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ABSTRACT

Anomalies in the erythrocyte transport of anions and
cations have been described in idiopathic calcium
oxalate nephrolithiasis and seem to play a pathoge-
nefic role in this disease. In consideration of the
hypothesis that the complex array of ion fiux cell
abnormailities is an epiphenomenon of an anomaly
in the composition of cell membranes, this study
investigated cell-membrane lipid composition. In id-
lopathic calcium oxalate renal stone formers, in
which ion fransport abnormailities were present, and
in healthy control subjects, plasma and erythrocyte
membrane lipid composition, the erythrocyte oxalate
exchange, and Na/K/2Cl cotransport activily were
evaluated. Furthermore, in stone formers, the effect of
a 30-day fish-oil diet supplementation on plasma
lipids, erythrocyte oxalate exchange, oxaluria, and
calciuria was investigated. The effect of arachidonic
acid released by phospholipase A, on anion-carrier
phosphorylation and activity in erythrocytes was eval-
uated as well. Patients had a lower content of linoleic
and higher concentration of arachidonic acids in
both plasma and erythrocyte membrane phospholip-
ids, and an increased arachidonic/linoleic acid ratio.
The arachidonic acid level cormrelated with the eryth-
rocyte oxalate exchange and sodium cofransport
activity. Fish-oil supplementation lowered caicium
and oxalate urine excretion, and normalized the
erythrocyte oxalate exchange. Phospholipase A, In-
creased the erythrocyte anion-carrier protein phos-
phorylation and the oxalate exchange. This study
shows that idiopathic calcium nephrolithiasis in the
patient group reported here Is characterized by a
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systemic defect in phospholipid arachidonic acid
levels that might provide an answer to the link be-
tween genetic background, dietary habits, and renal
lithiasis.

Key Words: Renal stone, ion transport, hypercalciuria, hyper-
oxaluria, arachidonic acid

nomalies in the cellular transport of oxalate,

urate, sodium, and calcium have been observed
in erythrocytes from patients with idiopathic calcium
nephrolithiasis (ICN) (1-5). At least some of these ion
transport defects seem to be genetically controlled,
and several findings suggest that they are also present
at the intestinal and renal level, thus supporting their
possible pathogenetic role in nephrolithiasis (2,3,5,6).
These observations led us to consider calcium neph-
rolithiasis as a cellular disease characterized by a
systemic defect of ion exchange, at least in a portion of
ICN patients.

However, at least two points were still difficult to
understand: (1) the unlikelihood that so many defects
would be determined separately; and (2) the recogni-
tion of differences in carrier protein isoforms between
different tissues (in the kidney and the gut) and red
blood cells (RBC) precluded the assumption that a
carrier that is structurally abnormal in RBC would be
correspondingly structurally abnormal in the kidney,
for example. Therefore, it is intriguing to explain the
systemic distribution of the ion transport defects. We
favor the idea that the complex array of ion-flux cell
abnormalities observed in ICN is an epiphenomenon
of a still unknown primitive anomaly, possibly in the
composition of cell membranes, the milieu in which
carrier proteins work.

This hypothesis was explored in reference to phos-
pholipid metabolism in the light of the following con-
siderations: (1) phospholipids are recognized as sec-
ond cell messengers, and could influence membrane
properties and membrane protein functions (7-9); (2)
an alteration in the urine excretion of prostaglandin
E, (PGE,), a phospholipid metabolite, has been de-
scribed in calcium nephrolithiasis (10-12); (3) dietary
n-3 polyunsaturated fatty acids, which have been
shown to be potent modulators of tissue phospholipid
fatty acid composition and eicosanoid production in
vitro and in vivo (13,14), reduce urine calcium and
oxalate excretion (15,16); (4) nephrolithiasis is rare in
Eskimos (17).

Here we report evidence of an anomalous arachi-
donic acid content in the plasma and erythrocyte
membrane phospholipids of renal calcium stone pa-
tients. Experimental findings from a dietary interven-
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tional trial with fish oil and an in vitro study with
phospholipase A, support an important role of this
anomaly in the pathogenesis of calcium nephrolithia-
sis.

METHODS
Study Protocol

We studied 24 recurrent idiopathic calcium oxalate stone
formers (11 females) (median, 32 yr of age; range, 21 to 60 yr)
randomly selected among those attending our outpatient
clinic. The diagnosis of idiopathic calcium nephrolithiasis
was formulated according to previously described criteria (2).
Eighteen healthy staff members (9 females) (median, 30 yr of
age; range, 24 to 50 yr) were considered as control subjects;
none had a family or personal history of nephrolithiasis, nor
the oxalate transport defect. All patients and control subjects
had normal renal function, sterile urine samples, and normal
blood pressure; none had diabetes mellitus, nor hepatic,
thyroid, or immunological diseases. All gave their informed
consent to the study, according to the Helsinki Declaration.
No patient or control subject had been placed on any type of
therapeutic regimen in the 8 wk before the study, and in
particular, none were taking any lipid-lowering drug or other
agent known to affect lipid metabolism. During the 8 wk
before, and throughout the 30-day study period, all subjects
followed an isocaloric diet providing 55% of the total calories
as complex carbohydrates, 20% as proteins, and 20% as fats
(7% of which as saturated fatty acids, 10% as monounsatu-
rated, 8% as polyunsaturated) with a cholesterol content of
less than 500 mg/day. This is a standard diet of our regjon,
and furnishes approximately 75 mg of oxalate, 800 mg of
calcium, 65 mg of purine, and 5 g of sodium daily. Patients
were asked to maintain their daily energy consumption and
macronutrient distribution throughout the study period. At
the beginning of the study, plasma lipid composition was
evaluated in all subjects, whereas erythrocyte membrane
lipid composition was determined only in ten randomly
selected healthy people and ten randomly selected stone
formers. In these control subjects and patients, the oxalate
self-exchange rate and the Na/K/2Cl erythrocyte cotrans-
port activity, the 24-h urinary excretion of oxalate, calcium,
and PGE, were also determined (data previously reported in
part) (5,18); the Na/K/2Cl K,, values, determined as previ-
ously reported (5), were 24.14 + 11.08 mmol of Na* /L of cells
and 13.25 * 4.20 mmol of Na*/L of cells in stone formers
and control subjects, respectively (P = 0.01); urine PGE,
values were 248 * 139 pg/min in ICN patients, and 123 + 30
P&/min in control subjects (P = 0.017).

Seven out of these latter stone formers agreed to continue
the study and recetved 1 capsule, three times daily, contain-
ing 850 mg of n-3 polyunsaturated fatty acid ethyl esters
(fish ofl) for 30 days. Each capsule contained 51.5 + 0.6%
and 39.1 * 1.2% of fatty acids as C20:5(n-3) and C22:6(n-3)
respectively. Other minor fatty acid components were C18:
4(n-3) (2.3 * 0.1%), C20:4(n-6) (3.0 *+ 0.2%), C21:5(n-3) (1.6
* 0.2%). and C22:5(n-3) (2.4 * 0.6%). At the end of the
30-day n-3 fatty acid supplementation period, plasma lipid
composition, the erythrocyte oxalate self-exchange rate, and
the 24-h urinary excretion rates of oxalate and calcium were
reevaluated in ICN patients.

Urinary Parameters

Urinary calcium and oxalate were evaluated on two con-
secutive 24-h urine samples; the results are reported as the
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mean of two values. Calcium was assayed by atomic absorp-
tion spectrometry. Oxalate was assayed enzymatically (ox-
alate oxidase; Sigma, St. Louis, MO).

Measurements of RBC Oxalate Exchange

The RBC oxalate self-exchange was assayed as previously
described (2) and was expressed as K, an index of the oxalate
flux at equilibrium, calculated from the slope of the linear
relation:

In (A, - A)/(Ao — A = — Kt,

where K denotes the flux rate, and A the quantitative of
radioactive oxalate at Time O, at Time t, and at isotope
equilibrium ().

Lipid Analyses

Blood samples were collected from the antecubital vein
after an overnight fast in vacutainer tubes containing EDTA.
The plasma was removed by centrifugation at 3,000 X g for
10 min. Plasma lipids were extracted using chloroform-
methanol (2:1) as described by Folch et al. (19). The RBC
were washed three times by resuspension in five volumes of
0.15 mol of sodium chloride per L, and 0.1 mmol of EDTA per
L (pH 7.4); 2 mL of packed erythrocytes were then lysed in 38
mL of a ice-cold buffer containing 10 mmol/L of Tris-HCl and
2 mmol/L of EDTA (pH 7.5), and washed five times with the
same solution. Lipids were extracted from RBC membranes
according to Rose and Oklander (20). Erythrocyte and
plasma phospholipids were isolated by applying the lipid
extract to a column of silica coupled with aminopropyl
groups (Bond Elute NH,; Analytichem International, Harbor
City, CA). After transmethylation according to the method of
Morrison and Smith (21), fatty acids were determined by gas
chromatography with a Perkin Elmer 8320 gas chromato-
graph, equipped with a 30-m capillary column (0.32 mm
internal diameter) (Omegawax 320; Supelco, Bellefonte, PA).
Column conditions were 200°C, injection port 250°C, and
flame ionization detector 260°C. Helium was used as carrier
gas (linear velocity, 25 cm/s); the split ratio was 100:1. Fatty
acid peaks were identified by comparison with mixtures of
fatty acids (PUFA 1 and PUFA 2) supplied by Supelco. The
amounts of individual fatty acids were calculated as a rela-
tive percentage, with the evaluated fatty acids as 100%. An
aliquot of the lipid extract from erythrocyte membranes was
used to measure different phospholipids. The phospholipids
were separated by bidimensional thin-layer chromatography
on 20 X 20-cm glass plates coated with a 500 u layer of Silica
Gel G (Alltech, Deerfield, IL). The first developing system was
chloroform/methanol/water/NH,OH (90:45:5.5:5.5), and
the second was chloroform/methanol//water/acetic acid
(90:40:2:12). Phospholipids were visualized with iodine va-
por, and identified by comparison with standards (Supelco).
Phosphate analysis of the spots corresponding to the differ-
ent phospholipids (phosphatidylcholine, phosphatidyleth-
anolamine, sphingomyelin, phosphatidylserine, phosphati-
dylinositol) was performed according to Bartlett (22).
Cholesterol was measured by an enzymatic method
(Monotest kit; Boehringer Mannheim, Mannheim, Germany),
and proteins by the Lowry procedure (23).

Phospholipase A, Experiment

Human erythrocytes were prepared by centrifugation (at
750 X g for 3 min) of fresh blood from five healthy adult
volunteers. To minimize contamination by leukocytes and
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platelets, the packed RBC were washed three times by cen-
trifugation in a buffer containing 20 mmol/L of Tris-HCI (pH
8.2), 140 mmol/L of sodium chloride, 10 mmol/L of potas-
stum chloride, 1 mmol/L of magnesium chloride, 1 mmol/L
of calcium chloride, 24 mmol/L of glucose, 1 mmol/L of
adenosine, 100 ug/mL of streptomycin, and 25 pg/mL of
chloramphenicol. Samples of packed RBC (0.5 mL), resus-
pended in 2 mL of the buffer A (20% hematocrit) were
incubated in the presence or absence of 5 U phospholipase
A, (Naja naja atra) (Calbiochem, San Diego, CA) at 300°C for
30 min. After incubation, the samples were washed once in
the same buffer and subdivided into two aliquots; one was
utilized to determine oxalate self-exchange as previously
described (2), whereas the second was hemolyzed and pro-
cessed to recover membranes as reported (24). Endogenous
Ser/Thr-phosphorylation of membrane proteins, casein ki-
nase activity in the isolated cell membranes, and autoradiog-
raphy of the sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) slab gels were performed as
described (24).

Statistical Analysis

Statistical analysis was carried out with the t test for paired
and unpaired variables, and determination of the r coefficient
for linear correlation.

RESULTS

Plasma and Erythrocyte Membrane
Phospholipid Fatty Acid Composition

Plasma lipid values in patients were not signifi-
cantly different from control levels (Table 1). There was
also no significant difference in the percentage con-
tent in phospholipids of the RBC membranes between
patients and control subjects (Table 2). In addition,
the cholesterol/protein and phospholipid/protein ra-
tios in patients were not significantly different from
those in control subjects (data not reported). No dif-
ference was observed in phospholipid n-3 fatty acid
content (percentage of total fatty acids), although an
anomaly in the pathway of n-6 fatty acids was docu-
mented; in particular, patients had a significantly
higher content of arachidonic acid in both plasma and
RBC membrane phospholipids compared with healthy
subjects (P = 0.034 and P = 0.011, respectively), a
lower content of linoleic acid in plasma phospholipids
(P = 0.028) (Table 3), and a higher arachidonic/
linoleic acid ratio in plasma phospholipids (0.48 *
0.13 versus 0.38 = 0.08; P = 0.011).

A direct correlation between the plasma and eryth-
rocyte membrane levels of arachidonic acid in phos-

TABLE 1. Plasma lipids®

Plasma Lipids Patients Control Subjects
(mg/dL) (N = 24) (N =18)
Cholesterol 188.3 + 35.7 2045 + 270
Triglycerides 89.9 + 34.0 83.9 + 26.3
HDL cholesterol 55.9 + 154 578 + 134
Phospholipids 199.1 + 25.2 209.0 = 29.6

° Data are presented as mean + SD.
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TABLE 2. Percentage of phospholipid content of the
RBC membranes®

Control

Phospholipid (neloy  Sublech

(N = 10)
Phosphatidyicholine 3056 + 434 30.75 + 2.38
Phosphatidyiserine 1039 + 1.63 11.79 = 2.90
Phosphatidylethanolamine 30.27 + 4.19 2945 + 1.57
Sphingomyelin 2847 £ 143 27.50 = 1.69
Phosphatidylinositol 0.61 + 0.46 0.74 = 0.34

° Data are presented as mean * SD.

pholipids was observed in patients (P = 0.033) (Figure
1). Furthermore, the arachidonic acid content in RBC
membrane phospholipids significantly correlated with
transmembrane oxalate transport (P = 0.019) (Figure
2) and to the Na/K/2Cl cotransport K, (P = 0.023)

(Figure 3).

Fish-Oil Dietary Supplementation Trial

Plasma lipid levels and the percentage of fatty acids
in the plasma phospholipids in seven patients before
and after 30 days of n-3 polyunsaturated fatty acid
supplementation are reported in Tables 4 and 5. As
expected, and also confirming good dietary compli-
ance, this regimen induced a reduction in the plasma
phospholipid content of linoleic (P = 0.017), eicosa-
trienoic (P = 0.016), and arachidonic acids (P =
0.002), and an increase in eicosapentaenoic (P =
0.022), and docosahexaenoic acids (P = 0.018). After
n-3 fatty acid supplementation in stone formers, uri-
nary calcium and oxalate excretion was significantly
reduced (P = 0.022 and P = 0.015, respectively)
(Figure 4 and 5). Moreover, RBC transmembrane ox-
alate self-exchange was normalized (P = 0.000) (Fig-
ure 6).

Effect of Phospholipase A, on the Erythrocyte
Anion Carrier

When added to intact RBC, phospholipase A,,
which releases arachidonic acid from membrane
phospholipids, determined a significant increase in
32p incorporation in band 2 and 3 membrane proteins
(+50.0 = 9.6%, t = 11.5, P = 0.000; and +20.0 +
8.9%, t = 5.09, P = 0.007, respectively), the activation
of casein kinase (+42.6 + 13.4%, t = 7.07, P = 0.002)
(Figure 7), and a parallel increase in RBC oxalate
self-exchange (+33.0 + 14.5%, t = 4.94, P = 0.008).

DISCUSSION

The major finding of this study was an increased
content of arachidonic acid in phospholipids in
plasma from ICN patients; all other lipid values were
not different from those of control subjects (Tables 1,
2, 3). A similar alteration in arachidonic acid content
is also present in RBC membrane phospholipids (Ta-
ble 3), and was directly correlated with the plasma
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TABLE 3. Percentage of fatty acids in phospholipids®

MEMBRANE ARACHIDONIC ACID (%)

Plasma Red Blood Cell Membranes
Control Control
Fatty Acid Patients Subjects Patients Subjects
(N = 24) (N =18) (N =10) (N =10)
C14:0 (myristic) 0.6 +0.2 0.7 +02 1.1+04 1.1+04
C16:0 (paimitic) 29.7 +2.7 289 +22 285+28 267 +1.6
C18:0 (stearic) 136+14 129 + 1.2 106 + 1.2 1M4+21
C24:0 (lignoceric) 02=+0.1 04 +04 0.6 +05 0.7 £ 0.2
C16:1n-7 (paimitoleic) 09 +03 1.0+03 0.93 + 0.51 091 +0.29
C18:1n9 (oleic) 123x1.7 122+ 27 160+ 14 17118
C20:1n-9 (eicosenoic) 03*0.1 03+02 0.6 +0.2 0.6 +02
C24:1n9 (nervonic) 03+02 03+04 06+0.2 09+05
C18:2n-6 (linoleic) 220 + 3.5° 25.1 £ 2.7 133+ 28 145 * 1.6
C20:3n-6 (eicosatrienoic) 3.1x07 28*06 1.8+04 1.7 0.2
C20:4n-6 (arachidonic) 105 + 1.8° 94+14 14.6 + 1.3 128+ 1.5
C22:4n-6 (docosatetraenoic) 05=+0.1 05*0.2 39+09 36*05
C18:3n-3 (a-linolenic) 02+0.1 03 +0.2 03 0.2 03 *02
C20:5n-3 (elcosapentaenoic) 08+03 1.0+ 06 08+02 1.0+03
C22:5n-3 (docosapentaenoic) 0902 0903 23*06 22+02
C22:6n-3 (docosaexaenoic) 33x09 3411 41 1.1 45*10
2 Data are presented as mean + SD.
b p = 0,028 versus control subjects.
€ P = 0.034 versus control subjects.
9 P = 0.011 versus control subjects.
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Figure 1. Relationship between plasma and erythrocyte
membrane levels of arachidonic acid in phospholipids (r =
0.75, P = 0.033).

levels (Figure 1). The relationship between plasma and
erythrocyte membrane composition in phospholipid
fatty acids is a complex and still unresolved problem,
because of the limited turnover and de novo synthesis
of phospholipids in RBC. The concomitant increase in
arachidonic acid observed in both plasma and RBC
membrane phospholipids, and clinical and experi-
mental reports that also show a relationship between
plasma phospholipid fatty acids and liver or kidney
cell membranes (25,26), suggest that such a change in
fatty acid composition is systemic, and possibly in-
volves the kidney.
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Figure 2. Relationship between erythrocyte membrane levels
of arachidonic acid and fransmembrane oxalate self-
exchange rate (K) in stone formers (r = 0.72, P = 0.019).

Regarding the origin of the anomalous arachidonic
acid content in plasma and RBC membrane phospho-
lipids, one needs to consider that some long-chain
polyunsaturated fatty acids of tissue and serum lipids
are obtained in man by desaturation and elongation of
their precursors, linoleic acid and a-linolenic acid,
which cannot be synthesized by the human body and
must be supplied by the diet (13,14). The finding of a
higher concentration of arachidonic acid in phospho-
lipids of ICN patients, despite low levels of linoleic
acid—the main precursor of arachidonic acid—and
the consequent higher arachidonic/linoleic acid ratio
suggest that the anomalous arachidonic acid content
is not the result of an excessive intake and absorption
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Figure 3. Relationship between erythrocyte membrane levels
of arachidonic acid and the Na/K/2Cl cotransport K, in
stone formers (r = 0.70, P = 0.023). Because a higher K,
value indicates a reduced Na/K/2Cl activity, this correlation
supports the inhibitory effect of PGE, on the sodium cotrans-
porter.
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TABLE 4. Plasma lipids before and after n-3
polyunsaturated fatty acid supplementation®

Plasma Lipid

(mg/dL) Before After
Cholesterol 196.2 + 214 206.0 + 244
Triglycerides 94.0 + 25.6 111.8 £ 279
HDL cholesterol 525+74 495 + 9.7
Phospholipids 202.7 = 27.3 2054 = 27.0

9 Data are presented as mean + SD.

TABLE 5. Percentage of fatty acids in the plasma
phospholipids before and after n-3 polyunsaturated

fatty acid supplementation®

Fatty Acid Before After P
C14:0 (myristic) 06+0.1 08=+03
C16:0 (palmitic) 28409 31.7 26
C18:0 (stearic) 142+09 13915
C24:0 (lignoceric) 02+01 03=x0.1
C16:1n-7 (paimitoleic) 09+02 0103

C18:1n-9 (oleic)
C20:1n-9 (eicosenoic)

119+15 11919
03+0.1 03=x03

C24:1n-9 (nervonic) 02+0.1 03=x01
C18:2n-6 (linoleic) 24.6+27 21.0+ 1.9 0.017
C20:3n-6 (eicosatrienoic) 32+0.1 24050016
C20:4n-6 (arachidonic) 100+ 0.8 7.8 =13 0.002
C22:4n-6 (docosatetraenoic) 05+01 05=*02
C18:3n-3 (a-linolenic) 02+0.1 04=0.1
C20:5n-3 (eicosapentaenoic) 0.7 +0.2 2.6+ 1.4 0.022
C22:5n-3 (docosapentaenoic) 0.9 +0.2 1.2+0.5

C22:6n-3 (docosaexaenoic) 356+1.0 58=*1.00.018

of the parent dietary fatty acids, but is the conse-
quence of a primary derangement in arachidonic acid
synthesis, perhaps caused by an increased activity of
desaturases, the rate-limiting step of the biosynthetic
pathway of highly unsaturated fatty acids (27).
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Figure 4. Effect of fish-oil diet supplementation on urinary
calcium (t = 3.07, P = 0.022).

70 1

35 1

URINE OXALATE (mg/24 hr)

0 T T
before after

Figure 5. Effect of fish-oil diet supplementation on urinary
oxalate (t = 3.39, P = 0.015).

Whatever the mechanism is that underlies the rise
in the phospholipid arachidonic acid proportion of
RBC membranes, the abnormal phospholipid fatty
acid composition might in itself be responsible for the
mosaic of ion transport anomalies observed in ICN,
and (because of the systemic extension of the phos-
pholipid fatty acid anomaly) possibly the secondary
urinary abnormalities (hyperprostaglandinuria, hy-
percalciuria, hyperoxaluria, etc.) as well.

Indeed, an arachidonic acid increase in the mem-
brane phospholipids is known to result in an elevation
in PGE, production. Consistent with this are the
increased PGE, urinary levels observed in these pa-
tients and data from the literature in hypercalciuric
stone formers, which suggest that hyperprostag-
landinuria is distinctive of idiopathic nephrolithiasis
(10-12,18). PGE, may cause hypercalciuria by facili-
tating intestinal calcium absorption because of its
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Figure 6. Effect of fish-oll diet supplementation on the eryth-
rocyte oxalate seif-exchange (K) (f = 7.85, P = 0.000).
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Figure 7. Effect of phospholipase A, on RBC membrane
protein phosphoryiation. When added to RBC, phospho-
lipase A, increased 32P incorporation in band 2 and 3
proteins (40 and 25%, respectively) (Lane b versus Lane q,
control), and the casein kinase activity (about 50%) (Lane d
versus Lane ¢, control). Lanes CB and CB1 show the Coo-
massie blue-stained geis of membrane proteins and of
caselin, respectively. The figure shows results from a single
subject. Similar data were obtained in four other healthy
control subjects.

stimulation of 1a-hydroxylase and consequently 1,25-
dihydroxyvitamin D synthesis (28). Moreover, PGE,
could induce hypercalciuria by its inhibitory effect on
the Na/K/2Cl co-transporter (29-31), the activity of
which we found really to be decreased (Le., a higher
K,) in these patients, both in erythrocytes and kidney
(5), and correlated with arachidonic acid levels in RBC
membrane phospholipids (Figure 3). Inhibited Na/K/
2Cl cotransport activity in the thick ascending imb of
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Henle's loop reduces the transepithelial potential dif-
ference, and thus decreases the paracellular tubular
reabsorption of calcium, leading to hypercalciuria (5).

The link between the anomalous arachidonic acid
level in membrane phospholipids and urine oxalate
excretion is more complex. A direct relationship be-
tween erythrocyte membrane levels of arachidonic
acid and transmembrane oxalate self-exchange rate
has been observed (Figure 2). This cell anomaly, the
most-studied cell defect among the many observed in
ICN (1,2,32), seems to be genetically transmitted, is
found in about 70% of ICN patients, and is associated
with increased oxalate renal clearance (33) and renal
stone activity (34). It depends on biochemical alter-
ations in the anion carrier, the so-called band 3
protein, which, together with band 2 protein, is more
phosphorylated in stone formers (35), probably be-
cause of an increased activity of the cAMP and Ca?*
independent Ser/Thr-protein kinases (casein kinases
CK1 and CK2) (36,37). In this setting, considering the
important role of membrane phospholipids in regulat-
ing membrane-mediated phenomena, or in modulat-
ing protein kinases (7-9), we may speculate that
changes in membrane phospholipid fatty acid pattern,
by modulating protein kinases responsible for band 2
and 3 protein phosphorylation, induce abnormal RBC
and renal oxalate transport.

The observation that phospholipase A,, the key
enzyme in arachidonic acid release from membrane
phospholipids, increases band 2 and band 3 protein
phosphorylation through the activation of casein ki-
nases (Figure 7), and concomitantly augments band 3
exchanging function, as documented by the increase
in RBC oxalate transport, strongly supports the pro-
posed mechanism.

The hypothesis of a link between arachidonic acid
level in membrane phospholipids and cellular and
urinary anomalies observed in ICN seems to be con-
firmed by the hypocalciuric and hypooxaluric effect of
fish-oil dietary supplementation (Figures 4 and 5).
These data, although obtained in few patients, are in
agreement with well-known literature reports; in fact,
Buck et al. (15) demonstrated a reduction in urine
calcium and oxalate excretion with fish-oil treatment
over a 8-wk period. It is also known that dietary
manipulation with fish oil determines a shift from the
n-6 to the n-3 polyunsaturated fatty acid series
(13,14), and specifically leads, as confirmed by this
study, to a decrease in the linoleic and arachidonic
acid levels, and in an increase in the proportions of
20:5(n-3) and 22:6(n-3) polyunsaturated fatty acids in
phospholipids (Tables 4 and 5). In view of literature
data demonstrating contemporaneous effects of fish-
oil supplements on membrane phospholipids of RBC,
liver, and kidney cells (26,38,39), it seems likely that
the changes we observed in plasma occurred in RBC
membranes as well. Hence, we advance the hypothe-
sis that dietary polyunsaturated fatty acids by affect-
ing membrane phospholipid fatty acid composition
modify protein kinase activities, change band 3 phos-
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phorylation level, and consequently normalize the
oxalate cellular self-exchange (Figure 6); this cellular
mechanism could explain the reduction of urinary
oxalate excretion (Figure 5) reported by Buck et al. as
well (15).

Furthermore, dietary n-3 polyunsaturated fatty ac-
ids, attenuating tissue arachidonic acid levels, modu-
late systemic eicosanoid production and, in particu-
lar, induce a significant reduction in PGE, synthesis
in the kidney, as well as its urinary excretion
(13,26,40). This PGE, decrease might lead to a dis-
inhibition/activation in renal Na/K/2Cl cotransport
function, and thus determine a higher renal tubular
reabsorption of sodium and calcium, and subse-
quently a lower calcium excretion. On the other hand,
many workers report that dietary and experimental
manipulations that are able to modify membrane
phospholipid fatty acids, influence the Na/K/2Cl co-
transport activity and other ion transports by modu-
lating cell signal transduction (41-43).

In conclusion, this study shows that our ICN pa-
tients have a systemic defect in their phospholipid
arachidonic acid level that may be significant in de-
termining the anomalous activity of a number of cell
ion carriers in different tissues, and in inducing hy-
percalciuria and hyperoxaluria, well-known risk fac-
tors for lithogenesis. Moreover, it foresees a link be-
tween genetic background, environmental factors
(dietary habits), and nephrolithiasis. In fact, the activ-
ity of the fatty acid 6-desaturase, the key enzyme in
the arachidonic acid synthesis, is modulated by nu-
tritional factors, and specifically by protein and glu-
cose intakes, and by the dietary lipid composition (27).
So, a particular genetic trait of the desaturase en-
zyme, or an acquired dietary-induced defect of it, or
both mechanisms together might induce an abnormal
arachidonic acid metabolism, thus playing a role in
the pathogenesis of nephrolithiasis. In this regard, it
is worth noting that Eskimos, who appear to lack
desaturases (44) and consume a n-3 fatty acid-rich
diet, do not generally develop nephrolithiasis (17), and
finally, that idiopathic calcium nephrolithiasis, from
an epidemiologic point of view, is a disease that ap-
peared in Western countries at the beginning of this
century, closely correlated with changing dietary hab-
its (predominant ingestion of n-6 fatty acids and pro-
teins) and economic affluency.
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