular syn-
AL thesis of thromboxane in
— I_LI response to agonists. Glo-
‘é ozl meruli were isolated and
g i collagenase permeabilized
£ as detailed in Methods.
g 3 Glomeruli were then incu-
= ol l /f bat§d with varying concen-
= PAF trations of either A II or
1 / PAF. TxB, production was
i\a ¢ measured using a specific

radioimmunoassay and
normalized for glomerular
protein content (deter-
mined by a fluorescamine method). The increase over basal is shown
and is expressed as the average of three experiments + the standard
error.
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times and allowed to reequilibrate for one incubation period. Basal
production of eicosanoids was subsequently redetermined and the glo-
meruli were then exposed to 10 uM PAF. As with A II, this concentra-
tion was determined to give a maximal response (Fig. 1). Glomeruli
were again washed three times, the basal production of eicosanoids
redetermined a third time, and a final incubation with 10 uM arachi-
donic acid (in oxygenated phosphate-buffered saline) trace-labeled
with ['*C]arachidonate (1,000 cpm/60 ul) was performed. Incubations
were then terminated, and the glomeruli were pelleted and solubilized
in 0.62 N NaOH for protein determinations. For glomerular lipid
analysis experiments the pellet was alternatively subjected to a Bligh-
Dyer extraction (17) and the lipids processed as detailed below.

Glomerular production of PGE, and TxB, were determined by
assaying the Kreb’s-Henseleit buffer directly using specific radioimmu-
noassays detailed previously (18). Sample cross reactivities for the
PGE, antiserum were 6-keto-PGF,,, 0.39%; PGF,,, 0.04%; and TxB,,
0.003%. Sample cross-reactivities for the TxB, antiserum were 6-keto-
PGF,.,, 0.007%; PGE,, 0.012%; and PGF,,, 0.025%. Glomerular pro-
duction of eicosanoids was normalized for glomerular protein content,
as determined by a fluorescamine assay.

Glomeruli were labeled for leukocyte antigens using a protocol
modified from that previously published (19). After collagenase treat-
ment, glomeruli were washed twice in cold phosphate-buffered saline
and then placed in one of three primary antibody preparations: (a)
monoclonal mouse antibody against rat leukocyte common antigen
diluted 1:2 in phosphate-buffered saline; (b) polyclonal rabbit anti-rat
macrophage antiserum diluted 1:20 in phosphate-buffered saline; or (¢)
monoclonal mouse antibody against Lewis Ia antigen (MAS-028) or
against a common epitope found in Sprague-Dawley (MAS-029), both
diluted 1:3 in phosphate-buffered saline. After 20 min at 4°C, the
glomeruli were washed once, placed in phosphate-buffered saline for
10 min to permit unbound antibody to diffuse out of the glomerulus,
washed again, and placed in a solution of a secondary antibody. Sec-
ondary antibodies were either FITC-rabbit anti-mouse antiserum or
FITC-goat anti-rabbit antiserum. No labeling was observed with con-
trol primary antibody lacking the designated specificities or with sec-
ondary antibody exposure only. After washing, the glomeruli were
fixed in 2% paraformaldehyde in phosphate-buffered saline. The la-
beled cell content of isolated glomeruli was evaluated by microscopic
examination with a Universal microscope (Carl Zeiss, Inc., Thorn-
wood, NY). Cells are quantified by focusing through the glomerulus
and counting cells as they appear in the plane of focus. In most experi-
ments, 50-100 glomeruli were counted, and the results are expressed as
mean+SE.

Phagocytic assay of macrophages. Thioglycollate-elicited macro-
phages were harvested in Hanks’ balanced salt solution containing 1%
Hepes buffer. 1 ml containing 2 X 10° cells was placed in duplicate
16-mm wells. Cells were allowed to adhere at 37°C for 3 h, washed,
layered with 4 X 107 latex beads, and incubated for 1 h. The cells were
then washed to remove unbound latex, fixed in 2% paraformaldehyde
in phosphate-buffered saline, and examined by light microsopy. 100
cells from each well were examined. Cells interiorizing three or more
particles were scored as positive and the number of particles internal-
ized was recorded. Adherent cell density of control and EFA-deficient
macrophages was comparable.

Isolation, culture, and phagocytic assay of glomerular cells. To
assay glomerular cells for phagocytosis, glomeruli were dissociated into
single cells using a previously detailed procedure (8). In brief, glomeruli
were placed in a solution of trypsin (0.5 mg/ml), collagenase (1
mg/ml), and DNAase (0.1 mg/ml) for 30 min at 37°C. The glomeruli
were then washed in Hanks’ balanced salt solution lacking calcium or
magnesium and subsequently placed in Hanks’ balanced salt solution
containing EDTA 2 mM for 20 min at 37°C. This preparation was
then centrifuged at 50 g for 10 min and divided into a sediment and a
suspension of single cells. The sediment was additionally subjected to
digestion in collagenase 1 mg/ml for 20 min at 37°C. The preparation

was then allowed to settle at 1 g and the supernatant (consisting of

single cells) combined with the previous suspension of single cells.
Suspensions were then cultured in Hanks’ balanced salt solution con-
taining Hepes buffer | mM and 1% bovine serum albumin.

Enzymatically isolated glomerular cells were assayed for phagocy-
tosis as previously detailed (8). Briefly, 1 X 106 cells were cultured for 2
h at 37°C in the tissue culture medium described above. After washing,
glomerular cells were exposed to latex beads (5 X 107/ml) for 45 min at
37°C and washed again. Phagocytic cells were defined as those ingest-
ing two or more latex beads. They were quantified by counting cells in
20 randomly selected high-powered fields. Previous studies have es-
tablished that the adherent phagocytic cells in the rat glomerulus con-
sist solely of marrow-derived resident macrophages (8, 19).

Isolation and labeling of interstitial cells. Interstitial cells were ob-
tained by mincing cortex through a sieve with a 250-um pore size. The
fragments were weighed, digested in trypsin 0.1 mg/ml and DNAase
0.1 mg/ml for 30 min at 37°C (which does not dissociate glomeruli),
and then washed. This procedure yielded a suspension of single cells,
small clumps of cells, and intact glomeruli. The cells were then labeled
with anti-macrophage antiserum or anti-Ia antiserum as previously
detailed, washed, and then sandwich-labeled with the appropriate
FITC-antibody, also as detailed above. After further washing, the cells
were fixed in 1% paraformaldehyde in phosphate-buffered saline. Posi-
tively labeled cells were counted on a per volume basis and normalized
for the weight of the cortex predigestion. Positively labeled cells within
glomeruli were not counted.

Hepatic and glomerular lipid analysis. Liver lipids from normal
and EFA-deficient animals were extracted using a Bligh-Dyer extrac-
tion (17). Lipids were then transmethylated (along with heneicosanoic
acid as an internal standard), and the resultant fatty acid methyl esters
were isolated by thin layer chromatography and characterized by gas
chromatography using previously described methods (13).

Glomerular lipids in contrast were first separated into phospho-
lipids using two-dimensional thin layer chromatography, and the fatty
acid composition of individual phospholipids determined by trans-
methylation and gas chromatography as detailed before (13). Henei-
cosanoic acid methyl ester was used as an internal standard.

Fartty acid repletion experiments. EFA-deficient rats were selec-
tively repleted with either linoleate (18:2[n-6]) or linolenate (18:3[n-3])
methyl ester as follows. Animals were injected with 1 g/kg i.p. of the
fatty acid methyl ester once daily 5 d a week for a period of 1 mo.
Animals were subsequently used for glomerular incubations, glomeru-
lar labeling experiments, and liver and glomerular lipid analyses.

Results

Validation of EFA deficiency. Rats fed an EFA-deficient diet
exhibited the characteristic dermatitis and mild growth retar-
dation (average, 10%). To validate the deficiency state bio-
chemically, fatty acid analysis was performed on both liver and
glomerular lipids. Liver lipids showed a > 90% depletion of
arachidonate and a 20:3(n-9) to arachidonate ratio of 3.71
with EFA deficiency (Table II). A 20:3(n-9) to arachidonate
ratio of > 0.4 is the biochemical criterion for EFA defi-
ciency (20).

Glomerular lipids were fractionated into individual phos-
pholipids before fatty acid analysis. Glomerular phospholipid
arachidonate was also depleted with EFA deficiency, though
less so than liver arachidonate (Table III). All four classes of
phospholipids showed decreased arachidonate with EFA defi-
ciency, ranging from a 71% decrease in phosphatidylcholine to
a 24% decrease in phosphatidylserine. The 20:3(n-9) to arachi-
donate ratios seen in the individual phospholipids also varied
widely, ranging from 3.00 in phosphatidylcholine to 1.56 in
phosphatidylserine. All these values, however, exceeded the
cutoff value of 0.4. Thus both the liver and the tissue of inter-
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Table I1. Liver Lipid Fatty Acid Analysis

AA 20:3(n-9) 20:3(n-9)/AA

mol % mol % mol %
Control (n = 7) 15.0+0.9 ND 0.00
EFAD (n = 5) 1.4+0.3* 5.2+0.9* 3.71

0.2+0.0% 0.04
0.3+0.2¢ 0.60

5.1+0.9%
0.5+0.2%

EFAD + 18:2 (n = 3)
EFAD + 18:3 (n = 4)

Liver lipids from control, EFA-deficient, EFA-deficient/linoleate-
supplemented, and EFA-deficient/linolenate-supplemented animals
were extracted using a Bligh-Dyer extraction (17). The constituent
fatty acids were then transmethylated, isolated by thin layer chro-
matography, and characterized and quantified using gas chromatog-
raphy. P < 0.01 for one-way analysis of variance on both AA and
20:3(n-9) groups. Means were compared using Student’s ¢ test.

* P < 0.01; EFA-deficient vs. control.

# P < 0.01; EFAD + 18:2 or EFAD + 18:3 vs. EFA-deficient.

§ P < 0.05; EFAD + 18:3 vs. EFA-deficient.

Abbreviations: AA, arachidonate; EFAD + 18:2, linoleate-supple-
mented EFA-deficient animals; EFAD + 18:3, linolenate-supple-
mented EFA-deficient animals; ND, none detected.

est, the glomeruli, exhibited the characteristic biochemical
changes of the deficiency state.

Effects of EFA deficiency on resident glomerular macro-
phages. The effects of the deficiency state on the macrophage
content of glomeruli were determined in two strains of rats
(outbred Sprague-Dawley and inbred Lewis) using a fluores-
cence-labeling technique to quantify macrophages on a per
glomerulus basis. Compared with controls, EFA-deficierit glo-
meruli exhibited a marked depletion of resident macrophages
(~ 70-80%, Fig. 24 and 34). When glomeruli were labeled for
the subset of macrophages that express the Ia antigen and were
thus immunologically competent, a comparable depletion of
Ia* cells was also seen with the deficiency state (Figs. 2B and
3B). Representative pictures of glomeruli from normal and
EFA-deficient rats stained for macrophages or Ia* cells are
shown in Fig. 4.

These differences in glomerular macrophage content could
not be explained by a more generalized depletion of circulating

Table I1I. Glomerular Phospholipid Fatty Acid Analysis

leukocytes or monocytes by EFA deficiency. Circulating leu-
kocyte counts were 12,81 1+2,475/mm? in controls and
12,833+808/mm> in EFA-deficient animals, respectively
(mean=SE, n = 6). Circulating monocyte counts were
2,241+944/mm? in controls and 1,866+401/mm? in EFA-de-
ficient animals, respectively (mean+SE, n = 6). These data
corroborate those of other investigators (21) and establish that
peripheral leukocyte counts (particularly monocyte counts)
are unaffected by the deficiency state.

The possibility that EFA deficiency might have affected the
expression of macrophage cell surface antigens, thus leading to
a decrease in macrophage labeling rather than an actual de-
crease in glomerular macrophage number, was also consid-
ered. In consequence, a functional assay for resident glomeru-
lar macrophages, phagocytosis (8, 19), was used to quantify
these cells. Initial experiments determined the effect of EFA
deficiency on macrophage phagocytosis. EFA-deficient macro-
phages exhibited comparable, or slightly enhanced, phagocy-
tosis relative to control. 95% of adherent EFA-deficient macro-
phages were phagocytic compared with 63% of the control
cells. EFA-deficient macrophages were also highly phagocytic.
100% of the positive cells ingested 50 beads or more compared
with 76% for positive control cells. These results are in accor-
dance with previous findings that, in mice, macrophage pha-
gocytosis of zymosan is unaffected by EFA deficiency (18).
Equal numbers of glomeruli from control and EFA-deficient
animals were then enzymatically dissociated into a single cell
suspension, placed in short-term tissue culture, and challenged
with latex beads. The number of phagocytic cells per high-
powered field was subsequently determined. Employing this
functional criterion, a marked decrease in glomerular macro-
phage number with EFA-deficiency was again noted (Fig. 5)
and was comparable with that seen with the fluorescence label-
ing technique (Fig. 2). These data thus validate those obtained
with the fluorescence labeling technique and demonstrate con-
clusively that resident glomerular macrophage number is de-
creased in EFA deficiency.

To examine whether a subset of glomeruli were preferen-
tially affected by EFA deficiency or whether glomeruli were
uniformly affected, the distribution of macrophages in glo-
meruli from both EFA-deficient and control Lewis rats was
determined. As shown in Fig. 6, control glonieruli exhibited a

Phospholipid arachidonate Phospholipid 20:3(n-9) and 20:3(n-9)/arachidonate ratios
Control EFAD EFAD
mol % nmol/mg protein mol % nmol/mg protein mol % nmol/mg protein 20:3(n-9)/arachidonate
PC 12.7£1.1 10.5+1.6 3.7+0.6* 3.9+1.0% 11.1+£0.3* 9.9+1.7* 3.00
PI 25.9+4.3 2.9+0.6 8.2+1.6* 1.120.2¢ 22.8+1.6* 2.2+0.2* 2.78
PE 34.5+4.4 22.9+4.8 13.1+1.6* 8.7x1.7% 24.5+1.6* 15.6+1.4* 1.87
PS 8.7+1.4 3.2+0.8 6.6+0.2 3.0+0.8 10.3+1.0* 4.3+2.1% 1.56

Glomerular_lipids from control and EFA-deficient animals were extracted and separated into their constituent phospholipids using two-di-
mensional thin layer chromatography. The fatty acids of individual phospholipids were then transmethylated, and characterized and quanti-

fied using gas chromatography. Means were compared with Student’s ¢ test.

* P < 0.01; EFA-deficiency vs. control (n = 4, all groups).

#+ P < 0.05. Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine. No

20:3(n-9) was detected in control samples.
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Figure 2. Effect of EFA deficiency on glomerular macrophage and
Ia* cell number in Sprague-Dawley outbred rats. Glomeruli were iso-
lated using a sieving protocol, permeabilized with collagenase and la-
beled with monoclonal antibodies using a double-antibody fluores-
cence technique as detailed in Methods. Macrophages were detected
using an anti-leukocyte common antigen primary antibody. Between
50 and 100 glomeruli were examined per animal, and the number of
positive staining cells was expressed on a per glomerulus basis. The
average + standard error are shown for a pool of glomeruli from two
animals. The experiment was repeated three times with identical re-
sults. (4) Macrophages per glomerulus, EFA deficiency vs. control.
(B) Ia* cells per glomerulus, EFA deficiency vs. control.

roughly mean distribution with respect to macrophage con-
tent, peaking with an average representation of eight to nine
macrophages per glomerulus; no glomeruli were entirely de-
void of resident macrophages. In contrast, the entire popula-
tion of glomeruli demonstrated a shift to the left with EFA
deficiency, indicating no selectivity in how the deficiency state
affected glomeruli. > 40% of EFA-deficient glomeruli had vir-
tually no detectable macrophages, while > 70% had three or
fewer.

Additional experiments addressed the issue of whether the
depletion of macrophages in the renal cortex seen with EFA
deficiency was specific to the glomerulus. Extraglomerular
renal cortex was enzymatically dissociated into a single cell
suspension and subsequently labeled for either macrophages
or Ia* cells. These experiments demonstrated that EFA defi-
ciency also led to a marked depletion of interstitial macro-
phages and Ia* cells (Fig. 7). Thus the depletion of macro-
phages seen with the deficiency state was a generalized phe-
nomenon with respect to the renal cortex: resident
macrophages were depleted from both the glomeruli and the
interstitium.

Effects of EFA deficiency on glomerular eicosanoid produc-
tion. Glomerular cells are known to synthesize eicosanoids
basally and in response to a variety of agonists (14-16). The
effects of EFA deficiency on glomerular eicosanoid production
were thus determined by measuring both the basal production
of PGE, and TxB; and the production of these eicosanoids in
response to two potentially important agonists with respect to
glomerulonephritis, A II (22) and PAF (23).

Glomerular basal production of PGE, and TxB, was sup-
pressed by the deficiency state. An ~ 50% decrease in the basal
synthesis of these eicosanoids was seen with EFA deficiency
(Table IV). An even more striking effect was seen when A
II-stimulated eicosanoid metabolism was examined. Control
glomeruli responded to A II stimulation with a three- to five-
fold increase in both PGE, and TxB, production (Table IV).
EFA-deficient glomeruli exhibited a markedly decreased gen-
eration of these eicosanoids in response to A II: PGE, and
TxB, production were decreased by 85% relative to control
(Table IV).

EFA deficiency, in contrast, did not significantly affect the
elaboration of eicosanoids in response to the other agonist
utilized, PAF. In normal glomeruli, PAF led to a doubling of
PGE, and TxB, production (Table IV). The production of
these eicosanoids in response to this agonist by EFA-deficient
glomeruli was modestly decreased relative to control glomeruli
(Table IV).

The observed differences in eicosanoid production be-
tween EFA-deficient and control glomeruli could not be attri-
buted to differences in glomerular cyclooxygenase capacity.
The conversion of exogenous arachidonate to both PGE, and
TxB, by EFA-deficient glomeruli was actually severalfold
greater than that seen with control glomeruli (Fig. 8). Glomer-
ular eicosanoid production assessed using exogenous arachi-
donate was thus strikingly different than glomerular eicosan-
oid production assessed using agonists causing the release of
endogenous arachidonate. EFA-deficient glomeruli were
markedly deficient in the production of eicosanoids in re-
sponse to A II (but not PAF). In contrast, EFA-deficient glo-
meruli actually produced greater quantities of eicosanoids rel-
ative to control when provided with exogenous substrate.

The differences in agonist-stimulated eicosanoid produc-
tion between EFA-deficient and control glomeruli also could
not be explained by differences in glomerular reacylation abil-
ity which might affect the availability of free fatty acid for
metabolism. The reuptake of labeled exogenous arachidonate
was the same in EFA-deficient and control glomeruli: 95 and
92% in EFA-deficient glomeruli and 94 and 95% in control
glomeruli.

Effects of selected fatty acid repletion on the changes in
glomerular macrophages and eicosanoid metabolism seen with
EFA deficiency. To determine whether the changes in glomer-
ular macrophage number and glomerular prostaglandin pro-
duction were specifically a function of (n-6) or (n-3) fatty acids,
and to assess the reversibility of these changes, we performed a
series of experiments in which EFA-deficient animals were
supplemented with either linoleate methyl ester or linolenate
methyl ester. As shown in Table II, supplementation with lin-
oleate restored liver arachidonate levels to more normal levels
and markedly decreased both the 20:3(n-9) level and the
20:3(n-9) to arachidonate ratio. Linolenate supplementation
of EFA-deficient animals, in contrast, further decreased ara-
chidonate levels (Table II). The percentage of 20:3(n-9), as well
as the 20:3(n-9) to arachidonate ratio, however, were sup-
pressed with linolenate supplementation. Linolenate supple-
mentation also increased liver (n-3) fatty acids, particularly

Figure 3. Effect of EFA
deficiency on glomeru-
lar macrophage and Ia*
cell number in Lewis
inbred rats. Glomeruli
were isolated, pro-
cessed, and examined as
detailed in the legend to
Fig. 1 except that macrophages were detected using an anti-macro-
phage antibody. Average cell number + standard error are shown for
a pool of glomeruli from two animals. The experiment was repeated
three times with identical results. (4) Macrophages per glomerulus,
EFA deficiency vs. control. (B) Ia* cells per glomerulus, EFA defi-
ciency vs. control.
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eicosapentaenoic acid (20:5[n-3]), which was not present in
control animals (2.5+1.2% in linolenate-supplemented EFA-
deficient animals).

The decrease in glomerular phospholipid arachidonate
content was more completely reversed by linoleate supple-

Figure 5. Phagocytic cell content of EFA-de-
ficient and control glomeruli. EFA-deficient

201 and control glomeruli were dissociated into a
single cell preparation using a digestion pro-

Il tocol detailed in Methods. Single cell prepa-
rations were then challenged with latex

or beads (5 X 107/ml). The number of phago-

cytic cells per high-powered field was subse-
quently quantified in 50 fields and is ex-
pressed as an average + standard error. A
representative experiment is shown.

PHAGOCYTIC CELLS / HPF

Control EFAD
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Figure 4. Representative light and fluorescent
photomicrographs of labeled EFA-deficient
and control glomeruli from Lewis rats. Glo-
meruli were isolated, processed, and examined
as detailed in the legend to Fig. 1. (4 and C)
Light photomicrographs of control glomeruli.
(B and D) Light photomicrographs of EFA-de-
ficient glomeruli. (a and b) Fluorescent photo-
micrographs of control and EFA-deficient glo-
meruli stained for macrophages, respectively.
(c and d) Fluorescent photomicrophages of
control and EFA-deficient glomeruli stained
for Ia antigen, respectively. Artifactual stain-
ing of the glomerular hilus (see a) was occa-
sionally seen and was regarded as nonspecific,
in that it was observed when glomeruli were
stained with secondary antibody only.
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Figure 6. Frequency distribution of the number of macrophages per
glomerulus in EFA-deficient and control glomeruli. The number of
macrophages per glomerulus in EFA-deficient and control glomeruli
was determined as detailed in the legend to Fig. 1. The data from
three animals were pooled (~ 100 glomeruli were examined per ani-
mal) and are expressed as percent of total glomeruli examined vs.
macrophages per glomerulus.



B e Figure 7. Effect of EFA deficiency
S on renal interstitial macrophage
§g 4 and Ia* cell number. Renal inter-
gg_ ) stitial cells were isolated by a di-
P gestion protocol detailed in
= Methods. This procedure yielded
Control EFAD . .
< a suspension of single cells, small
w4 clumps of cells, and intact glomer-
g9z [ uli. These preparations were then
Fo22r .
<Zz stained for the presence of macro-
I - 27 phages and Ia* cells using a dou-
~ ontrol

ble antibody fluorescence tech-
nique detailed in Methods. The number of positive staining cells per
gram of starting material was calculated. Positive-staining cells
within glomeruli were not counted. Two representative control and
EFA-deficient animals are shown.

mentation in comparison to the liver. Levels of glomerular
phospholipid arachidonate in linoleate-supplemented EFA-
deficient animals were virtually normal (Table V). Levels of
phospholipid 20:3(n-9), as well as 20:3(n-9) to arachidonate
ratios, were also suppressed by linoleate supplementation
(Table V). Linolenate supplementation of EFA-deficient ani-
mals, in contrast did not restore levels of glomerular phospho-
lipid arachidonate, but did decrease levels of phospholipid
20:3(n-9) and suppress 20:3(n-9) to arachidonate ratios (Table
V). Levels of glomerular phospholipid (n-3) fatty acids (partic-
ularly 20:5[n-3]) were also increased (data not shown).

Numbers of glomerular macrophages were subsequently
quantified in the four different groups of animals: control,
EFA-deficient, EFA-deficient/linoleate-supplemented, and
EFA-deficient/linolenate-supplemented animals. As shown in
Fig. 9, levels of macrophages were increased to approximately
twice normal levels by linoleate supplementation. Linolenate
supplementation did not increase levels of macrophages in the
glomerulus above that seen in EFA deficiency (Fig. 9).

The eicosanoid metabolism of glomeruli from these four
groups of animals was determined in parallel to the labeling
experiments. As noted in Table VI, glomeruli from linoleate-
supplemented EFA-deficient animals exhibited an increased
basal production of PGE, and TxB, to levels roughly two- to
threefold greater than control. A II-stimulated eicosanoid pro-

EZ3 Control
~ @zZB eFAD
A.u’r 40

Figure 8. Conversion of exoge-
% nous arachidonate to PGE,
and TxB, by control and EFA-
deficient glomeruli. Glomeruli
were isolated and permeabi-
lized with collagenase as de-
tailed in Methods. Isolated glo-
meruli were then incubated
with arachidonate 10 uM.
PGE; and TxB, production
were measured using specific
radioimmunoassays, and pro-
duction was normalized for
glomerular protein content
(determined by a fluorescamine method). The increase over basal is
shown and is expressed as the average of three experiments + the
standard error. EFA-deficient values were compared to control
values using Student’s 7 test. Significance levels are *P < 0.05, **P
<0.01.
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duction by these glomeruli, however, was simply restored to
control levels. Glomeruli from linolenate-supplemented EFA-
deficient animals exhibited an even lower basal production of
eicosanoids relative to EFA-deficient glomeruli (Table VI).
These glomeruli also exhibited a suppressed response to A 11
stimulation comparable to EFA-deficient glomeruli.

In sum, both the decrease in glomerular macrophage num-
ber and the decrease in glomerular eicosanoid production in-
duced EFA deficiency were reversible, covariant, and specifi-
cally a function of the presence of (n-6) rather than (n-3) fatty
acids.

Discussion

This study demonstrates two novel effects of EFA deficiency
on the glomerulus. One is a marked depletion in the number of
resident mesangial macrophages without a commensurate de-
crease in circulating monocytes. The other is a selective effect
on agonist-induced glomerular eicosanoid production. These
two effects of EFA deficiency are reversible with (n-6) but
not (n-3) fatty acids supplementation and appear to vary in
parallel.

Table IV. Glomerular Eicosanoid Synthesis: EFA Deficiency vs. Control

PGE, production (pmol/mg protein)

TxB, production (pmol/mg protein)

% decrease % decrease
Control EFAD from control Control EFAD from control

Basal 1.32+0.15 0.77+0.12* 42 0.174+0.017 0.065+0.020% 63
Al (1 uM)

Total 6.70+1.33 1.29+0.29* 81 0.593+0.039 0.129+0.030% 78

Net 5.56+0.97 0.81+0.18% 85 0.420+0.042 0.064+0.015% 85
PAF (10 uM)

Total 2.24+0.57 1.65+0.32 26 0.369+0.107 0.209+0.048 43

Net 1.27+0.21 0.92+0.35 28 0.194+0.069 0.129+0.059 34

Glomeruli from control and EFA-deficient animals were isolated and incubated as detailed in Methods. Glomerular PGE; and TxB, synthe-
sis was determined by specific radioimmunoassay and normalized for the amount of glomerular protein present. Net synthesis represents
total minus basal synthesis. Means were compared with Student’s ¢ test. * P < 0.05; * P < 0.01; EFA-deficient vs. control (n = 3, all groups).
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Table V. Glomerular Phospholipid Fatty Acid Analysis Post
Linoleate and Linolenate Supplementation

20:3(n-9)/Arachidonate (calculated ratio)

Control EFAD EFAD + 18:2 EFAD + 18:3

PC ND/16.2 (0.0)
PI ND/32.2 (0.0)
PE ND/30.8 (0.0)
PS ND/12.0 (0.0)

11.0/2.0 (5.5)
19.6/4.2 (4.6)
28.7/8.6 (3.3)
13.0/6.3 (2.1)

0.1/15.8 (0.0) 1.5/2.3 (0.6)
5.5/24.3 (0.2) ND/15.0 (0.0)
1.5/35.7 (0.0) 4.0/11.5 (0.3)
0.9/10.6 (0.1) 1.6/3.1 (0.5)

Glomerular lipids from control, EFA-deficient, EFA-deficient/lino-
leate-supplemented and EFA-deficient/linolenate-supplemented ani-
mals were extracted and separated by two-dimensional thin layer
chromatography. The constituent fatty acids of individual phospho-
lipids were transmethylated and quantified by gas chromatography.
The analysis was performed with a pool of glomeruli from two ani-
mals. Abbreviations: PC, phosphatidylcholine; PE, phosphatidyleth-
anolamine; PI, phosphatidylinositol; PS, phosphatidylserine; EFAD
+ 18:2, linoleate-supplemented EFA-deficient; EFAD + 18:3, lino-
lenate-supplemented EFA-deficient; ND, none detected.

The changes in eicosanoid production seen with EFA defi-
ciency are established by using a newly developed method for
examining the endogenous production of glomerular eicosa-
noids. Isolated glomeruli are first permeabilized with collagen-
ase and then incubated in an oxygenated buffer. This protocol
minimized cell death and makes it possible to determine ago-
nist-stimulated eicosanoid metabolism in whole glomeruli
without adding arachidonate. Thus this new method has the
advantage of determining the actual production of eicosa-
noids, rather than just the potential for the production of eico-
sanoids as determined with the usual method of adding ara-
chidonate. PGE, and TxB, production, both basally and in
response to A II stimulation, are shown to be markedly re-
duced by the deficiency state by this new method. The addi-
tion of exogenous arachidonate, in contrast, demonstrates an
enhanced conversion of arachidonate in EFA deficiency, indi-
cating that modulation of eicosanoid synthesis is not occurring
at the level of cyclooxygenase activity. The use of exogenous
arachidonate alone to determine glomerular eicosanoid me-
tabolism thus would have obscured the changes induced by the
deficiency state. In fact, the severalfold increase in cyclooxy-
genase activity seen in EFA deficiency makes even more strik-
ing the virtual complete suppression of A II-induced eicosa-
noid synthesis seen in the deficiency state.

The observation that EFA deficiency affects A II-induced
eicosanoid synthesis more than that induced by PAF is similar
to a previously described phenomenon in isolated perfused
EFA-deficient kidneys. EFA deficiency was shown to decrease
markedly A II-stimulated PGE, production (13). In contrast,
ischemia-induced PGE, production was unaffected (13). This
difference was attributed to the findings that EFA deficiency
preferentially depletes phosphatidylinositol of arachidonate
(13), and that this phospholipid pool may be the source of
arachidonate in response to A II stimulation (24). Ischemia, in
comparison to A II, is a relatively less specific stimulus for fatty
acid release (25). Studies also suggest that PAF is a less specific
stimulus than A II and induces the release of arachidonate
from several phospholipids (15). This difference may explain
the differential effect of EFA deficiency on these two agonists.
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Manipulation of dietary fatty acids (both EFA deprivation
and (n-3) fatty acid supplementation) has been shown to be
remarkably protective against the lethal glomerulonephritis
that develops in murine lupus (1-3). The basic explanations
behind this phenomenon, however, have not been established.
Suppression of autoimmunity has been suggested as a possible
mechanism of the protective effect (2). Available studies, how-
ever, would seem to contradict this hypothesis. No unequivo-
cal effect of EFA deficiency has been established with respect
to systemic immunity, either humoral or cellular (reviewed in
reference 26). In fact, some studies have shown an increase in
both humoral (27) and cell-mediated immunity (28). More-
over, dietary fatty acid manipulation has been shown to exert a
protective effect despite the fact that anti-dsDNA autoanti-
bodies are not suppressed (2). Additionally, institution of di-
etary fatty acid manipulation has been shown to be protective
even when started after the inception of renal disease (29). The
data presented in this study would suggest an entirely different
possibility: that modulation of the glomerular microenviron-
ment (i.e., glomerular macrophage number and eicosanoid
production) may contribute to the renal-sparing effects of di-
etary fatty acid restriction in lupus glomerulonephritis.

The contributing role of macrophages in the evolution of
glomerulonephritis has received increasing emphasis. Studies
have established that rat glomeruli contain a resident popula-
tion of macrophages that are derived from the bone marrow,
that are phagocytic, and that express Ia antigens (19). Such
cells are immunologically competent and are capable of
presenting antigen to appropriately sensitized lymphocytes (8).
Their relative depletion from the kidney and virtual absence
from approximately half of the glomeruli as seen in EFA defi-
ciency could conceivably protect against the initiation of an in
situ immune reaction. Additionally, the same effects inhibiting
the migration of monocytes into the glomerulus in EFA defi-
ciency could affect the mobilization of leukocytes into the
glomerulus in the context of glomerular inflammation. This
influx of leukocytes is causally associated with the glomerular
damage in experimental glomerulonephritides (5, 6). In sup-
port of this contention, we have preliminary evidence that
EFA deficiency largely abrogates the influx of macrophages
into the glomerulus in response to inflammatory stimuli (30).

The modulation of glomerular arachidonate metabolism
induced by EFA deficiency could be equally significant in
ameliorating immune-mediated glomerular inflammation.

150 Figure 9. Effect of linoleate and
linolenate supplementation of
EFA-deficient animals on glomer-
ular macrophage number. EFA-
deficient animals were repleated
with either linoleate or linolenate.
Glomeruli from these animals
were then examined as detailed in
the legend to Fig. 1 and the num-
i ber of macrophages per glomer-
ulus calculated. Parallel controls
with EFA-deficient and control animals were performed. The data
were derived from a pool of glomeruli from two animals and are ex-
pressed as an average + standard error. Abbreviations: EFAD
+ 18:2, EFA-deficient/linoleate-supplemented; EFAD + 18:3, EFA-
deficient/linolenate-supplemented.

M¢/GLOMERULUS

MMM

Control EFAD G

g



Table VI. Glomerular Eicosanoid Synthesis in Control, EFA-deficient, EFA-deficient/Linoleate-supplemented,

and EFA-deficient/Linolenate-supplemented Animals

PGE; production (pmol/mg protein)

TxB, production (pmol/mg protein)

Control EFAD

EFAD + 18:2 EFAD + 18:3 Control EFAD EFAD + 18:2 EFAD + 18:3
Basal 1.97, 1.20 1.02, 1.05 4.78, 5.67 ND 0.423, 0.278 0.109, 0.101 0.813,0.511 0.041, 0.056
All1 pM 7.51, 6.65 2.43,2.43 6.54, 7.93 0.76, 1.57 1.213, 1.082 0.248, 0.226 1.080, 0.979 0.183, 0.245

Glomeruli from each of the four groups of animals were isolated and incubated as detailed in Methods. Eicosanoid synthesis was normalized
for the amount of glomerular protein present. A II-stimulated production is expressed as the increase over basal production. Abbreviations:
EFAD + 18:2, EFA-deficient/linoleate-supplemented; EFAD + 18:3, EFA-deficient/linolenate-supplemented; ND, none detected. Because n

= 2 for all groups, both replicates are expressed.

Studies have established an enhanced glomerular production
of eicosanoids in glomerulonephritis (10, 11, 31) and have
shown that eicosanoids may play a role in the pathophysio-
logic changes that occur (7, 31). Studies also suggest a role for
A II in glomerulonephritis and suggest that this autocoid may
be an agonist in vivo for eicosanoid production (22). The inhi-
bition of basal as well as A II-stimulated eicosanoid produc-
tion seen with EFA deficiency might therefore ameliorate the
altered glomerular physiology in nephritis.

The observation that EFA deficiency affects both glomeru-
lar macrophage representation and arachidonate metabolism
in concert, and that both of these changes are reversed con-
comitantly with (n-6) fatty acid supplementation suggests that
these phenomena may be causally interrelated. Independent
lines of observation would tend to support this conjecture.
Macrophages have been shown to affect dramatically the ara-
chidonate metabolism of a variety of mesenchymal cells (32),
including mesangial cells (33). This interaction occurs via the
elaboration of soluble factors, most notably interleukin 1 (32).
Mononuclear cell factor(s) have been shown to increase both
mesenchymal cell basal and hormonal agonist-stimulated
PGE, production up to 100-fold (34). The absence of macro-
phages from EFA-deficient glomeruli thus may explain the
decrease in A II-stimulated eicosanoid production because
mesangial cells are the only glomerular cell to express recep-
tors for A II (35). This hypothesis is supported by studies that
demonstrate that monocyte depletion prevents the influx of
macrophages, as well as the markedly enhanced agonist-stimu-
lated eicosanoid production, seen in a model of experimental
renal inflammation, hydronephrosis (12).

The observation that linolenic acid supplementation did
not reverse the decrease in glomerular macrophages or the
decrease in eicosanoid synthesis seen with EFA deficiency
suggests a parallel between the mechanisms underlying the
protective effect of EFA deficiency and the protective effect of
(n-3) fatty acid—enriched diets. In fact there are many similar-
ities between the biochemical effects of (n-3) fatty acid enrich-
ment and EFA deficiency with respect to eicosanoid produc-
tion. Eicosapentaenoic acid, the (n-3) fatty acid which is aug-
merited most dramatically by linolenic supplementation, is a
poor substrate for cyclooxygenase but does inhibit prostaglan-
din formation from arachidonate by competing for cyclooxy-
genase (36). With respect to lipoxygenase metabolism, eicosa-
pentaenoic acid is converted to leukotriene As and subse-
quently to leukotrienes Cs and Bs (37). Leukotriene As is
inefficiently converted to leukotriene Bs, and inhibits the for-

mation of leukotriene B4, possibly by covalently coupling to
leukotriene A hydrolase (38). In comparison, 20:3(n-9), which
accumulates in the deficiency state, is also not a particularly
good substrate for cyclooxygenase (39). EFA deficiency, how-
ever, does decrease prostaglandin production in response to
certain stimuli (e.g., A II), probably by depleting arachidonate
from selected phospholipid pools rather than by a competitive
mechanism (13). With respect to lipoxygenase metabolism,
20:3(n-9) is metabolized to leukotriene A; and subsequently
leukotriene C; (18), but is not metabolized significantly to
leukotriene Bj (40). As with leukotriene As, leukotriene Aj; is
poor substrate for leukotriene A hydrolase and has been shown
to bind to, and inactivate, leukotriene A hydrolase thus pre-
venting leukotriene B, synthesis (41).

In summary, EFA deficiency has dramatic effects on both
glomerular macrophage number as well as glomerular eico-
sanoid production. These phenomena appear to be a function
solely of (n-6) fatty acids and may well be causally associated.
Understanding the mechanisms underlying these observations
may help to clarify further the mechanism of the protective
effect of dietary fatty acid manipulation in immune-mediated
glomerulonephritis. Additionally, the use of EFA deficiency
may provide a new tool to elucidate the role of macrophages
and arachidonate metabolism in this disorder.
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